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ABSTRACT

Immunization with virus-like particles (VLPs) containing the Newcastle disease virus (NDV) core proteins, NP and M, and two
chimera proteins (F/F and H/G) containing the respiratory syncytial virus (RSV) F- and G-protein ectodomains fused to the
transmembrane and cytoplasmic domains of NDV F and HN proteins, respectively, stimulated durable RSV-neutralizing anti-
bodies, F-protein-specific long-lived, bone marrow-associated plasma cells (LLPCs), and B cell memory, in striking contrast to
RSV infection, which did not (M. R. Schmidt, L. W. McGinnes, S. A. Kenward, K. N. Willems, R. T. Woodland, and T. G. Morri-
son, J. Virol. 86:11654 –11662, 2012). Here we report the characterization of a VLP with an RSV F-protein ectodomain fused to
the NDV F-protein heptad repeat 2 (HR2), transmembrane, and cytoplasmic domain sequences, creating a chimera with two
tandem HR2 domains, one from the RSV F protein and the other from the NDV F-protein ectodomain (F/HR2F). The F/HR2F
chimera protein was efficiently assembled into VLPs along with the H/G chimera protein. This VLP (VLP-H/G�F/HR2F) stimu-
lated anti-F-protein and anti-G-protein IgG, durable RSV-neutralizing antibodies, and anti-RSV F-protein-secreting LLPCs.
However, the subtypes of anti-F-protein IgG induced were different from those elicited by VLPs containing the F/F chimera
(VLP-H/G�F/F). Most importantly, VLP-H/G�F/HR2F did not induce RSV F-protein-specific B cell memory, as shown by the
adoptive transfer of B cells from immunized animals to immunodeficient animals. The VLP did, however, induce B cell memory
specific to the RSV G protein. Thus, the form of the F protein has a direct role in inducing anti-F-protein B cell memory.

IMPORTANCE

The development of vaccines for respiratory syncytial virus (RSV) is hampered by a lack of a clear understanding of the require-
ments for eliciting protective as well as durable human immune responses to virus antigens. The results of this study indicate
that the form of the RSV F protein has a direct and significant impact on the type of anti-F-protein IgG antibodies induced and
the generation of F-protein-specific memory. Identification of the conformation of the RSV F protein that most effectively stim-
ulates not only LLPCs and but also memory B cells will be important in the future development of RSV vaccines.

Human respiratory syncytial virus (RSV) is the single most im-
portant cause of acute viral respiratory disease in infants and

young children (1, 2). Elderly and immunocompromised popula-
tions are also at risk for serious RSV disease, accounting for ap-
proximately 10,000 deaths per year among individuals greater
than 64 years of age and 14,000 to 60,000 hospitalizations per year
(3–5). In addition, RSV infections result in high mortality rates in
stem cell transplant patients (6) and in populations with cardio-
pulmonary diseases (7). Despite the significance of RSV disease in
several different populations, there are no vaccines available.

Many vaccine candidates have been characterized in preclinical
and clinical studies over 5 decades. These candidates have failed
due to three interrelated problems. The first is safety, an issue that
has dominated RSV vaccine development for years. An early vac-
cine candidate, a formalin-inactivated preparation of purified vi-
rus (FI-RSV), not only failed to protect infants from infection but
also unexpectedly resulted in enhanced, life-threatening respira-
tory disease (ERD) upon subsequent infection with RSV (re-
viewed in references 8 to 11). The mechanisms responsible for this
unusual response to a classically prepared vaccine are not com-
pletely understood even after decades of research using animal
models.

A second problem in RSV vaccine development is a lack of
understanding of the requirements for the generation of protec-
tive immunity to RSV infection in humans. Many vaccine candi-

dates are reported to be protective in animal models and, while
stimulating antibody responses in humans, have failed to stimu-
late significant levels of protection in human trials (reviewed in
reference 12). While there are likely many reasons for these obser-
vations, one important but unresolved issue is the most effective
form of the RSV F protein for stimulating protective, neutralizing
antibodies in humans. The paramyxovirus F protein is folded into
a metastable conformation and upon fusion activation refolds
through a series of conformational intermediates into the postfu-
sion conformation, which is structurally very different from the
prefusion form (13–19). It is logical to assume that antibodies
stimulated by the prefusion form of F protein would be most
effective at virus neutralization, and there is evidence for this con-
clusion (20, 21). However, others have suggested that the postfu-
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sion form also elicits protective, neutralizing antibody responses
(22). Thus, it remains to be established which form of the F pro-
tein is the best antigen for stimulating effective human neutraliz-
ing antibodies.

A third very important problem is a lack of understanding of
the requirements in both human and murine systems for the in-
duction of long-lived humoral and memory immune responses to
RSV, a topic that has not received a great deal of attention. One of
the hallmarks of RSV infection is the observation that humans can
experience repeated infection caused by the same virus serogroup
multiple times over several years or even within the same season
(12, 23). The reasons for the failure of RSV infection to protect
against subsequent infection are not clear, but the inadequate
memory response to RSV natural infection illustrates a major
problem that must be overcome to control RSV disease. Indeed,
most RSV vaccine candidates have failed to stimulate long-term
protective responses in human trials (12, 23), illustrating the lack
of knowledge of the immune mechanisms required to generate
protective long-term anti-RSV immune responses.

As demonstrated by Schmidt et al. (24), we reproduced in a
murine system the transient protective responses and the lack of
memory responses to RSV intranasal infection typically seen in
humans (23). To define the mechanisms that underlie these inad-
equate immune responses and to gain insights into the role of
protein conformation in effective immune responses, we have de-
veloped a platform for the presentation of different conforma-
tional forms of RSV F and G proteins by incorporating these pro-
teins into virus-like particles (VLPs) (25, 26). These particles are
based on the core proteins, M and NP, of Newcastle disease virus
(NDV) (26–28). We incorporated the ectodomains of the RSV F
and G proteins into these VLPs by creating chimera proteins com-
posed of the ectodomains of the RSV glycoproteins fused to the
transmembrane (TM) and cytoplasmic (CT) domains of the NDV
F and HN proteins, respectively (26). We showed that immuniza-
tion of mice with these VLPs (VLP-H/G�F/F) elicited antibody
responses to both F and G proteins, durable RSV-neutralizing
antibodies, F-protein-specific long-lived, bone marrow-associ-
ated plasma cells (LLPCs), and anti-RSV F-protein memory re-

sponses, whereas RSV infection did not (24). Here we show that an
alternative form of the VLP-associated RSV F protein failed to
stimulate memory responses. This result underscores the impor-
tance of the form of the F protein in stimulating not only effica-
cious antibody responses but also memory responses.

MATERIALS AND METHODS
Cells, virus, and plasmids. ELL-0 cells (avian fibroblasts), Vero cells,
HEp-2 cells, and COS-7 cells were obtained from the American Type
Culture Collection. ELL-0 cells were maintained in Eagle’s minimal essen-
tial medium (EMEM; Gibco) supplemented with 10% fetal calf serum
(FCS). COS-7 cells were grown in Dulbecco modified Eagle medium
(DMEM) supplemented with penicillin-streptomycin (Pen-Strep) and
10% fetal calf serum. Vero cells and HEp-2 cells were grown in DMEM
supplemented with penicillin, streptomycin, and 5% or 10% fetal calf
serum, respectively. The RSV A2 strain was obtained from R. Finberg.

The cDNAs encoding the NDV NP and M protein have been previ-
ously described (28). The construction of genes encoding the chimera
proteins F/F and H/G, which contain the sequences encoding the ectodo-
mains of the RSV F and G proteins fused to the sequences encoding the
transmembrane and cytoplasmic domains of the NDV F and HN proteins,
respectively, have been previously described (26). The expression and
incorporation of these chimera proteins into VLPs have been previously
reported (25, 26).

The F/HR2F chimera protein contains sequences encoding the entire
ectodomain of the RSV F protein fused to sequences encoding the NDV
F-protein heptad repeat 2 (HR2), TM, and CT domains. The RSV se-
quences were generated by PCR of pCAGGS-RSV F-protein DNA using
GGTTATTGTGCTGTCGACTCATTTTGGC as the forward primer
and CCAGCATTTACGTTACCTAATAATTCATCGG as the reverse
primer. The NDV sequences were generated by PCR of pCAGGS-NDV
F-protein DNA using CTTGGGAACGTCAACAAC as the forward
primer and CTTGGGAACGTCAACAAC as the reverse primer. PCR
products containing RSV sequences were digested with XhoI and ScaI,
while PCR products containing NDV F-protein sequences were di-
gested with ScaI and HindIII. The two PCR products were then ligated
to the XhoI- and HindIII-digested pCAGGS vector. The RSV F and
NDV F HR2 domains were fused such that the two HR2 helices were in
register (Fig. 1). The resulting plasmid was sequenced in its entirety to
verify the gene junctions and to ensure that no additional changes were
introduced during the PCRs.

FIG 1 Construction and expression of chimeric F proteins. (A) (Top) Construction of the previously described F/F chimera protein as well as the sequences at
the fusion junction of the chimera protein (26); (bottom) construction of the F/HR2F protein as well as the sequences at the fusion junction of the chimera
protein. The HR2 domains of the RSV F protein and the NDV F protein were fused in register to maintain the helical structure. (B) The surface expression of
chimera F proteins in avian cells is shown. The surfaces of avian cells transfected with cDNAs encoding F/F or F/HR2F chimera proteins were biotinylated, the
cells were lysed, and the biotin-labeled molecules were precipitated with NeutrAvidin. Precipitated proteins were separated by SDS-polyacrylamide gel electro-
phoresis in the presence of reducing agent, and separated proteins were detected by Western blotting (WB) with anti-RSV HR2 peptide antibodies (lanes 1 to 5)
or anti-NDV HR2 peptide antibodies (lanes 6 to 9). INF, infected.
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Polyacrylamide gel electrophoresis, silver staining, and Western
analysis. Proteins in extracts, virus, or VLPs were resolved on 8% SDS-
polyacrylamide gels (bis-Tris gels; Invitrogen). Silver staining of proteins
in the polyacrylamide gels was accomplished as recommended by the
manufacturer (Pierce). Quantification of the NP and M, F/F, F/HR2F, and
H/G proteins in the polyacrylamide gels was accomplished with stained
gels, as previously described (26). For Western analysis, proteins in the
polyacrylamide gels were transferred to polyvinylidene difluoride mem-
branes (PerkinElmer) using dry transfer (iBlot; Invitrogen). Proteins were
detected in the blots (29) using the antibodies noted in the appropriate
figure legends.

Antibodies. Polyclonal goat anti-RSV antibody (Biodesign) was used
for enzyme-linked immunosorbent assay (ELISA) and immunofluores-
cence. RSV F-protein monoclonal antibody (MAb) clone 131-2A
(Chemicon) was used in plaque assays. MAb 1112 (a generous gift of J.
Beeler) (30) and MAb anti-5C4 (a generous gift of B. Graham) (19) were
used for fluorescence-activated cell sorting (FACS) analysis of transfected
cells and binding to VLPs. Anti-RSV F-protein HR2 antibody is a poly-
clonal antibody specific to the HR2 domain of the RSV F protein (26).
Anti-NDV F-protein HR2 antibody is a polyclonal antibody specific to the
HR2 domain of the NDV F protein (31). Secondary antibodies against
goat, mouse, and rabbit IgG were purchased from Sigma. Rabbit anti-goat
antibody coupled to Alexa Fluor 568 and goat anti-mouse antibody cou-
pled to Alexa Fluor 488 were obtained from Invitrogen. Antibodies for
FACS analysis of murine spleen cells were anti-CD19 allophycocyanin
(Biolegend) and anti-B220 peridinin chlorophyll protein (BD Pharmin-
gen).

Biotinylation and immunofluorescence of cell surfaces. Biotinyla-
tion of surface-expressed RSV F chimera proteins was accomplished as
previously described (32, 33). Cell surface-biotinylated molecules were
precipitated from cell lysates using NeutrAvidin-agarose (32, 33). Precip-
itated F proteins were detected by Western analysis using anti-RSV F HR2
or anti-NDV F HR2 antibodies.

Surface-expressed chimera proteins were also visualized by immuno-
fluorescence or detected by flow cytometry. For microscopic visualization
of transfected cells, avian or COS-7 cells, growing on coverslips and trans-
fected with cDNAs encoding F chimera proteins or F and G chimera
proteins, were fixed with 2% formaldehyde and then incubated with goat
anti-RSV antibody followed by antigoat antibody coupled to Alexa Fluor
568, as previously described (33, 34). Images were acquired with a Leica
DM IRE2 inverted fluorescence microscope with phase objectives.

Detection and quantification of chimera proteins were also accom-
plished by flow cytometry. Avian cells transfected with pCAGGS-F/F or
pCAGGS-F/HR2F were washed in phosphate-buffered saline (PBS), re-
moved from the plates with cell dissociation buffer (Sigma), resuspended
and washed in FACS buffer (Hanks balanced salt solution; Gibco), and
filtered through a 100-�m-pore-size nylon mesh. Cells were then incu-
bated with mouse monoclonal antibody for 30 min on ice, washed twice in
FACS buffer, and incubated with sheep anti-mouse IgG coupled to Alexa
Fluor 488 for 30 min on ice in the dark. After three washes in FACS buffer,
cells were resuspended in FACS buffer containing propidium iodide (PI;
10 �g/ml). Flow cytometry was accomplished with a MACSQuant ana-
lyzer flow cytometer (Miltenyi Biotec), and data were analyzed using
FlowJo software with gating on PI-negative, fluorescein isothiocyanate-
positive cells.

VLP preparation, purification, and characterization. For the prepa-
ration of VLPs to be used as immunogens (VLP-H/G�F/F, VLP-H/G�F/
HR2F), ELL-0 cells growing in T-150 flasks were transfected with cDNAs
encoding the NDV M protein and NP and the H/G and F/F chimera
proteins, as previously described (25, 26), or cDNAs encoding the H/G
and F/HR2F chimera proteins. At 24 h posttransfection, heparin was
added to the cells at a final concentration of 10 �g/ml (25, 26) to inhibit
rebinding of released VLPs to cells. At 48, 72, and 96 h posttransfection,
cell supernatants were collected and VLPs were purified by sequential
pelleting and sucrose gradient fractionation, as previously described (25,

26). The concentrations of proteins in the purified VLPs were determined
by the use of silver-stained polyacrylamide gels and by Western analysis
using marker proteins for standard curves (26).

Preparation of RSV and FI-RSV, RSV plaque assays, and antibody
neutralization. RSV was grown in HEp-2 cells (25, 26), and RSV plaque
assays were accomplished on Vero cells (25, 26). FI-RSV was prepared as
previously described (25).

Antibody neutralization assays have been previously described (25,
26). The neutralization titer was defined as the log2 value of the reciprocal
of the dilution of serum that reduced the virus titer by 60%.

Animals, animal immunization, and RSV challenge. Four-week-old
BALB/c mice from The Jackson Laboratory or Taconic Laboratories were
housed (in groups of five mice each) under pathogen-free conditions in
microisolator cages at the University of Massachusetts Medical Center
animal quarters. BALB/c rag1�/� mice (generously provided by Ann
Rothstein, University of Massachusetts Medical School) and TCR���/�

mice (generously provided by Eva Szomolanyi-Tsuda, University of Mas-
sachusetts Medical School) were generated from breeding pairs housed
under pathogen-free conditions and received acidified (HCl; pH 2.8 to
3.2) water containing trimethoprim-sulfamethoxazole (Goldline Labora-
tories) ad libitum for seven consecutive days every other week (35).

Protocols requiring open cages were accomplished in biosafety cabi-
nets. BALB/c mice were immunized by intramuscular (i.m.) inoculation
of 10 or 30 �g total VLP protein in 0.05 ml of TNE (50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 5 mM EDTA) containing 10% sucrose. For infection
or challenge of BALB/c or rag1�/� mice with RSV, the animals were lightly
anesthetized with isoflurane and then infected by intranasal (i.n.) inocu-
lation of RSV (titers are indicated in the appropriate figure legends). All
animal procedures and infections were performed in accordance with the
University of Massachusetts Medical School IACUC- and IBC-approved
protocols.

Detection of virus in lung tissue. Four days after RSV challenge (36),
the mice were sacrificed by CO2 asphyxiation. The lungs were removed
aseptically, and each lobe was placed separately in 0.5 ml of 30% sucrose in
PBS and frozen on dry ice. The lungs were stored at �80°C. Upon thaw-
ing, the lungs were weighed and then homogenized in the storage buffer
using a Dounce homogenizer (Kontes). The homogenate was centrifuged
at 12,000 rpm for 15 min, and the virus titer in the supernatant was
determined by plaque assay as described above.

ELISA protocols. For determination of serum antibody titers, blood
was obtained from immunized animals by tail vein nicks and centrifuged
in BD Microtainer serum separator tubes to remove blood cells. For
ELISA, microtiter wells were coated with the F or G protein as previously
described (24, 26). Briefly, the G-protein target antigen was that present in
extracts from 293T cells transfected with pCAGGS-G. Dilutions of the
transfected cell extract used as the target were adjusted so that the
amounts of G protein were comparable from experiment to experiment,
as determined by Western blotting. The F-protein target used for ELISAs
was purified recombinant F protein (generous gift of Novavax, Inc.). Each
well contained 25 ng F protein. ELISAs were performed as previously
described (26). The titers of anti-G-protein antibodies were defined as the
reciprocal of the serum dilution that gave an optical density (OD) 3-fold
over the background OD (26). Titers for anti-F-protein antibodies were
defined as the reciprocal of the serum dilution that gave an OD of 0.2,
since the background values for this target antigen were zero (26).

For antibody binding to VLPs, microtiter wells were coated with dif-
ferent concentrations of monoclonal antibodies in 50 �l PBS for 24 to 30
h at 4°C. The wells were then incubated in 100 �l PBS–1% bovine serum
albumin (BSA) for 16 h at 4°C. After washing the wells three times with
PBS, 1 �l VLPs (1 ng total protein) in 50 �l PBS–1% BSA was added to
each well and the plate was incubated for 2 h at room temperature. After
six washes in PBS, goat anti-RSV was added to each well in 50 �l of
PBS–1% BSA and the plate was incubated for 1.5 to 2 h at room temper-
ature. After six washes in PBS, rabbit anti-goat antibody coupled to horse-
radish peroxidase (HRP) was added in 50 �l–1% BSA and the mixture was
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incubated for 1.5 h at room temperature. Bound HRP was detected by
adding 50 �l 3,3=5,5=-tetramethylbenzidine (TMB; Sigma) and incubat-
ing for 5 to 20 min at room temperature until a blue color developed. The
reaction was stopped with 50 �l 1 N sulfuric acid. The color was read in a
SpectraMax Plus plate reader (Molecular Devices) using SoftMax Pro
software.

Pulmonary histology of RSV-infected mice. The mice were anesthe-
tized with isoflurane and exsanguinated after the right caudal artery was
severed. The lungs were then fixed via infusion of 4% formalin through
the trachea, removed, immersed in 4% formalin for 24 h, embedded in
paraffin, sectioned, and stained with hematoxylin-eosin (H&E) by the
University of Massachusetts Diabetes Endocrinology Research grant-sup-
ported Histology Core Facility. Four sections per mouse were obtained,
and sections from each mouse were scored blindly for the degree of in-
flammation of blood vessels and airways on a scale of from 0 to 3, as
previously described (25, 37).

Purification of splenic B cells and adoptive transfer. Splenocytes
from disrupted spleens were washed, and red blood cells were lysed with
Gey’s solution (Sigma, Inc.), washed, resuspended at 50 � 106/ml in anti-
Thy1.2 (MAb J1J10), and incubated on ice for 45 min. Cells were then
washed and treated with rabbit complement (Pel-Freeze H2) for 45 min at
37°C (35). FACS analysis using anti-CD19 demonstrated that the B cells
were approximately 90% pure. Adoptive transfer of purified B cells to
rag1�/� mice (12 � 106 cells/mouse) was accomplished by periorbital
inoculation.

ELISpot assay of spleen and bone marrow cells. Splenocytes prepared
from disrupted spleens were filtered through Nytex mesh (mesh size, 100
to 120 �m) and washed in balanced salt solution (BSS) containing 5%
fetal calf serum or 0.3% BSA, and red blood cells were lysed in Gey’s
solution. Washed cells, resuspended in BSS, were counted and resus-
pended at a concentration of 10 � 106 to 20 � 106/ml of live cells in
complete medium (RPMI) containing 10% serum, Pen-Strep, glutamine,
and �-mercaptoethanol (�ME; 5 � 10�5 M). B cell numbers were deter-
mined by FACS analysis using anti-CD19 and anti-B220 antibodies. Bone
marrow cells were flushed from the femurs using a 25-gauge needle and
BSS buffer, filtered, washed, counted, and resuspended at 2 � 109/ml.

For enzyme-linked immunosorbent spot (ELISpot) assays, ELISpot
plates (Millipore) were coated overnight with purified F protein (25 ng/
well in PBS). The wells were washed eight times with water, drained, and
incubated for 1 h in compete medium (RPMI containing 10% serum,
Pen-Strep, glutamine, and �ME at 5 � 10�5 M). Fourfold serial dilutions
of spleen cells were added, in triplicate, to precoated wells, and the plates
were incubated at 37°C for 6 h. The plates were washed eight times with
water and blocked overnight in PBS containing 1% BSA or 3% fetal calf
serum. The wells were incubated with biotinylated anti-mouse IgG (1/
2,000 dilution; Southern) for 1 h at room temperature, followed by eight
water washes. The wells were then incubated for 1 h at room temperature
with streptavidin-alkaline phosphatase (1/4,000 dilution; Southern) di-
luted in PBS–1% BSA, washed, and then developed with 5-bromo-4-
chloro-3-indolylphosphate–nitroblue tetrazolium (BCIP/NBT; 1 tab-
let/10 ml autoclaved Millipore water) until purple spots appeared. The
spots were counted using a CTL Immunospot S5 analyzer.

Statistical analysis. Statistical analyses (Student t test) of the data were
accomplished using GraphPad Prism software.

RESULTS
Expression and incorporation of RSV F/HR2F chimera protein
into VLPs. Current models of paramyxovirus fusion include the
proposal that the heptad repeat 2 (HR2 or HRB) domains in the
prefusion paramyxovirus F protein form a homotrimer that dis-
associates upon fusion activation (17). To determine if altering the
structure of our previously described RSV-NDV F chimera pro-
tein, F/F (diagramed in Fig. 1A, top, and in references 24 and 26),
would affect the immune responses to the F protein, we extended
the ectodomain of the F/F chimera protein by inserting the NDV

HR2 domain between the RSV HR2 domain and the NDV F TM
domain with the goal of altering the stability of the prefusion form
of F protein. This insertion created the F/HR2F chimera protein
with two tandem HR2 domains, diagramed in Fig. 1A, bottom.
The F/HR2F protein, which included insertion of 34 additional
amino acids from the NDV F protein as well as a glycosylation
addition site, was expressed in cells (not shown) and on cell sur-
faces (Fig. 1B) at levels comparable to those of our previously
characterized F/F chimera protein (compare lanes 2 and 4 with
lane 3, Fig. 1B). That the F/HR2F protein contains the HR2 do-
mains of both RSV F and NDV F proteins is shown by its reactivity
to both anti-RSV HR2 peptide antibody (Fig. 1B, lane 3) and anti-
NDV HR2 peptide antibody (Fig. 1B, lane 9), while the F/F chi-
mera protein binds only the RSV anti-HR2 peptide antibody (Fig.
1B, lanes 2 and 4), consistent with its amino acid sequence.

To identify possible differences in the abilities of the F/F and
F/HR2F proteins to direct membrane fusion, the proteins were
expressed in avian cells or in COS-7 cells in the absence or pres-
ence of the H/G chimera (Fig. 2). When expressed in avian cells,
the cells in which the VLPs were made, neither F chimera protein
directed syncytium formation either in the absence or in the pres-

Avian

Avian

COS-7

COS-7

F/F

F/F

F/F+H/G

F/F+H/G

F/HR2F

F/HR2F

F/HR2F+H/G

F/HR2F+H/G

A

C

E

G

B

D

F

H

FIG 2 Syncytium formation in different cell types. Avian cells or COS-7 cells
were transfected with cDNAs encoding the F/F chimera protein (A, B, E, F) or
the F/HR2F chimera protein (C, D, G, H) in the absence (A, C, E, G) or
presence (B, D, F, H) of cDNA encoding the H/G chimera. At 48 h posttrans-
fection, cells were fixed with paraformaldehyde and then stained with goat
anti-RSV polyclonal antibody, and binding of antibody was detected with
rabbit anti-goat antibody coupled to Alexa Fluor 568. Images were opened in
Adobe Photoshop software using identical settings for all images.
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ence of the H/G protein (Fig. 2A to D). This result indicates that
any expressed prefusion F protein should not be activated during
VLP assembly. In contrast, when expressed in COS-7 cells, the
F/HR2F protein directed syncytium formation even in the absence
of H/G, while the F/F protein did not (Fig. 2G and E, respectively).
The F/F protein directed the formation of small syncytia in the
presence of H/G (Fig. 2F), and expression of H/G with F/HR2F
enhanced syncytium formation (Fig. 2H). Thus, the F/HR2F pro-
tein mediates membrane fusion more readily than the F/F protein,
indicating structural differences in the two chimera proteins.

The F/HR2F chimera protein was incorporated into VLPs as
efficiently as the F/F chimera protein. Figure 3 shows the F/F and
F/HR2F protein content of VLPs released from avian cells when
coexpressed with the NDV M protein and NP as well as a chimera

protein containing the ectodomain sequences of the RSV G pro-
tein (H/G) that we have previously described (25). The incorpo-
ration of the G-protein chimera protein into VLPs was unaffected
by coexpression with either the F/F or the F/HR2F protein, as
indicated by our finding that the levels of H/G protein in three
separate sets of VLPs, normalized to the chimera F-protein con-
tent, were indistinguishable (P � 0.83).

To assess the presence of prefusion F protein in expressed F/F
and F/HR2F chimeras, two approaches were used, and both ap-
proaches utilized a monoclonal antibody, 5C4. This antibody has
been shown to detect antigenic site 	, which is present only in the
prefusion form of the RSV F protein (19, 21). The relative
amounts of site 	 on avian cell surfaces after transfection with
pCAGGS-F/F or pCAGGS-F/HR2F were first determined by flow
cytometry. To control for variations in transfection efficiency
from experiment to experiment, 5C4 binding was normalized to
binding by MAb 1112, an antibody specific for site I (site B) (30).
Binding of MAb 1112 to cells expressing F/F or F/HR2F was re-
producibly identical in parallel samples in single experiments (not
shown); thus, its binding serves to normalize the binding of 5C4
from experiment to experiment. As shown in Fig. 4A, the binding
of 5C4 relative to that of MAb 1112 is the same for F/F and
F/HR2F, suggesting that site 	 is equally available in both chimera
proteins.

To determine if F/F or F/HR2F assembled into VLPs retained
site 	, binding of both VLPs to increasing amounts of MAb 5C4
(Fig. 4C) was assessed in parallel with VLP binding to MAb 1112
(Fig. 4B). Clearly, F chimera proteins in both VLPs contain site 	.

Anti-RSV F- and G-protein antibody responses to NDV VLPs
containing the F/HR2F chimera. To characterize the immune
responses to F/HR2F, we immunized mice with VLPs assembled
with both the F/HR2F chimera and the H/G chimera (VLP-H/
G�F/HR2F). Groups of five mice were immunized with two dif-
ferent concentrations of purified VLP-H/G�F/HR2F by intra-
muscular (i.m.) inoculation to mimic standard immunization. As
positive controls, another group of mice was infected with RSV by

FIG 3 Incorporation of chimera proteins into VLPs. Avian cells were trans-
fected with empty vector or combinations of cDNAs encoding the genes indi-
cated at the bottom. Equivalent amounts of DNA were used for all cDNAs.
VLPs, harvested from 48 to 96 h after transfection, were purified as described
in Materials and Methods, and proteins present in the purified particles were
separated on SDS-polyacrylamide gels in the presence of reducing agent. The
F-protein chimera proteins F/F and F/HR2F were detected with anti-RSV F-
protein HR2 peptide antibody, while the H/G chimera protein was detected
with anti-RSV antibody, which detects only G protein and not F protein on
Western blots (26), in contrast to F protein detection by this antibody by
immunofluorescence, as in Fig. 2.

FIG 4 Antigenic site 	 in chimera proteins. (A) Cells transfected with pCAGGS-F/F, pCAGGS-F/HR2F, or the pCAGGS-F wild type (wt) for 48 h were analyzed
by flow cytometry for binding to anti-5C4 and to anti-1112 MAbs, as described in Materials and Methods. The graph shows the ratios of the mean intensity of
fluorescence for binding of the two antibodies, 5C4 and 1112. (B and C) VLP-HG�F/F and VLP-H/G�F/HR2F binding to increasing amounts of MAb 1112 (B)
and MAb 5C4 (C).
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intranasal inoculation to mimic natural infection. Negative con-
trols were sham-vaccinated mice inoculated i.m. with buffer. Sera
were collected from these animals from 20 to 430 days postimmu-
nization. Anti-RSV F-protein IgG antibody titers (Fig. 5A) as well
as anti-RSV G-protein IgG titers (Fig. 5B) in the sera of mice at
each time point after a single immunization were determined by
ELISA. To compare the antibody levels to those stimulated by
VLP-H/G�F/F previously reported (26), representative ELISA ti-
ters of antibody to this VLP determined in parallel are also in-
cluded.

Similar to the results that we have previously reported for VLP-
H/G�F/F (26), the anti-RSV F- and G-protein antibody titers
obtained by stimulation with VLP-H/G�F/HR2F were robust

and remained relatively constant for the entire course of the ex-
periment. The titers were very similar to those obtained with VLP-
H/G�F/F immunization. These results are consistent with VLP
stimulation of long-lived antibody responses in the absence of
added adjuvants.

Protective responses to VLP-H/G�F/HR2F. The protective
immune responses to VLP-H/G�F/HR2F were assessed by deter-
mining the neutralization titers in sera from immunized animals
and by determining the protection of immunized mice from RSV
replication in the lungs upon live virus challenge. To assess the
neutralizing antibody responses, sera obtained from mice at each
time point described in Fig. 5 were pooled, and neutralization
titers were determined in an in vitro plaque reduction assay as

FIG 5 Comparisons of levels of serum antibodies in mice immunized with VLP-H/G�F/F and VLP-H/G�F/HR2F. Groups of five mice were immunized with
10 �g or 30 �g total VLP-H/G�F/HR2F. The amounts of the F and G chimera proteins in 10 �g of VLPs were 0.7 and 0.8 �g, respectively, while the amounts of
the F and G chimera proteins in 30 �g of VLPs were 2.1 and 2.4 �g, respectively. Another group of five mice was infected with RSV (2.3 � 106 PFU/mouse). Serum
antibodies specific to the F protein (A) or G protein (B) were determined with time after immunization. The full time course of serum responses to 10 and 30 �g
of VLP-H/G�F/F has been previously reported (26), and results for representative sera are shown here for comparison to the responses to VLP-H/G�F/HR2F.

FIG 6 Protective immune responses in VLP-H/G�F/HR2F-immunized animals. (A) Neutralization titers in sera pooled from five mice immunized with either 10 �g
or 30 �g VLP-H/G�F/HR2F and harvested at different times after a single immunization were determined in a plaque reduction assay. The titers in sera from animals
infected with RSV as described in the legend to Fig. 5 are shown for comparison. (B) Protection of VLP-H/G�F/HR2F-immunized mice from an RSV challenge is shown.
Groups of five mice were immunized with VLP-H/G�F/HR2F (2.4 �g F protein per mouse) or infected with RSV (7 � 105 PFU/mouse). Two other groups of mice were
not immunized. At day 52 postimmunization or postinfection, mice were challenged with RSV (2.3 � 106 PFU/mouse), and at 4 days postchallenge, the lungs were
harvested and virus titers were determined by plaque assay. As a negative control, one set of mice was not immunized or challenged.
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described in Materials and Methods. Figure 6A shows the neutral-
ization titers with time after immunization with both concentra-
tions of VLPs. Neutralizing antibody titers increased until 50 to 60
days postimmunization and remained relatively constant. These
titers were similar to those that we have previously reported in the
sera of mice immunized with VLP-H/G�F/F (26). In addition, as
we have previously noted, the neutralization titers in the sera of
mice infected i.n. with RSV peaked early and then declined signif-
icantly with time, although total IgG antibody titers were relatively
constant (26).

To assess protection from RSV challenge, mice immunized
with VLP-H/G�F/HR2F were challenged with RSV at 50 days
postimmunization. Figure 6B shows the virus titers obtained from
lungs harvested at 4 days postchallenge with RSV. Clearly, immu-
nization with VLP-H/G�F/HR2F protected mice challenged with
RSV from RSV replication in the lungs, a result identical to the
results obtained with VLP-H/G�F/F (26).

Lung pathology after RSV challenge. We have previously re-
ported that RSV challenge of VLP-H/G�F/F-immunized mice
did not result in a lung pathology typical of that seen after RSV
challenge of mice immunized with formalin-inactivated RSV (FI-
RSV) (26). To determine if similar results are obtained after RSV
challenge of VLP-H/G�F/HR2F-immunized mice, groups of five
mice were immunized with VLP-H/G�F/HR2F, RSV, or FI-RSV
or sham vaccinated. Mice were challenged with RSV, and lung
sections were assessed for pathology (25, 26) by scoring for in-
flammation around blood vessels and airways, as shown in Fig. 7A
and B, respectively. While immunization with FI-RSV recapitu-
lated the previously reported abnormal histology of the lung sec-

tions, the lungs of VLP-H/G�F/HR2F-immunized mice had
scores that were statistically significantly lower than the scores for
the lungs of FI-RSV-immunized mice. The differences between
RSV challenges of RSV-infected or VLP-immunized mice were
not statistically significant. However, two of the five VLP-immu-
nized mice showed inflammation around blood vessels somewhat
enhanced over that observed for mice immunized with RSV.

Subtypes of IgG antibodies stimulated by VLP-H/G�F/
HR2F. The enhanced, life-threatening respiratory disease (ERD)
observed after RSV challenge of mice immunized with FI-RSV or
UV-irradiated RSV has been associated with TH2-biased immune
responses (reviewed in references 8 and 38). The ratio of IgG sub-
types during infection or immunization has been used as an indi-
cator of TH1- or TH2-biased immune responses (for example, see
references 39 and 40). Because there was a suggestion of somewhat
enhanced inflammation after RSV challenge of VLP-H/G�F/
HR2F-immunized mice, we characterized the IgG2a/IgG1 ratios
in sera from immunized mice. Figure 8 shows that while the anti-
F-protein antibody responses to VLP-H/G�F/F were primarily
IgG2a, with the IgG2a/IgG1 ratios being approximately 30, as we
have previously reported (26), anti-F-protein antibody responses
to VLP-H/G�F/HR2F were significantly different, with the
IgG2a/IgG1 ratios being approximately 2. This result suggests that
the anti-F-protein immune responses stimulated by the two VLPs
are different in character.

Memory responses to VLP-H/G�F/HR2F. To characterize
further the immune responses generated by VLP-H/G�F/HR2F,
we compared the induction of memory responses to the two VLPs.
We have previously reported that VLP-H/G�F/F stimulated

FIG 7 Scores of inflammation of lungs after RSV challenge of immunized mice. Four groups of five mice were immunized with RSV i.n. (7 � 105 PFU/mouse),
30 �g VLP-H/G�F/HR2F, or FI-RSV (equivalent of 7 � 106 PFU/mouse). Another two groups of five mice received PBS. At day 39, the animals were boosted
with VLPs (10 �g VLPs) or infected with RSV (7 � 105 PFU/mouse), FI-RSV (equivalent of 7 � 106 PFU/mouse), or PBS. On day 47, four groups of mice,
indicated at the bottom, were challenged with RSV i.n. (7 � 105 PFU/mouse), and their lungs were harvested 6 days later. Tissue sections stained with H&E from
each mouse were scored for inflammation on a scale of from 0 to 3, as described in Materials and Methods. (A) Scores for blood vessels; (B) scores for airways.
Bars indicate the groups compared for statistical analyses using GraphPad Prism software (Student t test), with significant P values shown above the bars. ns, not
significant. Differences in the scores between RSV-infected/RSV-challenged mice and VLP immunized mice were not significant.
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memory responses as well as F-protein-specific long-lived, bone
marrow-associated plasma cells (LLPCs) (24). The existence of
significant serum anti-F- and anti-G-protein antibody titers at 430
days after immunization with VLP-H/G�F/HR2F is evidence for
the stimulation of LLPCs by this VLP. Indeed, the bone marrow of
animals immunized with VLP-H/G�F/HR2F contained cells se-
creting anti-F-protein antibody (Fig. 9), while the bone marrow of
animals infected with RSV did not.

To evaluate the generation of memory B cells specific for RSV F
and G proteins after VLP-H/G�F/HR2F immunization, we per-
formed an adoptive transfer experiment with semipurified B cells,
which were transferred from immunized mice into immunodefi-
cient rag1�/� mice, and assessed the anti-RSV immune responses
in the recipient mice, comparing them with our previously re-
ported responses in recipient mice after B cell transfer from VLP-
H/G�F/F-immunized mice (24). Groups of mice immunized
with either 30 �g of VLP-H/G�F/HR2F i.m., infectious RSV i.n.,
or buffer i.m. were sacrificed at 430 days after immunization, and
B cell-enriched splenic populations were injected into syngeneic,
immunodeficient, BALB/c rag1�/� mice. After 6 days, the recipi-
ent mice were challenged with an intranasal inoculation of RSV.
Four days after challenge, the sera, lungs, and spleens were har-
vested from the recipient mice for determination of the serum
levels of anti-F-protein and anti-G-protein antibodies, anti-F-
protein antibody-secreting cells in the spleens, and virus titers in
the lungs.

Figure 10A and B show the titers of antibodies to the RSV F
protein and G protein, respectively, in the sera of the recipient
mice. In contrast to our previous finding (24) showing that the
recipients of spleen cells from VLP-H/G�F/F-immunized mice
had serum anti-F-protein antibodies (illustrated in Fig. 10A), the
recipients of B cells from VLP-H/G�F/HR2F-immunized mice
had no detectable anti-F-protein antibodies in their sera

(Fig. 10A), while they did have anti-G-protein antibody titers (Fig.
10B). Indeed, mice receiving B cells from VLP-H/G�F/HR2F-
immunized mice also had no detectable anti-F-protein antibody-
secreting spleen cells (Fig. 10C). Recipient mice were, however,
partially protected from RSV replication in their lungs after RSV
challenge (Fig. 10D). This partial protection may be due to the
memory immune responses to the RSV G protein.

T cell dependence of anti-F-protein antibody responses. That
VLP-H/G�F/HR2F did not stimulate memory responses, as de-
fined by the adoptive transfer experiments, but did stimulate
LLPCs is puzzling, in light of the predominance of evidence that
LLPCs and memory B cells are both products of germinal center
(GC) reactions (41, 42). However, it has been reported that T
cell-independent (TI) antigens may induce LLPCs in the absence
of the formation of germinal centers (43). Thus, it was possible
that the anti-F-protein antibodies detected at 430 days after im-
munization with VLP-H/G�F/HR2F were induced though a TI
response to this form of the F protein. To determine if anti-F-
protein antibody responses to VLP-H/G�F/HR2F were TI, a
group of T cell-deficient C57BL/6 TCR��-knockout mice and
a control group of wild-type C57BL/6 mice were immunized with
a single dose of VLP-H/G�F/HR2F. Equivalent groups were in-
fected with RSV to determine if virus-associated F protein could
function as a TI antigen. Sham-vaccinated mice were also in-
cluded. Anti-F-protein antibody responses were measured by
ELISA at 36 days postimmunization. Figure 11 shows that anti-F-
protein antibodies were readily detected in control, wild-type
mice, but no anti-F-protein antibodies were detected in VLP-H/
G�F/HR2F-immunized T cell-deficient mice even at low serum
dilutions (Fig. 11B). These results are consistent with the conclu-
sion that the response to the F chimera protein in these VLPs is T
cell dependent (TD). Similarly, virus infection did not result in
any anti-F-protein TI immune responses (Fig. 11A). The results
suggest that the failure of VLP-H/G�F/HR2F to stimulate mem-
ory responses while stimulating long-lived, anti-F-protein anti-
body-secreting cells cannot be due to the T cell independence of
this RSV F antigen. Rather, the form of the RSV F protein has a
significant role in stimulating TD memory responses to RSV F
protein.

FIG 8 Ratio of IgG2a to IgG1 in sera from VLP-immunized animals. Groups
of five mice were immunized with 30 �g of VLP-H/G�F/F or VLP-H/G�F/
HR2F as described in the legend to Fig. 5. The amounts of IgG1 and IgG2a (in
ng/ml) in each serum sample were calculated on the basis of standard curves of
purified murine IgG2a or IgG1. Each assay was done at least two times. The
graph shows the ratios of IgG2a to IgG1 for each mouse at 60 days (VLP-H/
G�F/F) or 60 and 125 days (VLP-H/G�F/HR2F) postimmunization. Differ-
ences between the ratios in the sera of VLP-H/G�F/F-immunized mice and
the sera of VLP-H/G�F/HR2F-immunized mice at 60 or 125 days were signif-
icant, with P values of 0.0003 and 0.0017, respectively.

FIG 9 Anti-F-protein-specific LLPCs. Groups of mice were immunized with
10 �g/mouse of VLP-H/G�F/HR2F protein, infected with RSV (2.25 � 106

PFU/mouse), or sham immunized with PBS. After 430 days, the mice were
infected with RSV i.n., and the mice were sacrificed 4 days after infection. Bone
marrow cells were prepared as described in Materials and Methods, and the
number of cells secreting anti-F-protein antibodies per 106 cells was deter-
mined by ELISpot assay analysis.
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DISCUSSION

RSV vaccine development has been hampered by poorly defined
requirements for the induction of protective, long-lived immune
responses to RSV. In contrast to the majority of viral infections,
humans experience repeated RSV infections caused by the same
virus serogroup (12, 23) for reasons that are poorly understood.
Indeed, we reported that a single intranasal infection of mice with
RSV stimulated only transient neutralizing antibodies, no bone
marrow-associated long-lived plasma cells, and no memory B
cells, results that parallel the responses to human infections. Pu-
lendran and Ahmed (44) have noted that a successful RSV vaccine,
in contrast to most vaccines, must stimulate better immune re-
sponses than natural infection. To date, the analyses of the induc-
tion of long-term protective responses to vaccine candidates have
not been the primary focus of RSV vaccine development.

We have previously reported that the ectodomain of the RSV F
protein anchored in a VLP membrane stimulated durable neutral-
izing serum antibodies, LLPCs secreting anti-F-protein antibod-
ies, and anti-F-protein B cell memory, all essential elements of

long-term protective immunity. Here we report that these prop-
erties of immune responses to a slightly modified version of the
VLP-associated RSV F protein ectodomain are quite distinct. In
the new version of the RSV F protein described here, F/HR2F, we
fused the HR2 (or HRB) domain of the RSV F protein to the HR2
domain of the NDV F protein, creating an ectodomain with
two HR2 domains. Available crystal structures of prefusion
paramyxovirus F proteins show the HR2 domain in a trimeric
stalk connecting a globular head with the transmembrane domain
(17, 19). While this trimer structure may be due to or at least
stabilized by a trimerization sequence fused to the carboxyl termi-
nus of the F-protein ectodomain for cell secretion and crystalliza-
tion, current models of paramyxovirus fusion posit that, upon
activation of fusion, the HR2 trimer disassociates, facilitating the
refolding of the F protein into the postfusion form with the HR2
and HR1 (HRA) domains, forming a six-stranded, coiled coil
(17). Thus, it was possible that the inclusion of two tandem HR2
domains might affect the conversion of the prefusion form to the
postfusion form of the F protein and, therefore, influence immune

FIG 10 Adoptive transfer of B cells from VLP-H/G�F/HR2F-immunized mice. Groups of five mice were immunized with 30 �g VLP-H/G�F/HR2F, infected
with RSV, or sham vaccinated with buffer. At 430 days postimmunization, B cells were harvested and partially purified as described in Materials and Methods.
Purified B cells were transferred to five or six rag1�/� mice (106 cells/mouse). After 6 days, the recipient mice were challenged with RSV (7.5 � 105 PFU/mouse).
At 4 days postchallenge, the mice were sacrificed and serum, spleens, and lungs were harvested. (A and B) The titers of serum antibodies to RSV F (A) and to RSV
G (B) in recipient mice were determined by ELISA, as described in the legend to Fig. 5, with means and standard deviations indicated. The titers in serum from
mice receiving B cells from VLP-H/G�F/F-immunized mice, as previously reported (24), are shown for comparison. (C) Spleen cells from recipient mice were
prepared for ELISpot assay analysis as described in Materials and Methods. The number of anti-F-protein antibody-secreting cells per 104 splenic B cells in each
mouse in each group is shown, and means and standard deviations are indicated. The titers of these cells in mice receiving B cells from VLP-H/G�F/F-
immunized mice, as previously reported (24), are shown for comparison. (D) The titers of RSV in the lungs of RSV-challenged B cell recipient mice were
determined as described in Materials and Methods, and means and standard deviations are indicated. Titers in different lobes of the lungs were determined for
some mice, and the data for each lobe are reported. The bars at the top of panels B and D indicate the results of statistical analysis for the groups compared using
GraphPad Prism software (Student t test), with P values shown above the bars.
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responses to the F protein. To explore differences in the F/HR2F
and F/F proteins, we assessed the biological activities of the two
proteins in both avian cells and COS-7 cells. First, neither protein
directed fusion in avian cells either in the presence or in the ab-
sence of the H/G chimera protein. Thus, any prefusion form of the
proteins delivered to cell surfaces would not likely be activated
during VLP assembly. In contrast, the insertion of the NDV HR2
domain resulted in syncytium formation in COS-7 cells both in
the presence and in the absence of the H/G chimera protein, while
the F/F protein directed syncytium formation only in the presence
of H/G, and the syncytia were smaller than those resulting from
F/HR2F expression. These results may be interpreted in several
ways. It is possible that a higher percentage of the F/HR2F protein,
delivered to the cell surface and into VLPs, may be in a prefusion
form, whereas the F/F protein is not. However, the finding that
both proteins contain equivalent levels of antigenic site 	 is not
consistent with this explanation. It is more likely that the prefu-
sion F/HR2F is more readily activated than the prefusion F/F. The
results do suggest that the conformation or stability of the F/F and
F/HR2F proteins, or both, is different.

Insertion of the NDV HR2 domain sequences into the F/F chi-
mera protein had no effect on the expression or assembly of the
chimera protein into VLPs. This VLP-associated modified F pro-
tein, F/HR2F, also stimulated in mice titers of total anti-F IgG
comparable to those stimulated by the VLP-associated F/F chi-
mera protein. Furthermore, the neutralization titers in the sera of
mice immunized with VLP-H/G�F/HR2F were similar to those
in the sera of mice immunized with VLP-H/G�F/F (6 to 7 log2

units versus 5.5 to 6 log2 units, respectively). In addition, this
F/HR2F-containing VLP stimulated anti-F-protein antibody-se-
creting bone marrow-associated plasma cells, as did the F/F-con-
taining VLPs. However, there was a dramatic difference in the
types of anti-F-protein IgG antibodies stimulated by the two
VLPs. While VLPs containing F/F stimulated primarily IgG2a an-
tibodies with IgG2a/IgG1 ratios of approximately 30 after a single
immunization, VLPs containing F/HR2F stimulated antibodies
with a ratio of approximately 2, very similar to the IgG subtype
profile induced by RSV infection (26). However, the most dra-

matic difference between the responses to the F/F- and F/HR2F-
containing VLPs was in their differential ability to induce F-pro-
tein-specific memory B cell responses. Immunization with the
VLPs expressing F/HR2F failed to induce anti-F-protein memory
B cells. These VLPs did, however, stimulate anti-G-protein mem-
ory responses, indicating a selective antigen-specific memory de-
fect. Thus, the conformation of the F protein can directly dictate
the generation of protein-specific memory B cells and the charac-
ter of the antibody response.

A key step in the generation of LLPCs and memory B cells is the
formation of germinal centers (GCs). GCs are specialized mi-
croenvironments in spleen and lymph nodes (LNs) that contain B
cells undergoing class switch recombination, somatic hypermuta-
tion, and affinity maturation. The signals that direct the partition-
ing of GC B cells into LLPCs or memory B cell pools are not well
understood (42), but the predominance of evidence indicates that
LLPCs in bone marrow are derived from GC reactions, as are
memory B cells, raising the question of why F/HR2F fails to stim-
ulate B cell memory, whereas LLPC production is unimpaired.
There are studies suggesting that LLPCs can also be derived from
B cells stimulated by TI antigens that have not entered GCs (43).
These cells may be isotype switched but have not undergone so-
matic hypermutation (45). Thus, it is possible that LLPCs from
F/HR2F VLP-immunized animals were not derived from GCs,
whereas those from F/F VLP-immunized animals were derived
from GCs. We directly addressed the possibility that the VLP-
associated F/HR2F functioned as a TI antigen by assessing the
F-protein antibody responses to VLP-H/G�F/HR2F in mice with
T cell receptor mutations that rendered them T cell deficient. True
TI antigens readily stimulate immune responses in these animals.
However, no anti-F-protein antibodies were generated in these
mice, indicating that F/HR2F is a T cell-dependent (TD) antigen.

There are several possible explanations to account for the dif-
ferential stimulation of F-protein-specific memory B cells by VLPs
containing different forms of the RSV F-protein ectodomain. We
assayed for memory generation by adoptively transferring semi-
purified B cells from immunized animals into immunodeficient
rag1�/� mice and then assessed the anti-F-protein antibody re-

FIG 11 T cell dependence of anti-F-protein antibody responses to VLP-H/G�F/HR2F. C57BL/6 or C57BL/6 TCR���/� (TCR���/�) mice (five mice per
group) were immunized i.m. with 30 �g total VLP-H/G�F/HR2F protein, sham vaccinated with buffer (TNE), or infected i.n. with RSV (2 � 106 PFU/mouse).
After 36 days, sera from mice in each group were pooled and anti-F-protein antibodies in the pooled sera were measured by ELISA, as described in Materials and
Methods. The ODs at 450 nm of the different serum dilutions are shown. (A) Results obtained after RSV infection; (B) results obtained after VLP immunization.
Each point is the mean of three determinations, with the standard deviations indicated.
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sponses in the recipient mice upon restimulation by RSV infec-
tion. One possible explanation for the failure to detect F/HR2F-
stimulated anti-F-protein memory in this way is that reactivation
of memory B cells in the recipient mice may be more T cell depen-
dent than that induced by VLPs containing F/F. In our adoptive
transfer experiments, we transferred B cells that were approxi-
mately 90% pure; thus, the numbers of T cells transferred were
very limited. The requirement for T cell help to reactivate B
memory cells specific for particle immunogens (as opposed to
soluble antigens) is controversial. It has been shown that virus-
specific memory B cells generated by cytomegalovirus infec-
tion, tick-borne encephalitis virus infection, or a particulate
complex of ovalbumin and alum can be reactivated in the ab-
sence of cognate or bystander T cells upon a second exposure to
the particulate antigens (46–48). These results led MacLeod et
al. to suggest that the requirements for T cells in the reactiva-
tion of memory B cells vary with the form of the antigen (49).
Given this consideration, it is possible that the F/HR2F-con-
taining VLPs do induce memory B cells but their reactivation
requires significantly more T cell help than reactivation of cells
induced by F/F-containing VLPs.

Another potential explanation for the differential induction of
memory responses is suggested by Kasturi et al. (50). These inves-
tigators immunized mice with nanoparticles coupled to influenza
virus hemagglutinin (HA) or with HA nanoparticles assembled
with a Toll-like receptor 4 (TLR4) or TLR7 agonist, or both, and
showed that the TLR agonists dramatically increased the numbers
and durability of GCs as well as the numbers of anti-HA-secreting
LN cells. Furthermore, they showed that inclusion of both TLR
agonists dramatically increased the number and durability of GCs
and antibody-secreting LN cells over the number and durability
observed with one TLR agonist. These observations suggest the
possibility that the different VLPs vary in the efficiency of stimu-
lation of innate immune responses ultimately required for mem-
ory generation. Indeed, it has been reported that native RSV F
protein is a TLR4 agonist (51). However, differences in TLR sig-
naling cannot fully explain the lack of F-protein-specific memory
to F/HR2F since the same VLP stimulated memory to the RSV G
protein. Differences due to innate immune engagement should be
manifested in differences in both F- and G-protein memory re-
sponses.

Another possible explanation to account for differences in
memory generation by different VLPs may be due to differences in
the interactions of VLPs with antigen-presenting cells, such as
dendritic cells, a possibility suggested by the different biological
activities of the F/F and F/HR2F proteins. Such differential inter-
actions could result in differences in the nature or efficiency of
antigen presentation and, consequently, T cell activation (52) and
induction of B cell memory.

These possibilities to account for the failure of the F/HR2F
protein to induce B cell memory are under investigation, as are the
conformational differences between F/F and F/HR2F proteins.
Our results do demonstrate that the form of the RSV F protein in
a VLP has a significant role in the nature of the immune responses
to this protein. Identification of the conformation of the RSV F
protein that most effectively stimulates both LLPCs and memory
B cells will be important in the future development of RSV vac-
cines.
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