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ABSTRACT

Bioengineering of viruses and virus-like particles (VLPs) is a well-established approach in the development of new and improved
vaccines against viral and bacterial pathogens. We report here that the capsid of a major avian pathogen, infectious bursal dis-
ease virus (IBDV), can accommodate heterologous proteins to induce protective immunity. The structural units of the �70-nm-
diameter T�13 IBDV capsid are trimers of VP2, which is made as a precursor (pVP2). The pVP2 C-terminal domain has an
amphipathic � helix that controls VP2 polymorphism. In the absence of the VP3 scaffolding protein, 466-residue pVP2
intermediates bearing this � helix assemble into genuine VLPs only when expressed with an N-terminal His6 tag (the HT-VP2-
466 protein). HT-VP2-466 capsids are optimal for protein insertion, as they are large enough (cargo space, �78,000 nm3) and are
assembled from a single protein. We explored HT-VP2-466-based chimeric capsids initially using enhanced green fluorescent
protein (EGFP). The VLP assembly yield was efficient when we coexpressed EGFP-HT-VP2-466 and HT-VP2-466 from two re-
combinant baculoviruses. The native EGFP structure (�240 copies/virion) was successfully inserted in a functional form, as
VLPs were fluorescent, and three-dimensional cryo-electron microscopy showed that the EGFP molecules incorporated at the
inner capsid surface. Immunization of mice with purified EGFP-VLPs elicited anti-EGFP antibodies. We also inserted hemagglu-
tinin (HA) and matrix (M2) protein epitopes derived from the mouse-adapted A/PR/8/34 influenza virus and engineered several
HA- and M2-derived chimeric capsids. Mice immunized with VLPs containing the HA stalk, an M2 fragment, or both antigens
developed full protection against viral challenge.

IMPORTANCE

Virus-like particles (VLPs) are multimeric protein cages that mimic the infectious virus capsid and are potential candidates as
nonliving vaccines that induce long-lasting protection. Chimeric VLPs can display or include foreign antigens, which could be a
conserved epitope to elicit broadly neutralizing antibodies or several variable epitopes effective against a large number of viral
strains. We report the biochemical, structural, and immunological characterization of chimeric VLPs derived from infectious
bursal disease virus (IBDV), an important poultry pathogen. To test the potential of IBDV VLPs as a vaccine vehicle, we used the
enhanced green fluorescent protein and two fragments derived from the hemagglutinin and the M2 matrix protein of the human
murine-adapted influenza virus. The IBDV capsid protein fused to influenza virus peptides formed assemblies able to protect
mice against viral challenge. Our studies establish the basis for a new generation of multivalent IBDV-based vaccines.

Virus capsids are used as protein cages or platforms to incorpo-
rate various types of materials at inner and/or outer capsid

surfaces or as nanocontainers to encapsulate proteins or other
biomolecules with potential application in nanomedicine and
nanobiotechnology (1, 2). The use of virus-like particles (VLPs) is
a promising strategy for vaccine development (3–5). VLPs gener-
ally stimulate strong B and T cell immune responses and, in the
absence of adjuvants, target dendritic cells to promote their mat-
uration and migration, a step essential for activating the innate
and adaptive immune responses. These features, which led to the
description of VLPs as self-adjuvanting immunogen delivery sys-
tems (6, 7), make VLPs attractive stand-alone vaccine candidates
for many diseases (8–11). In addition, VLPs can also be used as
platforms for the multimeric display of foreign antigens (12–15).
Here we introduce a strategy for engineering chimeric VLPs for
presentation of heterologous proteins to the immune system, us-
ing the capsid of the infectious bursal disease virus (IBDV).

IBDV, a major pathogen in the poultry industry worldwide, is
a double-stranded RNA virus with an �70-nm-diameter T�13

icosahedral capsid (16). The capsid protein VP2 is synthesized as a
precursor, pVP2, which is part of the polyprotein NH2-pVP2-
VP4-VP3-COOH. The pVP2 C terminus, which is processed by
several proteases, bears the molecular switch (the amphipathic �5
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helix) that controls VP2 structural plasticity (17). VP3 participates
during capsid assembly as a canonical scaffolding protein (18, 19).
Expression of VP2 alone results in the assembly of �23-nm-di-
ameter T�1 subviral particles (SVPs) (20–22). VP2 is folded into
three domains, termed the projection (P), shell (S), and base (B)
domains. Domains S and P are � barrels, whereas the B domain is
formed by N- and C-terminal � helices facing the shell interior.

In addition to attenuated or inactivated IBDV-based vaccines
(23), VP2 expression provides complete protection against IBDV
(24–26). T�1 SVPs have also been used as vaccine carriers to
target diseases such as cancer, after incorporation of a 54-residue
E7 oncoprotein fragment of human papillomavirus 16 to the VP2
C terminus (27). The T�1 SVP platform nevertheless entails con-
siderable space limitations, as its cargo space is only 380 nm3.
Exposed loops at the tip of the trimeric VP2 spikes could be alter-
native targets for heterologous peptide insertion (28), such as the
PBC loop (between � strands B and C of the P domain) that incor-
porates foot-and-mouth disease virus (FMDV) epitopes in T�1
SVPs (29).

In the absence of VP3, 466-residue pVP2 intermediates with
helix �5 (VP2-466) assemble into VLPs only when expressed with
an N-terminal His6 tag (the HT-VP2-466 protein), which plays a
role that emulates the scaffolding role of VP3 (17). This HT-VP2-
466 protein assembles into genuine T�13 capsids and related as-
semblies that lack the other four viral proteins and are �200 times
larger than the T�1 SVPs, making them optimal for insertion of
much larger peptides or proteins.

We have established the structural basis for the development of
new HT-VP2-466-based chimeric capsids as a vaccine carrier, ini-
tially using enhanced green fluorescent protein (EGFP) fused at
the HT-VP2-466 N-terminal end. As these chimeric VLPs proved
to be excellent containers for carrying macromolecules to living
cells, we tested two fragments derived from the human murine-
adapted influenza virus A/PR/8/34 (H1N1), the hemagglutinin
(HA) and matrix (M2) proteins, both of which elicit protective
antibodies with broad activity. Our approach allowed the genera-
tion of a bivalent vaccine that included epitopes for VP2 as well as
influenza virus HA and M2 and shows the potential for further use
in the development of other multivalent vaccines.

MATERIALS AND METHODS
Cells and viruses. For IBDV infections, we used the Soroa isolate (30),
adapted to growth in QM7 quail muscle cells. Influenza virus A/PR/8/34
(H1N1), adapted to the mouse and grown in MDCK canine kidney cells,
was used in challenge experiments. Recombinant baculovirus (rBV) FB/
CAP (expressing a 466-residue capsid [CAP] protein with an N-terminal
His6 tag) and recombinant vaccinia virus (rVV) vT7lacOI-POLY have
been described previously (17, 31). Expression experiments were carried
out in BSC-40 cells for rVV infections and Trichoplusia ni (H5) insect cells
(Invitrogen) for rBV infections. QM7, BSC-40, and MDCK cells were
cultured in Dulbecco modified Eagle medium (DMEM) with 10% fetal
calf serum. H5 cells were cultured as described previously (19). rBVs were
grown and titrated as reported elsewhere (30, 32).

Construction of recombinant baculoviruses. rBVs were prepared
from pFastBac (pFB)-derived vectors as described previously (17). Plas-
mids pFB/His-VP2-466 and pEGFP-C1 (Clontech) were used as the tem-
plates to generate both the pFB/EGFP-CAP and pFB/CAP-EGFP fusions
(referred to as the N-terminal [Nt] and C-terminal [Ct] fusions, respec-
tively) by generating two overlapping PCR fragments. First, the His-VP2-
466 fragment was amplified using primers 5=-GGAGGTGGAGGTGGAG
GTCATCACCATCACCATCAC and 3=-GCGCAAGCTTAGGCAGGTG
GGAACAATGTGG for the Nt fusion and primers 5=-GCGCAGATCTAT

GACAAACCTGTCAGATCAAACCC and 3=-ACCTCCACCTCCACCT
CCGGCAGGTGGGAAC for the Ct fusion. The corresponding EGFP
fragments were amplified using primers 5=-GCGCAGATCTATGGTGAG
CAAGGGC and 3=-ACCTCCACCTCCACCTCCCTTGTACAGCTC (for
the Nt fusion) or primers 5=-GGAGGTGGAGGTGGAGGTATGGTGA
GCAAGGGC and 3=-GCGCAAGCTTTTACTTGTACAGCTCGTC
(for the Ct fusion). The overlapping fragments where then used as a
template with primers 5=-GCGCAGATCTATGGTGAGCAAGGGC
and 3=-GCGCAAGCTTAGGCAGGTGGGAACAATGTGG (for the Nt
fusion) or primers 5=-GCGCAGATCTATGACAAACCTGTCAGATC
AAACCC and 3=-GCGCAAGCTTTTACTTGTACAGCTCGTC (for
the Ct fusion). The resulting DNA fragment was BglII/HindIII di-
gested and cloned into plasmid pFB/HTa (Invitrogen).

For construction of the pFB-HT-EGFP vector, the EGFP sequence was
extracted from pEGFPC1 by use of NcoI/HindIII and cloned into the
pFB-HTa vector, which had previously been digested with the same en-
zymes. Using PCR overlap extension, two versions of the CAP gene con-
taining a NotI site at the N-terminal end or at the PHI loop, which con-
nects � strands H and I in the VP2 P domain, were generated (22). For
PCRs, we used pFB/CAP as the template and a set of appropriate primers
(available on request). PCR overlap extension was carried out with the
corresponding flanking primers. SnaBI/PshAI (containing a NotI site at
the N terminus) and SacI/BamHI (containing a NotI site in the PHI loop)
fragments were cloned into pFB/CAP, which had previously been digested
with the same enzymes. Both versions were used to construct fusion pro-
teins with the HA and M2 proteins of influenza virus A/PR/8/34. Distinct
HA fragment-coding sequences including the complete HA, the stalk do-
main, or HA2 and the long � helix of HA2 (LAH) were amplified using
pFB/HT-HAPR8 as the template, primer 3=-HA NotI, and different 5= end
primers (available on request). The LAH-coding sequence was amplified
with primers specific for the 3= and 5= ends. The resulting PCR fragments
and the pFB/CAP plasmids with the NotI site at the N terminus or in the
PHI loop were NotI digested and ligated. To generate fusion proteins with
the M2 fragment, two synthetic complementary oligonucleotides encod-
ing the M2 fragment flanked by NotI protruding ends (Biomers) were
hybridized and ligated with NotI-digested plasmids.

Bacmids derived from the DH10Bac Escherichia coli strain were se-
lected and prepared for Lipofectin transfection according to the manufac-
turer’s protocols (Invitrogen). The constructs were expressed in H5 insect
cells (33).

Purification of chimeric VLPs and IBDV capsids. H5 cells (2 � 108 to
5 � 108 cells) were infected with the corresponding rBV at a multiplicity of
infection (MOI) of 1 to 5 PFU/cell. We coinfected the cells with rBV
EGFP-CAP and CAP at different MOI ratios ranging from 1:1 (EGFP-
CAP/CAP) to 10:1. Cells were harvested at 48 h postinfection (hpi) and
lysed in PES buffer (25 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic
acid)], pH 6.2, 150 mM NaCl, 20 mM CaCl2) plus 1% IGEPAL CA-630
(Sigma) and 1% protease inhibitors (Complete Mini; Roche) on ice (30
min). The lysate was clarified by centrifugation (1,000 � g, 10 min) and
processed on a 25% sucrose cushion (170,000 � g, 150 min, 4°C). The
pellet was resuspended in PES buffer and processed in a linear 25 to 50%
sucrose gradient (200,000 � g, 45 min, 4°C). Gradients were collected in
12 fractions, concentrated 10-fold by ultracentrifugation, and subjected
to SDS-PAGE, Western blotting, and electron microscopy (EM) analysis
or used for mouse immunization experiments. The IBDV Soroa strain
and IBDV polyprotein-derived VLPs from rVV vT7lacOI-POLY were pu-
rified from QM7 cells as described previously (19).

Purification of HT-EGFP. H5 cells infected with rBV FB/HT-EGFP
(MOI, 2 to 5 PFU/cell) were harvested at 72 hpi and lysed in 50 mM
Tris-HCl, pH 8.0, 500 mM NaCl, and 0.1% IGEPAL CA-630 (Sigma) with
1% protease inhibitors (Complete Mini; Roche) on ice. After sonication
and clarification, the supernatant was mixed with TALON metal affinity
resin (Clontech), equilibrated in lysis buffer, and incubated for 2 h. The
resin was washed three times with washing buffer (50 mM Tris-HCl, pH 8,
500 mM NaCl, 0.1% IGEPAL CA-630 5 mM imidazole), and bound pro-
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tein was eluted with the same buffer containing 200 mM imidazole. The
sample was dialyzed against phosphate-buffered saline (PBS) buffer.

SDS-PAGE and Western blot analysis. Extracts of infected cells (10 to
15 �l) or concentrated sucrose gradient fractions (2 to 5 �l) were added to
Laemmli sample buffer, boiled (100°C, 3 min), and resolved in 11% SDS-
polyacrylamide gels. Western blot analyses were carried out using anti-
VP2 (30), anti-His, or anti-GFP antibodies (both from Sigma).

Quantification of protein incorporation into VLPs. Stoichiometric
analysis of chimeric VLPs to quantitate the EGFP-CAP fusion protein was
performed on Coomassie blue-stained gels with bovine serum albumin
(BSA) standards. The gels were scanned and analyzed with Quantity One
software (Bio-Rad). The copy numbers of the EGFP-CAP and CAP mol-
ecules were normalized to the internal standard, derived from 780 copies
of VP2, as established by X-ray crystallography and three-dimensional
(3D) cryo-electron microscopy (cryo-EM) of virions (17, 20).

Electron microscopy analysis and three-dimensional image pro-
cessing. For conventional EM, 5-�l samples were applied to glow-dis-
charged carbon-coated grids and negatively stained with 2% aqueous ura-
nyl acetate. Micrographs were recorded with a JEOL 1200 EXII electron
microscope operating at 100 kV and a nominal magnification of �40,000.

For cryo-EM, 5 �l of each sample was incubated on Quantifoil R2/2
grids and vitrified in liquid ethane following established procedures (31,
34). The samples were observed in a Tecnai G2 electron microscope op-
erating at 200 kV. Images were recorded at a nominal magnification of
�50,000 under minimal-dose conditions (�10 e	/Å2) on Kodak SO-163
film. Micrographs were digitized in a Photoscan TD scanner (Zeiss) at a
14-�m/pixel sampling rate (2.4 Å/pixel for the specimen).

Image processing was performed using Xmipp software (http://xmipp
.cnb.csic.es/) (35). Particles were manually selected using the X3d tool
(36) and extracted and normalized with Xmipp. Contrast transfer func-
tion (CTF) correction was performed using the Bshow application (http:
//lsbr.niams.nih.gov/bsoft/bshow/bshow.html) (37). For initial determi-
nation of the center and orientation of particles, a previously obtained
model of the HT-VP2-466 (CAP) VLP (17) filtered at 30 Å was used. A
new density map was generated and used for subsequent iterative refine-
ment. Resolution was assessed by use of the Fourier shell correlation
(FSC) criterion between independent half-data-set maps, applying a cor-
relation limit of 0.5. After independent refinements, 1,267 and 600 parti-
cles were included in the CAP and EGFP-CAP 3D reconstructions
(3DRs), respectively, and the estimated resolutions were 20.8Å and 22.7
Å, respectively.

For difference map calculations, spherically averaged radial density
profiles of CAP and EGFP-CAP maps computed at a 22.7-Å resolution
were calculated, normalized, and scaled with Xmipp to match the fit be-
tween the cryo-EM map profiles. The EGFP-CAP map was scaled such
that, at the radii corresponding to the outer capsid surface, its densities
matched those of the CAP map. A difference map was obtained by the
arithmetic subtraction of the CAP map from the EGFP-CAP map. Graph-
ics were produced by the UCSF Chimera program.

Immunization and viral challenge of mice. Female BALB/c mice (6 to
8 weeks old, six animals per group) were immunized subcutaneously three
times with 150 �l PBS containing 30 to 40 �g EGFP-CAP VLPs, CAP
VLPs, soluble EGFP, or a mixture of CAP and soluble EGFP. A control
group received buffer only. The first dose was mixed with an equal volume
of complete Freund’s adjuvant, and subsequent doses were mixed with
incomplete Freund’s adjuvant. Immunizations were also performed in the
absence of adjuvants, using antigen diluted in 300 �l PBS administered by
intraperitoneal injection. Mice were immunized at 4-week intervals. For
enzyme-linked immunosorbent assay (ELISA) analysis of sera, �200 �l of
blood was extracted from the submandibular vein 10 days after the last
immunization.

Immunizations with CAP VLPs with fused influenza virus proteins
were similarly performed at 21-day intervals. At 14 days after the last
immunization, mice received a lethal viral challenge. Mice were anesthe-
tized with a parenteral mixture of 10% (vol/vol) ketamine (Imalgene 500;

Merial) and 10% (vol/vol) xylazine (Xilagesic; Carlier) in PBS, followed by
administration of 500 PFU (�5 times the calculated 50% lethal dose
[LD50]) of influenza virus A/PR/8/34 in 40 �l PBS via the intranasal route,
allowing intervals for recovery of the respiratory rate. Body weight was
monitored daily, and mice that lost �25% of their initial body weight
were sacrificed.

ELISA. Antibody levels in serum were evaluated by an indirect ELISA
(38). To evaluate the levels of antibodies specific to CAP and EGFP, we
coated 96-well MaxiSorp plates (Nunc) with 1 �g/ml IBDV-derived VLPs
from rVV vT7lacOI-POLY or purified bacterial HT-EGFP in PBS (4°C, 16
h). The plates were blocked with 0.5% BSA, washed, and incubated with
serial dilutions of mouse sera (1 h, 20°C). Rabbit anti-VP2 and mouse
anti-GFP sera were included as positive controls. Bound antibody was
detected using horseradish peroxidase (HRP)-conjugated goat antimouse
(or antirabbit) antibody (Dako) and developed with o-phenylenediamine,
and the absorbance at 492 nm was measured.

To analyze specific anti-M2 antibodies, EIA/RIA high-bind plates
(Corning) were coated with 50 �l/well of synthetic M2 ectodomain (M2e)
peptide (SLLTEVETPIRNEWGCR; 20 �g/�l; Sigma) in 50 mM bicarbon-
ate buffer, pH 9.6 (overnight, 4°C), blocked, and incubated as described
above. The signal was developed with tetramethylbenzidine (TMB; Invit-
rogen), terminated with 0.2 M H2SO4, and read at 450 nm.

Dot blot assay. Purified, UV-inactivated influenza virus (4 �l, �105

PFU) and 4-�l BSA (0.1-�g/�l) droplets were dotted on a nitrocellulose
membrane (Protran; Schleicher & Schuell), blocked with PBS containing
5% nonfat dry milk, and incubated with sera (1:300, 2 h, 20°C). After three
washes, the blots were incubated with HRP-conjugated goat anti-mouse
IgG (Roche) and developed using a commercial ECL kit (GE Healthcare).
The signal was registered on X-ray films, digitized, and quantified with
ImageJ software (NIH, Bethesda, MD). Relative intensities were calcu-
lated as the percentages of the maximum signal recorded in each experi-
ment.

Serum antibody binding to native M2 and HA expressed on influ-
enza virus-infected MDCK cells. Immune sera were assessed for specific
binding to native tetrameric M2 protein expressed on influenza virus-
infected MDCK cells as described previously (39). MDCK cells were cul-
tured to near confluence in DMEM with 10% FBS in 96-well plates. Cells
were infected with 105 PFU in DMEM or incubated with DMEM alone
(uninfected control) (1 h, 37°C) and then in serum-free DMEM (12 h,
37°C). Cells were washed in DMEM, fixed with 10% formalin (10 min,
20°C), washed with PBS, and blocked with 1% BSA in PBS (1 h). Mouse
serum samples diluted 1:200 in PBS– 0.1% BSA were added and incubated
in triplicate (90 min, 20°C), washed, and incubated with HRP-conjugated
goat anti-mouse IgG (1 h, 20°C), followed by detection with TMB. Unin-
fected MDCK cells were used to control background immune reactivity.
The reaction was terminated, and the absorbance at 492 nm was mea-
sured. Specific anti-M2 antibody signals were calculated as the difference
in absorbance between specific cells (influenza virus-infected MDCK
cells) and nonspecific cells (uninfected MDCK cells).

Neutralization assay. The neutralizing activity of VLP-immunized
mouse sera was measured by plaque reduction assay using MDCK cells, as
described previously (40). Serum diluted 1:13 was mixed with 100 PFU of
influenza virus A/PR/8/34, and the mixture was incubated (1 h, 37°C).
Confluent MDCK cell monolayers were inoculated with the mixture and
adsorbed (1 h, 21°C), and the mixture was removed. Cells were washed
with PBS and overlaid with DMEM containing 1 �g/ml trypsin, 0.1 mg/ml
DEAE-dextran, and 0.5% Noble agar. After 72 h of incubation, cells were
formaldehyde fixed and stained with 2% crystal violet and the plaques
were counted.

Ethics statement. Mice were maintained according to European
Union and national guidelines for animal experimentation, and treat-
ment protocols were approved by the CNB/CSIC Ethics Committee for
Animal Research. Experiments were performed at the CNB/CSIC animal
facility, Madrid, Spain (permit no. 28079-29-A), and were approved by
the Ethical Review Committee (CEEA-CNB).
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Accession numbers. The 3DRs for the CAP and EGFP-CAP capsids
are deposited in the Electron Microscopy Data Bank (EMDB; http://www
.ebi.ac.uk/pdbe/emdb) under accession no. EMD-5997 and EMD-5996,
respectively.

RESULTS
Design and characterization of HT-VP2-466-based fusion pro-
teins with EGFP. Previous structural studies of the VP2 structural
polymorphism using a simple recombinant baculovirus (rBV)
that expressed HT-VP2-466 allowed us to establish the minimal
morphogenetic elements required for efficient VLP assembly,
which are similar to those required for efficient assembly of IBDV
virions (17). Here we developed chimeric VLPs using HT-VP2-
466 (CAP) as a platform to incorporate heterologous proteins. We
used enhanced green fluorescent protein (EGFP), which consists
of a � barrel of �25 by �45 Å with 11 � chains, on the basis of its
relatively large size (Fig. 1A). Correct EGFP folding can be con-
firmed, as it is necessary for fluorescent activity. As the VP2 N and
C termini face the capsid interior in close proximity (Fig. 1A), we
generated two CAP-based chimeric genes that we expressed in
insect cells. EGFP-CAP has EGFP fused at the VP2 N terminus
preceding the His6 tag, and CAP-EGFP has EGFP at the VP2 C
terminus downstream of the �5 helix. To facilitate protein folding

and interactions between morphogenetic peptides, a 6-glycine
linker was included between CAP and EGFP for both chimeras.
H5 insect cells were infected with rBV/EGFP-CAP or rBV/CAP-
EGFP, and cultures were harvested at 48 hpi and analyzed by SDS-
PAGE and Western blotting; anti-GFP (Fig. 1B, bottom left) and
anti-VP2 (Fig. 1B, bottom right) antibodies detected a band with a
molecular mass of �75 kDa, which coincides with the theoretical
molecular mass of the EGFP-CAP chimera (80.3 kDa). For rea-
sons that we were unable to determine, we detected no expression
for the C-terminal version of CAP-EGFP.

In parallel experiments, we visualized a strong fluorescent sig-
nal in rBV/EGFP-CAP-infected H5 cells at 48 hpi (Fig. 1C), sug-
gesting a natively folded EGFP structure. No signal was detected in
rBV/CAP-EGFP-infected insect cells or in the rBV/CAP control.

Optimization of chimeric CAP-EGFP capsid assembly. We
studied the capacity of EGFP-CAP to assemble into particulate
material, such as VLPs and/or tubular structures. H5 cells were
infected with rBV/EGFP-CAP (48 h), and extracts were ultracen-
trifuged on a sucrose cushion, followed by a linear sucrose gradi-
ent. The resulting fractions were concentrated and analyzed by
SDS-PAGE, Western blotting, and negative-staining electron mi-
croscopy (EM) (Fig. 2A). The biochemical profile of Coomassie
blue-stained gels (Fig. 2A, gel) and Western blots developed with
anti-VP2 (Fig. 2Ai) and anti-GFP (Fig. 2Aiii) antibodies indicated
that most fusion protein migrated as small aggregates and soluble
proteins in the top fractions (fractions 11 and 12). A weak specific
signal found in the middle fractions (fractions 5 and 6) corre-
sponded to assemblies with a morphology and size resembling
those of viral capsids (Fig. 2Aiv). These results indicate that capsid
assembly is very inefficient compared to the efficiency of CAP
expression, in which tubes and virion-like capsids migrated from
fraction 7 to the top of the gradient (Fig. 2B).

We hypothesized that steric hindrance limited assembly. To
improve assembly yield, we coinfected rBV/EGFP-CAP and rBV/
CAP at distinct ratios. H5 cells were initially coinfected at a 1:1
MOI ratio, which was progressively increased for rBV/EGFP-CAP
to 3:1, 5:1, and 10:1 (Table 1). IBDV-related assemblies were pu-
rified from cell extracts, and two major proteins (�75 and �50
kDa) were identified in the gradient fractions that corresponded
to EGFP-CAP and CAP (Fig. 2Ci to iii; 5:1 MOI ratio). Fractions
were analyzed by negative-staining EM. VLPs similar to those pro-
duced by wild-type CAP were abundant in middle fractions
(T�13 capsids band in this region) (Fig. 2C).

Chimeric VLPs were analyzed by agarose gel electrophoresis
and illuminated with a UV lamp, which showed fluorescence and
mobility (Fig. 2D, lanes 3) similar to those of wild-type VLPs (Fig.
2D, left, lane 2). Stoichiometric analysis of Coomassie blue-
stained gels of fractions 5 to 7 showed the highest EGFP incorpo-
ration efficiency at a 5:1 MOI ratio (Table 1), in which �240
copies of EGFP were incorporated per capsid (�31% of capsid
proteins had EGFP).

Three-dimensional structure of EGFP-CAP icosahedral cap-
sids. Cryo-EM of VLP-enriched fractions showed that, like CAP
particles (17), EGFP-CAP capsids are a complex mixture of dis-
tinct assemblies that range from �50 to �80 nm in diameter (Fig.
3A and D). Capsids of both VLPs are similar to T�13 IBDV viri-
ons (diameter, �65 nm) and were selected to calculate a three-
dimensional reconstruction at an �21-Å resolution. Although
their outer surfaces were nearly superimposable (Fig. 3B and E),
the EGFP-CAP protein shell was thicker (Fig. 3C and F), presum-

FIG 1 VP2 and EGFP structure and expression of EGFP-fused HT-VP2-466-
based chimeric proteins. (A) (Left) VP2 trimer X-ray model (Protein Data
Bank [PDB] accession number 2GSY) with a VP2 monomer (red). The VP2
chain (452 residues) lacks 7 N-terminal and 11 C-terminal residues; the first
visible N-terminal amino acids and the last C-terminal amino acids are repre-
sented as blue and yellow circles, respectively (note that the N and C termini
are close to each other). Arrow, PHI loop (located between the H and I �
strands of domain P). (Right) EGFP X-ray model (green; PDB accession num-
ber 1GFL), with the N and C termini colored as described above. Dimensions
are shown. (B) (Top) Scheme for HT-VP2-466-based chimeric proteins with
EGFP fused to the N terminus (Nt; EGFP-HT-VP2-466) or to the C terminus
(Ct; HT-VP2-466-EGFP). (Bottom) Extracts of H5 cells infected with rBV
expressing both chimeras (Nt or Ct) were analyzed by SDS-PAGE and
Western blotting using anti-GFP (left) or anti-VP2 (right) antibodies.
Lanes M, molecular size markers (kDa). (C) Phase-contrast (left) and flu-
orescence (right) images of H5 cells expressing EGFP-HT-VP2-466. The
fluorescent image was acquired with a Leica DMI6000B inverted micro-
scope with the filter set for GFP.
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ably due to EGFP fusion to the inner capsid surface. Comparison
of radial density profiles showed a peak of extra density for EGFP-
CAP located in a 280-Å radius (Fig. 3G, arrow). To define these
differences more precisely, we calculated a difference map by
arithmetic subtraction of CAP from EGFP-CAP (Fig. 3H, in green
on the inner VLP surface). These difference density islands are
located mainly at the local 6-fold and 5-fold axes. They repre-
sented 90% of the EGFP molecule volume, probably due to low
EGFP occupancy (31%; Table 1) and EGFP-CAP linker flexibility.

Immune response to chimeric EGFP-CAP particles. BALB/c
mice (six per group) were immunized with purified EGFP-CAP
VLP, CAP VLP, soluble EGFP, or a mixture of CAP and soluble
EGFP (Fig. 4A). The amount of EGFP and CAP injected was con-
stant for each group; mice were primed with antigen in complete
Freund’s adjuvant and received two boosts with antigen in incom-

plete Freund’s adjuvant. Blood was collected 10 days after the last
boost, and sera were tested by ELISA for antibodies to VP2 and
EGFP. Serum titers were expressed as the inverse of the serum
dilution that yielded a 50% signal intensity at saturation (plateau)
levels (or the maximum signal). All immunized mice developed
VP2-specific antibodies with high titers (2 � 104 to 6 � 104; Fig.
4B), whereas anti-EGFP antibodies had lower titers (�2 � 103;
Fig. 4C), which indicated that the VP2 response did not mask that
of EGFP. Anti-EGFP antibody production was independent of
whether the EGFP administered with CAP VLPs was fused (lo-
cated inside the VLP), mixed (located outside the VLP), or soluble
(administered in the absence of CAP VLP).

Given the VLP adjuvant effect on the fused protein, immuni-
zation experiments were repeated without adjuvants. Three
groups of mice (four mice per group) were immunized with
EGFP-CAP VLPs, a mixture of CAP and soluble EGF, or soluble
EGFP alone. The serum titers of anti-VP2-specific antibodies were
�3 � 104 (Fig. 4D); EGFP-specific antibodies had a titer of �103,
which is similar to the titer obtained with Freund’s adjuvant, only
when EGFP was fused to CAP (Fig. 4E). The response to soluble
EGFP, alone or with CAP VLPs, was negligible. The IBDV capsid
thus showed a major adjuvant effect on the heterologous protein.

Design and analysis of chimeric HT-VP2-466 capsids with
influenza virus proteins. The results presented above showed that
HT-VP2-466 capsids can incorporate �240 copies of a foreign
protein without altering the structural integrity of the T�13 cap-
sid. Following the same strategy used for EGFP, we generated sev-

FIG 2 Expression of the HT-VP2-466-based chimeric VLP and optimization of its assembly. (A) EGFP-HT-VP2-466 chimeric protein was expressed in insect
cells, and the assemblies were purified on sucrose gradients; 12 fractions (indicated by the numbers over the lanes) were collected, concentrated, and analyzed by
SDS-PAGE and Coomassie staining (i) and by Western blotting using anti-VP2 (ii) and anti-GFP (iii) antibodies. The direction of sedimentation was from right
to left, with fraction 12 being at the gradient top. (iv) The image shows a representative electron micrograph (negative staining) of particulate material in fraction
6. Bar � 100 nm. (B) Wild-type HT-VP2-466 (control) was analyzed as described for panel A in a Coomassie-stained gel (i) or by Western blotting for anti-VP2
antibodies (ii). (iii) The image shows HT-VP2-466 assemblies from fraction 6 that correspond to tubes and isometric capsids with a morphology and size similar
to those of IBDV capsids (inset). Bar � 100 nm. (Ci to Ciii) Assemblies from cells coexpressing EGFP-HT-VP2-466 and HT-VP2-466 at a 5:1 ratio were analyzed
as described for panel Ai to Aiii, respectively. (iv) The electron micrograph shows fraction 6. Bar � 100 nm. (A to C) Arrows labeled 1, HT-VP2-466 (�50-kDa)
bands; arrows labeled 2, EGFP-HT-VP2-466 (�75-kDa) bands. (D) Native agarose gel electrophoresis after Coomassie staining (left) or UV illumination (right)
of EGFP (lanes 1), HT-VP2-466 VLPs (lanes 2), and EGFP-HT-VP2-466 VLPs (lanes 3). Images of the same gel are shown.

TABLE 1 Incorporation of EGFP-HT-VP2-466 into chimeric capsidsa

Coinfection
ratiob

% EGFP-HT-VP2-466
incorporated into capsids

Mean copy no. of
EGFP-HT-VP2-466b

1:1 18 148
3:1 27 
 4 210 
 31
5:1 31 
 2 240 
 16
10:1 25 195
a The percentage of capsids incorporating EGFP-HT-VP2-466 and the mean copy
number of EGFP-HT-VP2-466 were estimated from Coomassie blue-stained gels of
fractions 5 to 7, assuming that all assemblies are T�13 capsids.
b Ratio of rBV/EGFP-HT-VP2-466 to rBV/HT-VP2-466.
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eral chimeric proteins bearing influenza virus A/PR/8/34 (H1N1)
proteins and fragments. These chimeras included HA, the mem-
brane-proximal stalk of HA (the so-called HA2 domain, involved
in virus and cell membrane fusion), the HA2 long � helix (LAH)
(Fig. 5A), and the ectodomain of the channel protein M2 (Fig. 5B),
which comprises the 23 N-terminal amino acid residues of M2
(LAH and the M2 ectodomain are highly conserved among differ-
ent strains). rBV-based expression of M2-CAP or LAH-CAP alone
was efficient and resulted in the assembly of T�13 capsid-like
particles and tubular structures (Fig. 5C) and irregular structures
(Fig. 5D), respectively. HA2-CAP and HA-CAP formed VP2-re-
lated assemblies only when coexpressed with wild-type CAP; the
highest levels of chimeric protein were incorporated at coinfection
ratios of 3:1 and 10:1, respectively (Fig. 5E and F). Since M2-CAP
assembled well into capsids and tubes, we coinfected M2-CAP and
HA2-CAP. At a 1:1 ratio, they yielded T�13 capsids and related
assemblies of different sizes (Fig. 5G). In addition to the HT-VP2-

466 N terminus, the VP2 PHI loop on the IBDV particle surface
was also used as an insertion site for M2 and HA2. M2 is a rela-
tively small, unstructured peptide, and the HA2 N and C termini
are proximal in its tertiary structure. Insertion of M2 or HA2 in
the VP2 PHI loop, alone or coexpressed with wild-type CAP or
M2-CAP at various ratios, did not result in the incorporation of
these chimeric proteins.

CAP with influenza virus proteins induces HA- and M2-spe-
cific antibody responses. BALB/c mice were immunized with 30
to 40 �g (of which 4 to 5 �g corresponds to influenza virus pep-
tides) of purified VLP of M2-CAP, LAH-CAP, HA2-CAP, HA-
CAP, and HA2- and M2-CAP (Fig. 6A). As controls, we immu-
nized one group with GFP-CAP VLPs and one group with PBS
alone. Serum titers of antibodies against VP2 for all six groups,
calculated by ELISA, ranged from 3.5 � 104 to 12.5 � 104. Serum
antibodies specific for influenza virus proteins were evaluated by
quantitative dot blot analysis using inactivated influenza virus

FIG 3 Three-dimensional cryo-EM reconstructions of chimeric EGFP-HT-VP2-466 and wild-type HT-VP2-466 capsids. (A, D) Cryo-electron micrographs of
purified EGFP-HT-VP2-466 (A) and HT-VP2-466 capsids (D). Bar � 50 nm. (B, E) Surface-shaded representations of the outer surface, viewed along an
icosahedral 2-fold axis, of the T�13 capsids of EGFP-HT-VP2-466 (B) and HT-VP2-466 (E). Bar � 20 nm. (C, F) Transverse central sections from the 3DR of
EGFP-HT-VP2-466 (C) and HT-VP2-466 (F) T�13 VLPs. Lighter shading indicates a higher density. (G) Radial density profiles from 3D maps of EGFP-HT-
VP2-466 (green) and HT-VP2-466 (blue) T�13 VLPs computed at a 23-Å resolution. Arrow, extra peak of density on the inner surface of the EGFP-HT-VP2-466
capsid (radius � �280 Å). (H) Difference map calculated by arithmetic subtraction of the map for the HT-VP2-466 capsid from the map for the EGFP-HT-
VP2-466 capsid. The map on the inner surface of a HT-VP2-466 capsid viewed along an icosahedral 2-fold axis is shown in green. The GFP atomic structure is
shown at the same scale (top left). Bar � 20 nm.
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particles adhered to nitrocellulose. This assay essentially measured
IgG antibodies to the most abundant viral protein, HA, as protein
M2 expression is low in the viral particle. The HA2-CAP–M2-
CAP VLP-immunized group showed high levels of HA-specific
antibodies (four serum samples showed �80% of the maximum
signal, and the remaining two showed �50%; Fig. 6B, yellow).
Two serum samples from the HA2-CAP VLP-immunized group
also showed strong signals (�80%), with weaker signals being
seen for the remaining sera (�50%; Fig. 6B, blue). The LAH-,
HA-, and M2-CAP-immunized groups showed weak specific an-
tibodies (Fig. 6B). Sera were tested by ELISA for antibodies to M2
synthetic peptide; the M2-CAP VLP-immunized group had a ho-
mogeneous response, with higher levels of M2-specific antibodies
being seen in that group than in the M2-CAP–HA2-CAP VLP-
immunized group (Fig. 6C). Immune sera were assessed by ELISA
for specific binding to native tetrameric M2 expressed on the sur-
face of influenza virus-infected MDCK cells, which was efficiently
recognized by sera from M2-CAP VLP-immunized mice (Fig.
6D).

Vaccination with CAP containing HA and M2 protects
against influenza virus challenge. Groups of mice immunized

with HA-CAP, HA2-CAP, HA2-CAP–M2-CAP, LAH-CAP, and
M2-CAP VLP and two control groups immunized with GFP-CAP
VLP and PBS alone were challenged intranasally with 500 PFU/
mouse (5 times the LD50) of influenza virus A/PR/8/34 (H1N1).
Body weight and survival rates were monitored for 14 days after
virus challenge (Fig. 7). Control groups showed a progressive loss
of weight from day 3, and 83% had died by days 7 to 9 postchal-
lenge. The response of mice immunized with HA-CAP was similar
to that of the controls, with the mice showing severe weight loss
and high rates of mortality. Mice immunized with LAH-CAP
VLPs had a heterogeneous response; 83% suffered considerable
weight loss, but only 17% died. In contrast, HA2-CAP-, M2-
CAP-, and HA2-CAP–M2-CAP-immunized mice were 100%
protected against lethal challenge, although the reductions in
morbidity varied. In the HA2-CAP group, 50% showed a transient
loss of �20% of their body weight, which returned to normal
values; weight loss was negligible in the other 50%. In the M2-CAP
group, the initial body weight that was lost (with �15% loss) was
recovered in 84% of the individuals, indicative of a high degree of
protection; 16% (1 mouse) lost �20% of their body weight, but
they also recovered. The HA2-CAP–M2-CAP-immunized mice
were protected. Initial losses of up to 15% of body weight were
rapidly recovered in all individuals, indicating mild disease.

DISCUSSION

Viral vaccine research is an active field. Whereas attenuation of
virulence and chemical inactivation are the oldest (and still-used)
approaches to classical vaccine production, new strategies for hu-
man and veterinary medicine are constantly emerging due to im-
provements in safety and efficiency, among other factors (41).
Approaches that use recombinant viral vector- and subunit
(VLP)-based vaccines have been demonstrated to offer effective
protection against diseases (42–45). Our model for vaccine devel-
opment is the IBDV VP2 capsid protein, which we tested as a
platform to anchor foreign antigens. Based on the VP2 atomic
structure resolved by X-ray crystallography (20–22), we evaluated
its capacity to incorporate fused foreign peptides or proteins to
specific sites, without interfering with its natural tendency to as-
semble into icosahedral capsids or helical tubes.

Molecular studies of the basis of VP2 structural polymor-
phism allowed us to establish that although VP2 is the only
component of the icosahedral capsid (17, 20), it requires other
scaffolding (as VP3) and proteolytic proteins to assemble into
T�13 capsids (19). In a simple recombinant baculovirus-based
expression system, assembly of �70-nm-diameter T�13 VLPs
similar to virion capsids is nevertheless efficient with HT-VP2-
466, a 466-residue capsid protein intermediate with an N-ter-
minus-bound His tag. Here we show proof of concept for HT-
VP2-466 assemblies to be carriers of heterologous protein in
their interior cargo space.

Our nonexhaustive analysis of VP2 insertion sites for foreign
peptides confirms that some regions are inappropriate, including
the VP2 P-domain loops as well as the VP2 C terminus. Structural
constraints are unclear and must be established empirically; in our
system, VLP assembly is impeded in VP2 chimeras with M2 or
HA2 inserted into the PHI loop (which does not contribute to
intratrimeric interactions), whereas the PBC loop incorporated a
12-amino-acid FMDV epitope in T�1 SVPs (29).

When expressed alone, HT-VP2-466 with EGFP fused to the N
terminus (EGFP-HT-VP2-466) was almost unable to assemble

FIG 4 ELISA titration of mouse antisera after immunization with EGFP-
derived chimeric assemblies. (A) SDS-PAGE of antigens used for mouse im-
munization: EGFP-HT-VP2-466 VLP (lane 1), HT-VP2-466 VLP (lane 2), and
bacterial GFP (lane 3). The table shows the antigen dose administered per
mouse (�g/dose; three injections). (B, C) ELISA titration of mouse antisera in
plates coated with IBDV-derived VLPs from rVV vT7lacOI-POLY (B) or pu-
rified bacterial HT-EGFP (C). Mice were immunized with GFP-CAP (blue),
CAP (green), CAP-GFP (red), and GFP (purple), all with adjuvant. (D, E)
ELISA titration of mouse antisera after immunization with the same antigens
described for panels B and C without adjuvant; plates were coated as described
for panels B and C. Dashed lines, background level measured for an unrelated
mouse serum sample.
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into particulate material, such as VLPs or tubular structures,
probably due to the proximity of N-terminal ends at the internal
hexameric and pentameric surfaces. To minimize steric restric-
tions, EGFP-HT-VP2-466 was coexpressed with the wild-type
HT-VP2-466 to promote VLP assembly. The maximum level of
EGFP-HT-VP2-466 incorporation into VLPs (assuming an icosa-
hedral T�13 capsid) was �250 copies/capsid; this value implies
that a single molecule of each VP2 trimer can contain a large
foreign protein and that the antibody response to foreign protein
is adequate at this ratio. Chimeras with the influenza virus M2
ectodomain (23 residues, 2.7 kDa) or the HA long � helix (LAH;
54 residues, 6.7 kDa) can self-assemble in the absence of the wild-
type subunit, and the HA2 chimeric capsid can incorporate �45%
of its structural subunits with the fused HA2 domain (672 resi-
dues, 73.5 kDa). These results show that the HT-VP2-466-based
system is sufficiently robust for assembly into particulate material
(necessary for self-adjuvanting ability). Its flexibility allows inclu-
sion of large antigens, as steric constraints are counteracted by
incorporation of a smaller number of foreign protein copies. HT-
VP2-466 capsids could plausibly bear two fused antigens in the

interior surface, as is likely for the capsids with HA2 and M2 in-
serts.

The size of the antigens that can be incorporated into VLPs is
an important limitation of many reported VLP platforms for for-
eign antigen display. Chimeric peptide insertions longer than 20
to 30 amino acids often fail to assemble into VLPs (46). These
limitations restrict the number of epitopes that can be targeted
with an individual chimeric VLP and make the targeting of com-
plex conformational B cell epitopes difficult, if not impossible.
There are nonetheless marked differences in the versatility of dis-
tinct VLPs as antigen display platforms in terms of the size of the
insertions that they tolerate. Chimeric VLPs with large protein
inserts have been designed from many viral systems, as is the case
for rotavirus double-layered particles composed of VP2 and VP6
proteins (DLP2/6s) harboring green fluorescent protein (GFP)
(47). In an IBDV-based system, full proteins were encapsulated by
fusion to the VP3 C terminus of the polyprotein gene, but fluores-
cent VLPs are complex, as they contain three viral proteins (VP2,
VP3, and VP4) (48). GFP insertion into the HT-VP2-466-based
capsid is an important step forward. This new generation of VLP-

FIG 5 Expression and purification of influenza virus-derived HT-VP2-466-based chimeric assemblies. (A) Structure of the influenza virus hemagglutinin.
Ribbon diagram of an HA trimer (PDB accession number 1RU7), with one monomer colored for clarity (orange and blue, HA1 and HA2 chains, respectively;
light blue, LAH). (B) Structure of the influenza virus M2 protein. Tetrameric M2 (PDB accession number 2KWX) is shown as a ribbon diagram, with one
monomer shown in violet. The unstructured N-terminal M2 ectodomains are represented as dashed lines. (C to G) Assemblies were purified as described in the
legend to Fig. 2A and then analyzed by SDS-PAGE, Coomassie staining, and negative-staining EM. Cells were infected with rBV/M2-CAP (C), rBV/LAH-CAP
(D), rBV/HA2-CAP�rBV/CAP (E), rBV/HA-CAP�rBV/CAP (F), or rBV/HA2-CAP�rBV/M2-CAP (G). Electron micrographs (right) in panel C are for
fractions 6 (top) and 2 (bottom), and micrographs to the right of panels D to G are for fraction 6. Bars � 100 nm.
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based vaccines offers several advantages, as it allows discrimina-
tion between vaccinated and pathogen-infected animals. As we
demonstrate in this study, it also allows the construction of mul-
tivalent chimeric VLPs.

Another important factor in constructing a functional chime-
ric capsid protein is retention of antigen secondary structural el-
ements in the chimeric VLP. LAH-CAP-immunized mice were
less protected than those immunized with complete HA2 in chi-
meric capsids. The conformation of LAH fused to the capsid pro-

tein might differ from its native structure, with the consequent
distortion of conformational epitopes. HA-immunized mouse
mortality was as high as that of the control groups, possibly be-
cause HA did not acquire its native structure. The so-called foldon
element from the T4 bacteriophage is absent in our constructions
but is necessary for correct HA folding and trimer assembly (49).

Current influenza vaccines are mainly based on the antibody
response to HA derived from three influenza virus strains (A/
H1N1, A/H3N2, and B). Their effectiveness is limited by virus
mutation (antigenic drift) and by segment or gene reassortment
(antigenic shift) (50). Vaccines against influenza virus are reeval-
uated annually (51), and new vaccine research focuses on con-
served antigenic motifs that elicit broadly protective antibodies.
Promising cross-protective or universal vaccines use the nucleo-
protein, the HA2 stalk domain of HA (which lacks the immuno-
dominant head variable domain), and the M2 ectodomain (which
has low immunogenicity) (52). The 16 influenza virus HA sub-
types are further divided into two major phylogenetic groups, dif-
fering in the structure of the LAH region. LAH-directed antibod-
ies could provide cross-protection among viruses that belong to
one of these groups but limited intergroup cross-protection (53).
The M2e sequence is highly conserved in most influenza virus A
strains, although the pandemic California strain has four muta-
tions in this region (54, 55). Vaccine approaches that combine the
presentation of both epitopes might thus elicit a broader, more
protective immune response. Here we tested HT-VP2-466 VLPs
as an immunogenic carrier for HA2 and M2 influenza virus anti-
gens. When administered subcutaneously to mice, these VLPs
elicited a strong antibody response to HA2 and M2 and efficiently
protected against mortality and weight loss following influenza
virus A challenge.

The IBDV-based chimeric VLPs incorporate foreign epitopes
in their interior. Although it is assumed that foreign target anti-
gens must be displayed on the chimeric VLP exterior to induce an
efficient humoral response, there are several reports of antibody
responses to antigens incorporated inside VLPs. For instance, im-
munization of mice with rotavirus-derived double-layered VLPs
composed of VP2 and VP6 proteins (DLP2/6s) induces antibodies
to VP2, which forms the innermost layer (56, 57). Chimeric
DLP2/6s with GFP fused to the VP2 N terminus (inside the VLPs)
elicit anti-GFP antibodies (47). Although vaccination with CAP
containing HA and M2 protects against influenza virus challenge,
a standard plaque reduction assay showed no neutralization of the
inserted influenza virus antigens in sera (not shown). This lack of
observable neutralization was not unanticipated, given previous
results involving these influenza virus antigens.

The mechanisms by which M2-based immunogens provide
protection against influenza virus infection have been analyzed in
detail; M2 immunization of mice induces a protective humoral
response but not neutralization of virus entry (54, 55, 58). HA2 or
LAH immunization-induced immune responses are more com-
plex. The conserved HA stalk domain and the LAH peptide are
targeted by several cross-reactive, broadly neutralizing antibodies
(bnAbs) (53, 59, 60). HA stalk-directed bnAbs mediate neutral-
ization by inhibiting virus-host membrane fusion during influ-
enza virus entry, whereas HA globular head-directed neutralizing
antibodies inhibit viral binding to host cell receptors. Vaccination
of mice with HA stalk-derived immunogens gives rise to broadly
cross-reactive antisera and provides protection against lethal virus
challenge (61–65). In several reports of conventional in vitro neu-

FIG 6 Antibody response after immunizations with influenza virus-derived
chimeric assemblies. (A) SDS-PAGE of antigens (Ag) used for immunizations:
Lanes: 1, HA-CAP–CAP; 2, HA2-CAP–CAP; 3, HA2-CAP–M2-CAP; 4, LAH-
CAP; 5, M2-CAP. Molecular size markers (kDa) are indicated on the left. The
table indicates the amounts of antigen per dose and mouse (�g). (B) Results of
a dot blot assay of mouse antisera (1:300 dilution) after immunization with the
indicated chimeric assembly to test for IgG antibody to inactivated influenza
virus. Relative intensity was calculated as a percentage of the maximum signal
recorded; each bar represents serum from a single mouse. (C) Results of an
ELISA of M2-CAP and HA2-CAP–M2-CAP antisera (1:200 dilution) on plates
coated with a synthetic M2 ectodomain peptide (SLLTEVETPIRNEWGCR).
(D) Results for sera (1:200 dilution) from mice immunized with M2-CAP,
HA2-CAP, or HA2-CAP–M2-CAP tested by ELISA on influenza virus-in-
fected MDCK cells. Monoclonal anti-M2 antibody 14C2 (1 mg/ml) was di-
luted 1/2,000 as a control for panels B and C (optical density [OD] at 492 nm,
1.57 
 0.26). GFP-CAP serum and PBS were used as negative controls (optical
densities at 492 nm, 0.08 and 0.05, respectively).
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tralization assays, no neutralization activity was detected in the
protective sera (61, 62, 64), as we also observed. The collection of
conclusive evidence for the presence of HA stalk-directed neutral-
izing antibodies in serum has proven to be technically challenging,
given the limited sensitivity and high detection limit of standard
assays. Antibody-dependent effector functions, such as antibody-
dependent cell-mediated cytotoxicity (ADCC), contribute mark-

edly to the protection afforded by M2 and HA stalk-derived im-
munogens (55, 61).

The HT-VP2-466-based system could be used to construct a
multivalent platform with antigens from different viruses to for-
mulate a vaccine against animal or human diseases, thus reducing
production costs. It would be interesting to construct an HT-VP2-
466-based capsid with HA2 and M2 epitopes from the highly

FIG 7 Protection against lethal challenge. (A) Groups of vaccinated mice and a mock-vaccinated control were challenged intranasally with a lethal dose of influenza virus
A/PR/8/34 (5� LD50). Mice were immunized with HA-CAP, HA2-CAP, HA2-CAP–M2-CAP, LAH-CAP, and M2-CAP VLPs and with GFP-CAP VLPs and PBS
(mock) alone. Survival was monitored for 14 days and is expressed as the percentage of surviving mice. (B) The body weights of the infected mouse groups (n � 6) were
monitored for 14 days. Values represent the weights of individual mice expressed as a percentage of the initial weight on the day of inoculation (100%).

Pascual et al.

2572 jvi.asm.org March 2015 Volume 89 Number 5Journal of Virology

http://jvi.asm.org


pathogenic avian influenza virus H5N1 for evaluation as a vaccine
against both avian viruses. The PBC loop on the VLP exterior sur-
face, into which an FMDV-derived 12-residue epitope was suc-
cessfully inserted, could be an additional site for construction of
multivalent vaccines. Our VP2-based system would allow the de-
tection of inefficient chimeric VLPs, for example, when preserva-
tion of neutralizing epitopes is too poor to elicit an optimal anti-
body response (as is the case for LAH and complete HA). We are
currently pursuing the use of HT-VP2-466 as an assembly/disas-
sembly system for heterologous nucleic acid packaging and encap-
sulation of drugs and other molecules.
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