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Respiratory syncytial virus (RSV) is a major pathogen in infants and the elderly, causing pneumonia and bronchiolitis.
Despite decades of research, to date there is still no approved RSV vaccine available. In this study, we developed RSV
virus-like particle (VLP) vaccines containing an RSV fusion (F) and/or attachment (G) protein with Newcastle disease
virus (NDV) as the platform. The VLPs were expressed in a baculovirus system and purified by sucrose gradient
centrifugation. BALB/c mice immunized intranasally (i.n.) with rNDV/RSV/F plus rNDV/RSV/G developed robust humoral,
mucosal RSV-specific antibodies and cellular immune responses. Furthermore, rINDV/RSV/F plus rNDV/RSV/G provided
better protection than did rNDV/RSV/F or rNDV/RSV/G alone, as shown by an obvious decrease in viral replication
together with alleviation of histopathological changes in the lungs of the challenged mice. Our data demonstrate that
the intranasal vaccination of combined RSV virus-like particle vaccine candidates has great potential for protection

against RSV infection.

Introduction

Respiratory syncytial virus (RSV) is the leading cause of respi-
ratory disease in infants and the elderly throughout the world.
More than 70% of children infected with RSV in their first year
of life have epithelial desquamation, neutrophilic bronchiolitis
and pneumonia, and obstructive pulmonary disease."> Despite
the various RSV vaccine candidates developed over the past
60 years, no vaccine is available currently. A formalin-inactivated
RSV vaccine (FI-RSV), the first produced for patients, failed to
protect against the virus, resulting in 2 deaths. The failure was
attributed to the imbalance between Th1 and Th2 responses and
the destruction of key antibody-neutralizing determinants.” To
overcome such difficulties, several live-attenuated vaccine candi-
dates have been generated and evaluated clinically.4 However, it
is very challenging to balance over-attenuation and under-attenu-
ation to develop a safe yet effective vaccine.

Virus-like particle (VLP) vaccines, namely, the papillomavirus
and hepatitis B virus vaccines’, have been licensed for use in
humans. VLPs mimic viral morphology but lack nucleic acids;
thus, their use limits the risk of live virus vaccine replication and
recombination. Therefore, respiratory syncytial VLPs represent a
promising approach to responding to the threat of infection.
However, some studies have reported that the efficiency of RSV
VLP release is significantly low.® Furthermore, it has been

suggested that Newcastle disease virus (NDV) VLPs could serve
as a platform for the expression of RSV proteins, resulting in
NDV VLPs emerging as an effective RSV vaccine.®” In addition,
using NDV as a backbone rarely induces pre-existing immune
responses in humans. Previous studies report that Cervarix, bacu-
lovirus-expressed papillomavirus VLP, has been approved and its
approval is a milestone for acceptance of baculovirus as a plat-
form for human vaccine.® In addition Cervarix vaccine contains
HPV-16 and HPV-18 virus-like particles (VLPs) that are pro-
duced using the recombinant baculovirus.” Of note, since papil-
lomavirus is non-enveloped and NDV is enveloped, these VLPs
are not equivalent. We believe that NDV is the most promising
backbone.

The F and G surface proteins of RSV are the major antigenic
determinants of protection. The conserved F glycoprotein indu-
ces specific cytotoxic lymphocytes, transforming a primarily
CD4+ and CD8+ cell T-cell response into a Thl immune
response.'®'" On the other hand, the G protein elicits a Th-2-
dominant immune response.12

RSV infection typically initiates at the mucosal surface.
There are 2 lines of defense against viruses in the mammalian
respiratory tract: secretory IgA (sIgA) prevents viral infection,
and serum IgG mediates protection by neutralizing the virus. A
classical systemic intramuscular vaccine induces serum IgG
antibodies, causing transudation in the lower respiratory tract
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to neutralize the virus.'> In contrast, mucosal immunization
evokes a better local mucosal immune response and induces
local IgA production'#'®
pathogen enters the host organism, thereby avoiding manifesta-

, neutralizing the virus where the

tion and dissemination. Mucosal immunization also stimulates
systemic antibody secretion. Moreover, mucosal vaccination
does not require needles and causes less pain, so there is a high
acceptance of these vaccines among children.'” In the current
study, we used the NDV platform to develop RSV VLP vac-
cines containing F and/or G protein. The immune response
and protective immunity against RSV were then investigated in
BALB/c mice immunized intranasally (i.n.) with INDV/RSV/F
and INDV/RSV/G particles in combination or alone.

Results

Construction and expression of INDV/RSV/F and tNDV/
RSV/IG

The preparation of INDV/RSV/F for use as an immunogen
was accomplished by transfection with NDV NP and M and
the RSV F ¢DNAs. Because individual ¢cDNAs could not be
used to produce sufficient VLPs, the fused construct was gener-
ated. To improve the transfection of INDV/RSV/FE, the RSV F
gene was incorporated into the NDV genes order of NP and M
to create a recombinant plasmid. The SV40 and polyhedron
promoter at the junctions among the 3 genes is depicted shown
in Figure 1A. Similarly, the RSV G protein gene was fused to
the NDV genes to create INDV/RSV/G; the SV40 and polyhe-
dron promoter at junctions among the 3 genes are shown in
Figure 1A. As shown in Figure 1B, the 2 recombinant VLPs
were expressed in SF9 cells. The molecular weight of the F pro-
tein expressed from rNDV/RSV/F was 56 Kp similar to that
from the WT. Interestingly, the G protein expressed from
tNDV/RSV/G was 60 Kp, as indicated by Western blot. This
finding is consistent with inefficient glycosylation.'® Both of the
NDV proteins in VLPs were 40 Kp and 51 Kp. The results
demonstrated that the total proteins of VLPs were expressed
properly. Moreover, NDV VLPs contains the envelope protein
gp64 (Fig. 1B).

Characteristics of VLPs

VLPs were released from cells transfected with the rNDV/
RSV/F and tNDV/RSV/G plasmids (Figs. 1C-F). Electron
microscopy analysis of the purified VLPs revealed the morpholo-
gies of INDV/RSV/F and rNDV/RSV/G. Both VLPs were
spherical in shape with spikes on the surface. The peak of the size
distribution of INDV/RSV/F was 91-110 nm, whereas that of
tNDV/RSV/G was 71-110 nm and was more heterogeneous in
size. The sizes of the VLPs were consistent with that of WT RSV
A2.

These data indicates that INDV/RSV/F and rNDV/RSV/G
possessed virus like morphologies and contained the antigens of
interest.
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Serum antibody immunity to VLPs

The levels of RSV-specific IgG antibodies in serum from i.n.
immunized BALB/c mice were determined by ELISA. The high-
est serum IgG titer was approximately 10,000 in the tNDV/
RSV/F+G group after boost. As shown in Figure 2, the highest
IgG1 and IgG2a titers were also seen in the INDV/RSV/F+G
group. We also used the NDV M, NP VLPs to determine the
immune response to the NDV VLPs alone by ELISA (data not
shown here). We found that serum possessed antibodies to
NDV. The data of the 3 groups were obtained and indicated that
tNDV/RSV/F+G could induce antibody response.

Neutralizing antibody responses

In order to detect whether neutralizing antibodies mice
immunized with VLPs, the plaque reduction in vitro assay was
used. As shown in Figure 2B, at the 1:10 serum dilutions,
tNDV/RSV/G, {NDV/RSV/F and :fNDV/RSV/F+G group
reduced the number of plaques by 80%, while the PBS group
caused no reduction. At the 1:100 serum dilutions, INDV/RSV/
F+G still reduced the number of plaques by 80% while INDV/
RSV/F and tINDV/RSV/G group reduced the number of plaques
by 50-60%. We concluded that the INDV/RSV/F, tINDV/RSV/
G and tNDV/RSV/F+G VLPs could induce protective antibod-
ies to neutralize RSV.

Cellular immunity to VLPs

ELISPOT analysis was performed to estimate the ability of
VLPs to elicit cellular responses. The results demonstrated that
fNDV/RSV/F+G induced a 1.7 fold higher level of IFN-y and
IL-4 than did the other groups. As illustrated in Figure 3, the
number of IFN-y-secreting cells was greater than that of 1L-4-
secreting cells in the rNDV/RSV/F+G and rNDV/RSV/F
groups. In contrast, the number of IFN-y-secreting cells was less
than that of IL-4-secreting cells in the INDV/RSV/G group.
These results suggest that the Thl-biased response was greater
than that of the Th2-biased response in the INDV/RSV/F+G
and INDV/RSV/F groups.

Mucosal immunity of VLPs

The sIgA levels in lung and nasal extracts of mice immunized
with VLPs were determined by ELISA. As shown in Figure 4, we
found that the sIgA titer was higher in lung extract than in nasal
extract. The lung sIgA titer of the INDV/RSV/F group was 100,
similar to that of the INDV/RSV/F+G group. The highest nasal
extract sIgA titer was approximately 100 in the tNDV/RSV/
F+G group. These results showed that intranasal administration
could efficiently induce mucosal antibody responses.

Protection of mice from RSV infection after intranasal
vaccination with VLPs

The weights of the vaccinated mice were measured following
challenge with 1.5 x 10° RSV A2 PFU/mouse. The lungs and
noses of vaccinated mice were sampled on day 6 post-challenge
to determine the viral tter. The initial body weight ratio had
decreased on the first day after challenge in the vaccination
groups (Fig. 5A); however, it increased quickly from the second
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Figure 1. Construction of recombinant virus-like particles encoding RSV F or G and NDV M and NP, and the characteristics of INDV/RSV/F and rNDV/RSV/
G, confirmed by Western blotting and electron microscopy. The shapes and sizes of the virus-like particles were visualized. (A) A schematic of the recom-
binant segments of virus-like particles. The recombinant region encoding RSV F or G and NDV M and NP were connected via specific sequences, includ-
ing SV40 and Pph. Blank boxes represent the NDV backbone and target protein, and lattice boxes indicate the non-translated region. Arrows indicate
the connection sites. The numbers indicate the nucleotide positions of the connection sites. (B) Expression of rNDV/RSV/F and rNDV/RSV/G analyzed by
Western blots. (C, D) Electron microscopy revealed the spherical shape (C) and peak size distribution (91-110 nm) (D) of the rNDV/RSV/F particles. (E, F)
The spherical shape (E) and peak size distribution (71-110 nm) of the rNDV/RSV/G particles were also revealed by electron microscopy.

day post-challenge. Of note, the weight ratio showed a significant
difference between the vaccination groups and the control group
on day 6; whereas, no significant differences in body weight
change were observed among the 3 vaccination groups. The
mean viral titers were about 10" PFU per mouse in the INDV/
RSV/F+G group and 10" PFU per mouse for the INDV/RSV/
F and tINDV/RSV/G groups. There was a significant decrease
greater than 50% in RSV viral titers in the lung tissue of all vacci-
nated groups compared with the PBS group. Furthermore, the
nasal viral titer in all vaccinated groups was <10 PFU/mouse,
which showed a decrease compared with the control group
(Fig. 5B). These results indicate that INDV/RSV/F+G effi-
ciently limited the replication of live RSV infection in respiratory
tract.

Lung pathology after live RSV challenge

To observe histopathological lung damage, lung tissues
were obtained on day 6 post-challenge; pathological sections
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stained with H&E are shown in Figures. 6A-E. Compared
with normal mouse lung, the PBS-immunized mice after chal-
lenge showed thickening and fragmentation of the alveolar
wall and severe edema, and even infiltration of a large number
of inflammatory cells (Fig. 6E). In contrast, BALB/c mice
immunized with INDV/RSV/F4+G showed light histopatho-
logical damage: thinning of the alveolar wall and decreased
inflammatory cells in tissues (Fig. 6D). Despite the fact that
mice in the INDV/RSV/F or tNDV/RSV/G group showed
only mild inflammatory changes (Fig. 6B—C), more severe his-
topathological damage was observed when compared with the
fNDV/RSV/F+G group. Furthermore, the number of inflam-
matory cells was counted among 100 fields within pathological
sections. There was a significant reduction inflammatory cell
in vaccine group compared with PBS group (Fig. 6F). Above
data revealed that INDV/RSV/F+G could induce protective
immunity against live RSV infection efficiently in lung
tissues.
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Figure 2. Female BALB/c mice vaccinated i.n. with rNDV/RSV/F, rNDV/RSV/G, or rNDV/RSV/F+G showed induced RSV-specific antibody responses. The
levels of RSV-specific antibodies IgG (A), IgG1 (B) and IgG2a (C) in serum were assessed via ELISA using inactivated RSV A2. (D) The ratios of IgG1/lgG2a
were determined for the 3 immunization groups and the PBS control group. The values represent the means + SEM from 6 mice. *P < 0.05 and
**P < 0.01.

The WHO estimates that ~2 million pneumonia deaths
occur each year in children less than 5 y of age, mainly in Africa

Discussion

and South-East Asia.'” RSV is considered to be an important
pathogen of pediatric pneumonia and bronchiolitis. A broad
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Figure 3. Analysis of IFN-y and IL-4 by ELISPOT. Mice were immunized i.n. twice at a 2-week interval
with rNDV/RSV/F, INDV/RSV/G and rNDV/RSV/F+G. On day 14 after the second immunization, 6 mice
in each group were sacrificed, and single-cell suspensions were prepared from the spleens. (A) IFN-y
and (B) IL-4 secretions by splenic lymphocytes were detected using ELISPOT after 48 h of culture.
The data represent the means 4 SEM. *P < 0.05 and **P < 0.01.
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range of strategies have promoted RSV vaccine development,
including live-attenuated RSV, plasmid DNA®’, and scaffold-

based vaccines.” However, to date no
licensed vaccine has been shown to pro-
vide efficacy as well as safe, long-term
protection against RSV infection due to
insufficient immunogenicity and vac-
cine-enhanced diseases. RSV fusion (F)
and attachment (G) glycoproteins pos-
sess the majority of neutralizing and T
cell epitopes. F and G proteins are recog-
nized as the major targets for designing
RSV vaccines. Virus-like particles con-
taining RSV F and G proteins could
induce protection against RSV infection
without enhancing diseases due to Th-1
dominant response.®’

We focused on RSV VLPs using a
NDV backbone,** because NDV shows
highly efficient release and rare pre-
immunity. In our study, RSV F or G
proteins, fused to an NDV backbone
composed of NP and M protein
(tNDV/RSV/F or rNDV/RSV/G), were

generated in a baculovirus expression
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system. Others have gener-
ated particles expressing
RSV F or G fused with the
transmembrane and cyto-
plasmic domins of other
viral proteins that are the

(a)

structural foundation of the
particle.  Although  we
expressed full-length F and
G which contain all the
neutralizing and  several
T-cell epitopes of RSV, the
contribution of the F and G
transmembrane and cyto-

Nasal extract slgA titer

plasmic regions to immu-
nogenicity  is  unclear.
Compared  with  other
expression systems which
were used to express VLPs,

(b)

Lung extract slgA titer

such as prokaryotic, yeast,
and eukaryotic systems, the (C)
baculovirus system is easier
for high expression of for-
eign genes. To construct
the recombinant plasmid
tNDV/RSV/F, we rede-
signed the target sequences
combining 3  sequences
(NDV NP, NDV M and
RSV E); similarly, INDV/
RSV/G contained 3
sequences (NDV NP,
NDV M and RSV G) end-
to-end. Compared with the

Nasal extract sigA titer

co-expression of the 3 pro-
teins in mammalian cells,

Lung extract sigA titer
(Log10)

the recombinant sequences
not only simplified the plas-

mid construction but also
improved the efficiency of
VLPs with
particle shapes

transfection.

spherical

Figure 4. The mucosal antibody response in immunized BALB/c mice. slgA antibodies against inactivated RSV were
confirmed by ELISA in nasal (A) and lung extracts (B) from mice immunized i.n. with rNDV/RSV/F, rNDV/RSV/G, or
rNDV/RSV/F+G. Nasal and lung extract samples (n = 6) were collected on day 14 after the boost. The values repre-
sent means =+ SEM. *P < 0.05 and **P < 0.01.

were observed by electron

microscopy. The diameter size distribution of INDV/RSV/F was
mainly in the range of 91-110 nm, and that of INDV/RSV/G
was 71-110 nm. In addition, we found that insect cell infected
with recombinant Baculovirus containing F develop syncytial for-
mation, suggesting that F protein cased syncytial formation the
same as it does in mammalian cells infected with wild-type RSV.
Furthermore, we compared the abundance of NDV M and NP
and RSV F or G in the Baculovirus infected cells to their abun-
dance in purified particles in order to determine the purification
of the VLPs. We confirmed that the abundance of VLPs relative
proteins are 85% in purified particles, while the abundance of
VLPs relative proteins are 20-30% in the Baculovirus infected
cells (data not shown).
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We compared the quantification of M, NP, F and G proteins
in the 2 VLD preparations to NDV and RSV. There are the same
relative abundance of M, NP and F in the VLP preparation to
NDV and RSV. However, we determined that RSV G protein
was 60KD (Fig. 1B), suggesting insufficient glycosylation in
insect cells. Moreover, in the F4+G preparation, the F-to-G ration
was similar to that seen in wild-type RSV. Mucosal immunity
played a critical role in protecting the epithelium of the nasal cav-
ity from respiratory viral infections.”® RSV infects mucosal surfa-
ces and induces mucosal immunity in conjunction with a
systemic immune response, strong humoral and cellular immune
responses, to protect against infection.”* Intranasal delivery-
allows induction of specific and functional antibody responses
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Figure 5. Protection of VLPs in BALB/c mice challenged with RSV strain
A2. Groups of mice (n = 16) were immunized i.n. with rNDV/RSV/F,
rNDV/RSV/G, or rNDV/RSV/F+G and then challenged with RSV A2 (1.5 x
10° PFU) by intranasal inoculation on day 14 after boost. (A) Mice were
measured for body weight changes over a 2-week period. (B) The nasal
extracts and lungs of 6 mice per group among the 3 vaccination and
control groups were collected on day 6 post-challenge. Viral loads in tis-
sue homogenates were determined by the plaque assay using HEp-2

cells. *P < 0.05 and **P < 0.01.

against RSV in the respiratory tract. Further, sIgA is the major
antibody isotype in mucosal secretions that provides protective
immunity against upper respiratory tract infections.”> We
focused on the protective mucosal immunity of a VLP RSV vac-
cine after intranasal immunization in BALB/c mice. Compared
with the INDV/RSV/F or rINDV/RSV/G group, BALB/c mice
immunized with INDV/RSV/F+G achieved 1.4 fold higher
antibody responses and induced immunity more efficiently.

The failure of the FI-RSV vaccine was attributed to a Th2-like
immune response.” Accordingly, it is necessary to maintain the
Th1/Th2 response balance in protective immunity. We measured
the levels of IgG, IgG2a and IgG1 RSV-specific antibodies after
each immunization in mice to assess the immunogenic capabili-
ties of recombinant VLPs. The IgG1/IgG2a serum ratio indi-
cated that INDV/RSV/E, as well as INDV/RSV/F+4G, triggers a
Th1-based immune response. Particularly, the mice immunized
i.n. with recombinant VLPs produced antibodies in mucosal
secretions from nose and lung. sIgA has been detected previously
in mucosal secretions. Compared with the INDV/RSV/F+G
group immunized i.p., the group immunized i.n. developed
higher sIgA titers (data not shown).

Therefore, we believe that the intranasal immunization route
could enhance mucosal and systemic immunity responses to clear
the virus and confer resistance to infection. The PBS-vaccinated
mice infected with RSV displayed a significant increase in viral
loads in the nose and lung, and at the same time, their weight
declined significantly during the observation period. In compari-
son, recombined VLP-vaccinated mice exhibited a lower viral load
and mild histopathological lung damage, along with a significant

(a)  Uninfected

()  rNDV/RSV/F

(c) rNDV/RSV/IG | (d) rNDV/RSV/F+G
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Figure 6. Attenuation of virus-induced lung pathology. After boost immunization with rNDV/RSV/F, INDV/RSV/G, or rNDV/RSV/F+G, BALB/c mice were
challenged i.n. with RSV (1.5 x 10° PFU). Six mice were sacrificed on day 6 after challenge, and lung samples were collected. Histological examination of
lung tissues was performed using H&E staining: (A) Normal, (B) rNDV/RSV/F, (C) rINDV/RSV/G, (D) rNDV/RSV/F+G, and (E) PBS. (F) The numbers of inflam-
matory cells were counted among 100 fields within pathological sections.
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increase in body weight on day 6 post-challenge. Among the 3 vac-
cine groups, the lowest viral titer (10"° PFU,;mouse) was observed
in the INDV/RSV/F+G group. BALB/c mice immunized with
tNDV/RSV/E or tNDV/RSV/G showed mild inflammatory
changes but more severe histopathological damage when com-
pared with the INDV/RSV/F+4G group. Thus, the most effective
RSV clearance was observed in BALB/c mice immunized i.n. with
tNDV/RSV/F+G on day 6 post-challenge, with minimal patho-
logical findings associated with RSV infection.

Opverall, we generated Baculovirus-produced NDV VLPs con-
taining full-length RSV F or G protein. And the INDV/RSV/
F4+G intranasal vaccine conferred the best protection against
RSV in BALB/c mice. We therefore conclude that INDV/RSV/
F+G is a promising vaccine candidate. However, due to the ani-
mal models limitation, we only detected efficiency and protection
of INDV/RSV/F+G in BALB/c mice. Future studies should
confirm the function of the F and G transmembrane and cyto-
plasmic regions to immunogenicity; the immunity protection in
cotton rat or monkey models; as well as the long-lasting immune
response of the INDV/RSV/F+G vaccine in mice.

Materials and Methods

Cells and viruses

HEp-2 cells were infected with the A2 strain of wild-type
RSV. After freeze-thawing, the infected cell pellets were centri-
fuged at 1,600 g for 20 min at 4°C; the supernatants were
titrated by plaque assay and then stored at —70°C. HEp-2 cells
were cultured in DMEM/F12 (1:1) medium (GIBCO) contain-
ing 2% fetal bovine serum (FBS) (GIBCO) at 37°C with 5%
CO,. The original virus and HEp-2 cells were obtained from the
American Type Culture Collection (ATCC). SF9 cells were
maintained in serum-free SF900 II medium (GIBCO) at 27°C
in flasks with shaking at 120 rpm.

Construction of recombinant plasmids

Codon-optimized RSV F, RSV G, NDV M and NDV NP pro-
tein genes were introduced into baculovirus using the Bac-to-Bac
system (Invitrogen). The specific sequences including SV40 and
Pph were attached to RSV F and NDV NP protein genes, respec-
tively. The constructed INDV/RSV/F gene contained RSV F pro-
tein, SV40, Pph, NDV M protein, SV40, Pph and NP protein
genes. The constructed INDV/RSV/G gene contained RSV G pro-
tein, SV40, Pph, NDV M protein, SV40, Pph and NP protein
genes. INDV/RSV/F and iINDV/RSV/G were synthetic by Sangon
(Shanghai). The synthesized target sequences were cloned into
pFastbacl via the Xhol and BamHI sites within the INDV/RSV/F
and INDV/RSV/G plasmids. The specific primers used for detec-
tion were as follows: INDV/RSV/F, forward, 5-TATTGGATC-
CATGGACTCCTCCCGTACCAT-3, reverse 5'-
GTGGAAGCTTTACATCTTGGTGGTAGCACG-3'; tfNDV/
RSV/E, forward, 5-GGATCCATGGACTCCTCCCGTAC-
CATCGGTC-3,  reverse  5-GGGTACTCGGAGGTGG-
TGGACACCTGG-3’ Recombinant bacmids were extracted using
the PureLink ™ HIPure Plasmid Midiprep Kit (Invitrogen).

www.taylorandfrancis.com
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Generation of recombinant baculoviruses

Second-passage SF9 cells were seeded into 6-cell plates and
cultured as cell monolayers. The transfection of recombinant bac-
mid DNA was performed according to the manufacturer’s
instructions (Invitrogen). Recombinant baculoviruses were har-
vested from cell culture medium 72 h post-transfection.

Production and purification of VLPs

At day 4 post-infection, cell supernatants were collected by
centrifugation at 5,500xg. VLPs in the supernatants were con-
centrated by centrifugation at 28,000xg. The concentrate was
resuspended in PBS. The VLPs were laid on top of a discontinu-
ous sucrose gradient composed of 2-ml layers of 20, 35, 65 and
80% sucrose. The gradients were centrifuged for 3 h (Beckman
rotor SW401, 30,000 rpm). The VLP bands found in the
35-65% sucrose gradient layers were collected, diluted with PBS,
concentrated at 30,000 rpm for 2 h. VLPs were resuspended in
PBS and stored at —70°C until use.

Western blotting and electron microscopy

tNDV/RSV/F and INDV/RSV/G were identified by Western
blot and electron microscopy. Anti-NDV antibody (Chinese
Academy of Inspection and Quarantine) was used to detect
NDV NP and NDV M proteins. Monoclonal mouse anti-RSV
(Millipore) antibody was used to detect the G protein and Palivi-
zumab (provided by Chongqing Medical University) to detect
the F protein. Negative staining of VLPs was performed by trans-
mission electron microscopy to examine their morphology and
size.

Immunization and challenge in mice

Female BALB/c mice, aged 6-8 weeks (Animal Experimental
Center, AMMS) were immunized i.n. twice with 40 pug VLP in
40-pl volumes at 4-week intervals. Mice were immunized i.n.
with 40 pg rNDV/RSV/E, 40 pg tNDV/RSV/G, or 20 pg
tNDV/RSV/F  plus 20 pg tNDV/RSV/G (abbreviated as
INDV/RSV/F+G), respectively. Serum, nasal and lung extract
samples were collected on day 14 after prime-boost immuniza-
tion. The mice were challenged with live RSV A2 (1.5 x 10°
PFU), and the lung and nasal extracts were obtained on day 6
post-challenge. All animal experiments were conducted in accor-
dance with the guidelines of the Academy of Military Medical
Sciences Institutional Animal Care and Use Committee.

RSV protein-specific antibody response

The enzyme-linked immunsorbent assay (ELISA) was per-
formed to determine the levels of RSV-specific antibodies (IgG,
IgG1, IgG2a and sIgA) in serum and in nasal and lung extracts,
as described previously.?®

Antibody neutralization

Mouse sera immunizations with VLPs were complement inac-
tivated at 56°C for 30 minutes. And then serially diluted sera
incubated 750 PFU with Live RSV A2 at 37°C for 1 hour. And
then virus-serum mixtures were added to monolayers of HEp-2
cells grown in 12-well plates. After 1 hour, the mixture was
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removed. The percent plaque reduction by sera compared with
sera from control were determined.

ELISPOT assay

Antibodies (5 mg/ml) against mouse IL-4 and interferon-y
(BD Company) were used to coat 96-well filtration plates (Milli-
pore) at 4°C overnight, as described previously.”” The isolated
splenocytes were collected on day 14 after the boost (10° cells/
well) and were stimulated with 5 pg/ml purified VLPs. The
plates were incubated for 48 h at 37°C, 5% CO,. Spots were
computed and analyzed using the ELISPOT reader system and
software (Cellular Technology).

Changes in weight, lung histopathology and viral load
in mice after challenge

Immunized mice were challenged i.n. with live RSV strain
A2 for protective evaluation. The individual lung tissues,

lungs and nasal extracts were collected on day 6 post-chal-
lenge. The lung tissues were fixed in 4% formaldehyde, cut
into pathological sections, and stained with hematoxylin and
eosin (H&E) (Institute of Diseases Control and Prevention,
AMMS). The inflammatory cells were counted among 100
fields selected at random within pathological sections. The
viral loads of the lung tissue and nasal homogenates were
determined by plaque assay.?*

Statistical analysis

The data were analyzed by ANOVA using SPSS version 16.0
and Tukey’s Sidak’s multiple comparisons test; * P < 0.05 and
**P < 0.01.
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