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ABSTRACT

Respiratory syncytial virus (RSV) is the most common cause of respiratory infection in infants, and no
vaccine is available. In this report, recombinant AIK-C measles vaccines, expressing the RSV G or F protein
of subgroup A (MVAIK/RSV/G or F), were investigated as a RSV vaccine candidate. MVAIK/RSV/G or F had
the original ts phenotype and expressed RSV/G or F protein. Cross-reactive neutralizing antibodies against
RSV subgroups A and B were detected in cotton rats immunized intramuscularly with MVAIK/RSV/F but
not MVAIK/RSV/G. In cotton rats infected with RSV, RSV was recovered and lung histopathological finding
was compatible with interstitial pneumonia, demonstrating thickening of alveolar walls and infiltration
of mononuclear cells. When cotton rats immunized with MVAIK/RSV/F were challenged with homolo-
gous RSV subgroup A, no infectious RSV was recovered and very mild inflammation was noted without
RSV antigen expression. When they were challenged with subgroup B, protective efficacy decreased.
When cotton rats immunized with MVAIK/RSV/G were challenged with RSV subgroup A, low levels of
infectious virus were recovered from lung. When challenged with subgroup B, no protective effects was
demonstrated, demonstrating large amounts of RSV antigen in bronchial-epithelial cells. MVAIK/RSV/F

is promising candidate and protective effects should be confirmed in monkey model.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Human respiratory syncytial virus (RSV) is a member of
the family Paramyxoviridae in the order Mononegavirales. The
Paramyxoviridae consist of two subfamilies, Paramyxovirinae and
Pneumovirinae [1]. Classified into the genus Pneumovirus, RSV is
characterized by a non-segmented, negative sense, single-stranded
RNA genome, and has approximately 15,200 nucleotides. All mem-
bers of the paramyxovirus family are similar in structure and
characteristics [2]. Viral particles of RSV are surrounded by a lipid
bilayer with two viral glycoproteins, G and F [1], involved in the
attachment to, fusion with, and entry into cells during infection.
G protein is not always required for infection and cell fusion and
the expression of F protein alone leads to cell fusion [3]. RSV was
first isolated in 1956 and two antigenically different subgroups, A
and B, co-circulate [4]. RSV is the most common cause of lower res-
piratory infections in infants and young children worldwide, and
is responsible for a variety of illnesses, including 20-25% of pneu-
monia cases and 45-50% of bronchiolitis cases among hospitalized
children [5]. The peak of serious RSV infections is at 2-6 months of
age and most children experience an RSV infection by two years of
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age [6]. The infection causes serious illnesses especially in babies
born prematurely and having chronic lung diseases, or congenital
heart diseases. RSV also causes lower respiratory tract infections
in the elderly, and in immunocompromised hosts [7]. The global
annual morbidity and mortality for RSV are estimated to be 64
million and 160,000 deaths, respectively [8].

A recent study of the immune response to RSV showed the
importance of innate immunity in regulating adaptive immune
responses [9]. Adaptive immunity is generally considered effective
due to neutralizing antibodies (NT) and cellular immune responses
for the clearance of viruses are influenced by innate inflamma-
tory responses. Secretory and NT antibodies were generated after
repeated infections with RSV, although the responses were weak
in young infants [10]. The presence of IgG antibodies in the lung
has been shown to reduce viral load [11]. Even a natural infection
did not provide long-term protective immunity against reinfection
in young infants, and a humanized monoclonal antibody against
the F protein is available as a prophylaxis against RSV, or for
reducing serious diseases in high-risk infants during epidemics
[12]. However, the high medical costs for monthly administra-
tion mean that there is a great need to develop an RSV vaccine
[13]. There are several obstacles to developing a RSV vaccine. An
aluminium-precipitated formalin-inactivated RSV vaccine (FI-RSV)
was developed in the 1960’s, but did not prevent infections [14]. In
fact, symptoms were exacerbated among recipients subsequently
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infected with RSV. FI-RSV generated only binding antibodies with-
out neutralizing activity because of the denatured F protein, and
did not induce cytotoxic T cell lymphocytes (CTL) activity [15]. Sev-
eral strategies have been adopted to develop subunit vaccines, live
attenuated vaccines through conventional methods of cloning or
selecting ts mutants, genetically modified-strain by reverse genet-
ics, and vaccinia virus vector-based recombinant vaccines [16-18].

Recently, a method for direct manipulation of the genomic
RNA of Mononegavirales has been established, known as the infec-
tious cDNA clone system [19]. The transcription and replication
of minigenome RNA are driven by viral proteins, which are co-
expressed by plasmids or helper viruses. Using this system, the
infectious recombinant viruses can be retrieved from the authentic
full-size genome cDNA [20,21]. These “reverse genetics” techniques
are powerful tools not only for basic research into viral proper-
ties, such as the characteristics of viral proteins, and mechanisms
of replication, transcription and pathogenesis, but also for practical
purposes, such as the development of new vaccines and viral vec-
tors. As vector-based recombinant vaccines, human parainfluenza
virus type Il (HPIV III) vector-based, or Sendai virus vector-based
vaccines have been evaluated [22,23].

Current measles vaccines used throughout the world were
attenuated from the Edmonston strain, classified as genotype A
[24]. The AIK-C strain of the measles vaccine was developed in 1976
inJapan from the Edmonston strain, by plaque cloning through pas-
sages in sheep kidney cells and chicken embryonic cells at 33°C
[25]. It shows optimal growth at 33°C and little or no growth at
39°C [21]. The safety and immunogenicity of the AIK-C measles
vaccine were established through clinical trials [26-29]. Reverse
genetics of the AIK-C live attenuated vaccine was performed and in
this study, recombinant AIK-C MV vaccine strains encoding the RSV
G or F protein were constructed, and immunogenicity and protec-
tive effects against RSV were investigated in cotton rats immunized
with recombinant measles vaccines, expressing RSV G or F protein.

2. Materials and methods
2.1. Viral strains and cell cultures

The AIK-C seed strain for vaccine production was used. Wild-
type strains of RSV subgroups A and B were isolated in HEp-2
cells from patients. Long and wild-type strains were used for the
neutralization test (NT) against RSV subgroups A and B. 293T
and HEp-2 cells were maintained in Eagle’s MEM (Sigma-Aldrich,
Dorset, UK) supplemented with 10% fetal bovine serum (FBS). Vero
cells were maintained in Eagle’s MEM supplemented with 5% FBS.
B95a cells are marmoset B cell line, and maintained in RPMI-1640
medium (Sigma-Aldrich, Dorset, UK) supplemented with 10% FBS
[30]. These media were supplemented with 4mM L-glutamine,
10,000 IU/ml penicillin, and 10,000 pg/ml streptomycin.

2.2. Cloning of the RSV G and F genes

Genomic RNA was extracted from a clinical isolate of
subgroup A and B, and the RSV genome was amplified by
RT-PCR. The viral RNA was first converted to cDNA using a
cDNA primer: 5-ACACGATTTGCAATCAAACC-3'. The RSV G gene
was amplified with 5-GTTTCCATGGCCAAAACCAAGGACCAA-
3’ and 5-CCAAGCGGCCGCTAGTTTGTTGTGTTGGATGGAGA-3/,
which amplified 894bp. The RSV F gene was amplified
with 5'-GTTGCCATGGAGTTGCCAATCCTCAA-3’ and 5'-
TGTGGCGGCCGCTAACTAAATGCAATATTATTT-3’, which amplified
1722 bp. The F and G genes were cloned into pMV/20-77 using two
restriction enzymes, Nco I and Not I (underlined sequences).

2.3. Construction of recombinant AIK-C

A schematic diagram of the strategy used for the construction
of the recombinant cDNA plasmid is shown in Fig. 1. The full length
plasmid was divided from two parts as previously reported. The
first half contained the N, P, M and F genes from the leader sequence
to the Pac I site at nucleotide position 7238 of the AIK-C genome.
The second half contained the H and L regions from the Pac I site
from position 7238 of the AIK-C genome to the trailer sequence.
The full-length cDNA, pMVAIK, was constructed using these two
plasmids [31].

The cloning vector for the RSV genome, pMVAIK/20-77, was
constructed from positions 2040 (Sac II) to 7761 (EcoT22 I). The
RSV G or F PCR product was digested with Nco I and Not I
and ligated into pMVAIK/20-77, resulting in pMVAIK/20-77/RSV/G
and pMVAIK/20-77/RSV/F, respectively. The pMVAIK/20-77/RSV/G
or pMVAIK/20-77/RSV/F was digested with Sac II and Pac I and
ligated into pMVAIK. Then, full-length infectious cDNA clones,
PMVAIK/RSV/G and pMVAIK/RSV/F, were constructed.

2.4. Rescue of the infectious recombinant virus from cloned cDNA

Monolayers of 293T cells in 6-well plates were infected with the
vaccinia virus MVAT7 pol, expressing T7 RNA polymerase. MVAT7
pol was derived from a highly attenuated and host range-restricted
vaccinia virus, the Ankara strain [32]. Open reading frames of the
N, P, and L genes were cloned downstream of the T7 promoter
of pBluescript SK, and the expression plasmids pCIANO1, pCIAPO1,
and pCIALO1 were constructed [19,21]. After 1 h of adsorption, the
cells were washed with Opti-MEM (GIBCO, Grand Island, NY, US)
and transfected with 0.5 g of pCIANO1, 0.25 g of pCIAP01, 0.1 g
of pCIALO1, and 1.5 pg of pMVAIK/RSV with TransIT-LT1 Reagent
(Mirus Bio Corporation, US). After incubation at 33°C for 3 h, the
medium containing the transfection reagent/plasmid complex was
replaced with fresh MEM supplied with 5% FBS. The transfected
cells were incubated at 33°C in 5% CO, for 3 days. After 3 days,
293T cells were detached and co-cultured with B95a cells. When
a demonstrable cytopathic effect (CPE) was observed, the super-
natant and cell lysate were harvested and stocked.

2.5. Virus growth

To examine viral growth, B95a cells were infected with MVAIK,
MVAIK/RSV/G, and MVAIK/RSV/F (m.o.i.=0.02) and the plates were
placed at temperatures of 33, 35, 37 and 39°C. The culture fluids
were obtained on days 1, 3, 5, and 7 of culture and infective titers
were examined and expressed as TCID5q/ml in B95a cells.

2.6. Indirect immuno-staining and Western blotting

B95a cells were infected with MVAIK, MVAIK/RSV/G or
MVAIK/RSV/F at m.o.i. of 0.01 in 24-well plates and cultured for two
days at 33°C. B95a cells were collected and subjected to indirect
immuno-staining without fixation to detect the surface expression.
Polyclonal antibodies against RSV raised in goat (Abcam, Cam-
bridge, UK) were used and the cells incubated for 1 h at 37°C. The
cells were washed extensively with phosphate-buffered saline with
0.05% Tween 20 (PBST), and stained with second antibodies against
goat IgG conjugated with FITC, raised in rabbit (Vector Laboratories,
Burlingame, CA, US), and thereafter, mouse monoclonal antibody
against MV HA protein (kindly supplied by Dr. Sato, National Insti-
tute of Infectious Diseases, Japan) was used and followed by second
antibodies against mouse IgG conjugated with rhodamine raised in
goat (Rockland Immunochemicals, Gilbertsville, PA, US).

Vero cells were infected with MVAIK, MVAIK/RSVF, and
MVAIK/RSV/G and HEp-2 were infected with RSV subgroup A, Long
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Fig. 1. Strategy for the construction of the recombinant AIK-C genome cDNAs having RSV protein genes. The recombinant AIK-C viral cDNAs expressing RSV G or F protein
were constructed based on AIK-C cDNA (pMVAIK). pMVAIK/20-77 was constructed for the cloning of foreign genes. The Asc I site was introduced by adding GGCGCG after
position 3432 of AIK-C and R1 and R2 sequences were added. The Nco I-Not I fragment of RSV G or F was cloned into pMVAIK/20-77, designed as pMVAIK/20-77/RSV.
PMVAIK/20-77/RSV had unique restriction enzyme sites, Sac Il and Pac I sites, located in the P gene and between the F and H gene. The DNA fragments between the Sac Il and
Pac I sites of pMVAIK/20-77/RSV/G and pMVAIK/20-77/RSV/F were inserted into pMVAIK using Sac Il and Pac I sites. The recombinant plasmid constructs were designated

PMVAIK/RSV/G and pMVAIK/RSV/F, respectively.

strain in a 24-well plate. Culture supernatants were collected and
cells were freeze-thawed and total protein of 4 u.g of supernatants
and cell lysate was applied. Samples were subjected to West-
ern blotting. Briefly, after SDS-PAGE, proteins were transferred to
membrane (Immobilon; Millipore, Danvers, MA, US). Membranes
were washed with PBST, incubated with an RSV polyclonal antibody
raised in goats, washed again, and incubated with a donkey anti-
goat IgG (H+L) conjugated with horse radish peroxidase (HRP).
The final reaction was performed with a DAB SUBSTRATE KIT FOR
PEROXIDASE (Vector Laboratories, Burlingame, CA, US) used as rec-
ommended by the manufacturer.

Culture medium of Vero cells infected with MVAIK/RSV/G or F
was collected and fractionated through sucrose discontinuous gra-
dient ultra-centrifugation. Fraction 1 was obtained at the top of the
gradient, 30% sucrose, Fraction 2 between 30% and 45% sucrose,
and Fraction 3 between 45% and 60% sucrose. Each fraction was
electrophoresed and analyzed by Western blotting, using RSV poly-
clonal antibodies and monoclonal antibodies against MV N protein.

2.7. Immunogenicity in experimental animals

Six-week-old cotton rats were purchased from Harlan (Indi-
anapolis, IN, US) and Charles River (USA). Five cotton rats for
each group were immunized intramuscularly with 1 x 106 TCIDsq
of MVAIK, MVAIK/RSV/G or MVAIK/RSV/F. Serum samples were
obtained immediately before and 1, 3, 5, 8, 12 and 16 weeks after
immunization. Cotton rats immunized with MVAIK/RSV/G or F
were boosted with the same dose after 16 weeks, and serum sam-
ples were collected one week after re-immunization (17 weeks).

2.8. Serology

Neutralization tests (NTs) against RSV were performed with the
50% plaque reduction assay, using Long strain and wild-type isolate
of subgroup B. Briefly, serum samples were serially diluted by1:4,
starting from a 1:10 dilution, and mixed with an equal volume of
RSV (100 PFU) in MEM for 1h at room temperature. The mixtures
were inoculated on monolayers of HEp-2 cells in 24-well plates.
Plates were incubated for 1h at 37°C in 5% CO, and then over-
laid with MEM supplemented with glutamine, antibiotics, 5% fetal
bovine serum and 0.5% agar. After incubation for six days at 37 °Cin
5% CO,, cells were fixed with 1% formalin. Agar was removed and
cells were stained with neutral red. Plaque numbers were counted
and NT antibody titers were calculated as the reciprocal of the
serum dilutions that showed a 50% reduction of the plaque number.

For the particles agglutination (PA) test, gelatin particles were
coated with purified measles virus antigen (Serodia®-Measles, Fuji
Rebio, Tokyo, Japan). Sera were serially diluted two-fold, starting
from a 1:10 dilution, and each serum dilution was mixed with an
equal volume of gelatin particles to detect agglutination, accord-
ing to the recommendations of the manufacturer. The PA antibody
titers were expressed as the reciprocal of the serum dilution which
induced particle agglutination.

2.9. Detection of the MV genome

Cotton rats were sacrificed 10 days after immunization with
MVAIK/RSV/G and F, and samples of liver, kidney, spleen, lung,
thymus, and nasal turbinate were obtained to detect the MV
genome. The tissues were homogenized, and total RNA was
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Table 1
Primer and probe sequences for the detection of the MVAIK N gene and RSV N gene
by TagMan real-time PCR.

Primers Sequences (5'-3") Genomic position
RSV-Long-N-(+) aatgctaaaagaaatgggagagg

Probe gctccaga 411-470
RSV-Long-N-(—) ccacaatcaggagaatcatgc

MV-AIK-C-N-(+) caagatcagtagagcggttgg

Probe agcccaag 1212-1274
MV-AIK-C-N-(-) ctttgatcaccgtgtagaaatga

extracted using an RNeasy® Plus Mini Kit (QIAGEN, MD, US), as
recommended. TagMan PCR was performed in the MV N gene
region. Reverse-transcribed real-time PCR was performed using
a FastStart TagMan® Probe Master (Roche Meylan, France), and
LightCycler®480 System II (Roche Meylan, France) using 1 g
of extracted mRNA. cDNA was synthesized using an One Step
PrimeScript® RT-PCR Kit (TaKaRa Bio, Otsu, Japan). The parame-
ters used were 1 cycle of 95°C for 10 min, 45 cycles of 95°C for
10s, 60°C for 30s, and 72°C for 1s, and 1 cycle of 40°C for 30s.
Reactions were performed in triplicate and genome copy numbers
were determined by referring to the results of serial dilution of the
corresponding plasmid, pCIANO1. The primers used in TagMan PCR
are shown in Table 1.

2.10. Protection against RSV

Seven week-old cotton rats were immunized intramuscularly
with MVAIK/RSV/F or MVAIK/RSV/G and, five weeks later, chal-
lenged with 106 PFU/0.5 ml of RSV subgroups A and B. They were
sacrificed four days after the challenge and nasal wash, BAL, nasal
turbinate, and lung tissues were obtained. Lung samples were
divided into two portions, one for pathological examination, and
another for recovering the infective particles and RSV genome.

Tissues were homogenized and 0.1 ml volumes of serial 10-fold
dilutions of homogenized samples were placed on HEp-2 cells and
overlaid with MEM 5% FBS and 0.5% agar. Plaque numbers were
counted after incubation for six days at 37°C and infectivity was
expressed as the number of plaques. RNA was extracted from nasal
wash, BAL, nasal turbinate and lung homogenate. cDNA was synthe-
sized and reverse-transcribed real-time PCR was done at position
1212-1274 of the RSV N genome, using the primers and TagMan
probe listed in Table 1. The RSV genome copy number was calcu-
lated by referring to a linear regression assay of serial dilutions of
the corresponding plasmid.

Lungs were inflated to their normal volumes with 4% forma-
lin and submerged in formalin for overnight fixation. The fixed
tissue was embedded in paraffin, sectioned, and stained with
hematoxylin-eosin, and immuno-staining was performed using
four clone blend monoclonal antibodies against RSV P, F, and N
proteins (AdB Serotec, UK), and anti-mouse IgG conjugated with
HRP.

3. Results
3.1. Characteristics of recombinant viruses

MVAIK/RSV/G and MVAIK/RSV/F were recovered from full-
length recombinant cDNA and MVAIK from vector cDNA. B95a
cells were infected with MVAIK, MVAIK/RSV/G and MVAIK/RSV/F
at a m.o.i. of 0.02. The culture medium was harvested on days 1,
3, 5, and 7 at 33°C and the results are shown in Fig. 2. Infectiv-
ity showed a peak titer of 10° TCIDso/ml 5 days after infection.
MVAIK/RSV/G and MVAIK/RSV/F grew as well as MVAIK in B95a
cells. AIK-C has temperature-sensitivity (ts), showing efficient virus
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Fig. 2. Growth of MVAIK, MVAIK/RSV/G, and MVAIK/RSV/F. B95a cells were infected
with MVAIK, MVAIK/RSV/G, and MVAIK/RSV/F at m.o.i. of 0.02. Culture fluid was
obtained on days 1, 3, 5, and 7 of culture at 33 °C. Infectivity is shown as mean titers
of TCIDso/ml assayed in B95a cells. Error bars show 1.0 S.D.
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cells were infected with MVAIK, MVAIK/RSV/G, and MVAIK/RSV/F at a m.o.i. of 0.02.
Culture fluid was obtained on day 5 and the infectivity at 33°C, 35°C, 37°C, and
39°C is shown as mean infectious titer (TCIDso/ml). Error bars show 1.0 S.D.
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growth at 33 °C, but extremely poor at 39°C, less than 10~4 in com-
parison with the result at 33 °C. MVAIK/RSV/G and MVAIK/RSV/F
were examined for virus growth at 33, 35,37 and 39 °C. The culture
supernatants were harvested on day 7 of the culture and infectiv-
ity was examined. Both MVAIK/RSV/G and MVAIK/RSV/F showed
10° TCID5p/ml at 33°C, and MVAIK/RSV/F grew little at 37°C. But,
however, no infectious virus was detected at 39 °C, and the ts phe-
notype was maintained (Fig. 3).

3.2. Detection of RSV G or F protein

B95a cells were infected with MVAIK/RSV/F, MVAIK/RSV/G, and
MVAIK at a m.o.i. of 0.01. Live cells were stained with monoclonal
antibodies against measles HA and polyclonal antibodies against
RSV and visualized with second antibodies conjugated with rho-
damine or FITC, as shown in Fig. 4. RSV F and MV HA proteins
were observed diffusely on the surface of B95a cells infected with
MVAIK/RSV/F. RSV G protein was detected in speckled pattern
together with MV HA protein on the surface of B95a cells infected
with MVAIK/RSV/G.

Culture medium and cell lysate were examined for the expres-
sion of RSV G and F by Western blotting and the results are shown
in Fig. 5. Live vector virus MVAIK and RSV were used for the neg-
ative and positive controls. RSV G and F proteins were detected in
both supernatant and cell lysate infected with MVAIK/RSVF, and
MVAIK/RSV/G, similar to those infected with RSV (Fig. 5, Panel A).

Culture fluid was collected and fractionated through sucrose dis-
continuous gradient ultra-centrifugation. Fraction 1 was obtained
at the top of the gradient, 30% sucrose, Fraction 2 between 30%
and 45% sucrose, and Fraction 3 between 45% and 60% sucrose.
Each fraction was electrophoresed and analyzed by Western blot-
ting, using RSV polyclonal antibodies and a monoclonal antibody
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Fig. 4. Expression of MV HA and RSV G or F protein. B95a cells were infected with MVAIK (panels 4 and 5), MVAIK/RSV/G (panels 7 and 8) or MVAIK/RSV/F (panels 10 and
11) at a m.o.i. of 0.01 in 24-well plate and cultured for two days at 33 °C. Uninfected B95a cells are shown in panels 1 and 2. B95a cells were collected and subjected to live
cell staining without fixation to detect the surface expression. The expression of RSV (panels 1, 4, 7, and 10) and MV HA protein (panels 2, 5, 8, and 11) are shown. Panels 3,
6,9 and 12 are merged images.
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Fig. 5. Results of Western blotting of culture supernatant, cell lysate, and purified recombinant measles viral particles. (A) Vero cells were infected with MVAIK, MVAIK/RSVF,
and MVAIK/RSV/G and HEp-2 cells were infected with RSV subgroup A, Long strain, and were cultured in 1 ml in a 24-well plate. Just before the appearance of CPE, culture
media was replaced with serum free medium (VP-SFM). 1 ml of culture medium was harvested and 100 pl of PBS was added in plate. Cells were freeze-thawed and cell
lysate was clarified. As for the Western blotting, 1/30 of initial supernatants and 1/100 of cell lysate were subjected for experiments. They were stained with polyclonal
antibodies against RSV. (B) Infectious particles were obtained through sucrose discontinuous gradient ultra-centrifugation. Fraction 1 was obtained at the top of the gradient
of 30% sucrose, Fraction 2 between 30% and 45% sucrose, and Fraction 3 between 45% and 60% sucrose. Each fraction was analyzed by Western blotting, using RSV polyclonal
antibodies and monoclonal antibodies against MV N protein.
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against the MV N protein. RSV G or F was detected in Fraction 1,
and, whereas the MV N protein was detected in Fractions 2 and 3
(Fig. 5, Panel B). Accordingly, RSV G or F protein translated from
the inserted gene was considered not to be incorporated into MV
particles.

3.3. Immunogenicity of recombinant measles viruses

The recombinant viruses, MVAIK/RSV/G and MVAIK/RSV/[F, were
inoculated into cotton rats to confirm the immunogenicity intra-
muscularly of the inserted RSV G or F protein. Five cotton rats
were immunized with MVAIK, MVAIK/RSV/G, and MVAIK/RSV/F
for each study group and serum samples were obtained before
and 1, 3, 5, 8, 12, and 16 weeks after immunization. The results
are shown in Fig. 6. PA antibodies against MV were detected three
weeks after the immunization in all animals. High levels of PA anti-
body, 26-8 x 10 (1:640-1:2560), were maintained until 16th week
in those immunized with MVAIK, MVAIK/RSV/G, and MVAIK/RSV/F.
Two rats were reimmunized 16 weeks after the first immunization
and sera were obtained one week after the reimmunization for each
group. PA antibodies increased from 27°%15 to 2105+15 » 10 in
the MVAIK/RSV/G group, and from 265*15 to 285%15 4 10 in the
MVAIK/RSV/F group. PA antibodies against MV increased after the
reimmunization by four to eight-fold.

The results for NT antibodies against RSV are shown in
Fig. 7. In the cotton rats immunized with MVAIK/RSV/G, NT anti-
bodies against RSV subgroup A were detected one week after
immunization but the mean titer began to decrease 5 week
after immunization. The mean NT titers against RSV subgroup A
decreased to undetectable levels 12 weeks after the immunization.
In the MVAIK/RSV/F group, NT antibodies against RSV subgroup
A were detected one week after the immunization in all animals
with a mean titer of 1020+07 High titers were observed at the
5th week with a mean of 1026+1.0_ Levels of these antibodies were
maintained until 16th week.

In this experiment, RSV source of the recombinant MVAIK/RSV/F
or MVAIK/RSV/G was derived from the RSV subgroup A wild type.
Cross immunity against RSV subgroup B was further investigated.
In cotton rats immunized with MVAIK/RSV/F, NT antibodies against
RSV subgroup B were detected at the 3rd week with a mean titer of
150 (10%!) and maintained for 16 weeks. However, cross-reactive
antibodies against RSV subgroup B were not detected in the cotton
rats immunized with MVAIK/RSV/G.
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Fig. 7. Development of NT antibodies against RSV. NT antibodies were examined
using the RSV Long strain (Subgroup A) and wild-type RSV subgroup B strain. Sera
were collected before immunization, and 1, 3,5, 8, 12, 16, and 17 weeks after immu-
nization. 50% plaque reduction NT titers are expressed 10" and are shown as mean
NT titers with 1.0 S.D. The upper panel shows the immune response after immu-
nization with MVAIK/RSV/G. The lower panel shows the results after immunization
with MVAIK/RSV/F.

In the cotton rats immunized with MVAIK/RSV/F, NT antibod-
ies against RSV subgroups A and B increased after reimmunization
by two fold, but not significantly. As for the rats immunized with
MVAIK/RSV/G, NT antibodies against RSV subgroup A were boosted
from an undetectable level before the reimmunization to 101:8+0.1,
but those against RSV subgroup B were not detected.

3.4. Protection against RSV challenge

The peak response against RSV was observed five weeks
after immunization. Three cotton rats were immunized with
MVAIK/RSV/F and MVAIK/RSV/G and challenged with the homol-
ogous RSV subgroup A (Long strain) and heterologous subgroup B
(wild-type). No infectious virus was recovered from nasal wash and
BAL but RSV genome was detected. RSN genome copy number was
slightly lower in immunized groups but not significant (data not
shown). The recovery of infectious virus and genome copy numbers
from lung tissues are shown in Fig. 8. 1054 and 10%> PFU of infec-
tious virus were recovered from 20 mg of lung tissue in two cotton
rats of the control group challenged with RSV subgroup A, but no
infectious virus was recovered in three cotton rats immunized with
MVAIK/RSV/F. Meanwhile, 104>, 102% and 1033 PFU of infectious
virus were recovered in cotton rats immunized with MVAIK/RSV/G.

As for challenge with RSV subgroup B, 10°9->8 PFU of RSV
was recovered from lung infected with RSV subgroup B in non-
immunized rats. In cotton rats immunized with MVAIK/RSV/F, virus
titers were slightly lower, 1044-45 PFU but 1059-5-3 PFU from their
lung tissues in the cotton rats immunized with MVAIK/RSV/G. There
was no significant reduction in RSV N gene copy number.

For histopathological examinations, lung tissues were obtained
four days after the challenge with RSV subgroups A and B and
the results of HE staining and immuno-staining against RSV anti-
gens are shown in Fig. 9. The non-immunized rat challenged
with RSV subgroup A showed prominent interstitial pneumonia
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Fig. 8. Recovery of RSV infectious virus and genome copy numbers after challenge with RSV subgroups A and B. Three cotton rats were investigated in the normal control
group, non-immunized group, and group immunized with MVAIK/RSV/F or MVAIK/RSV/G. Animals non-immunized group, and group immunized with MVAIK/RSV/F or
MVAIK/RSV/G were challenged with 1.0 x 10% PFU of the homologous RSV Long strain and wild-type subgroup B five weeks later. Virus infectivity was monitored in lung
homogenate, and RSV infectivity is shown as PFU in 20 mg of lung tissue. And 1 g of total RNA of lung tissue was used for real-time PCR, and each column represents

individual result.

(panel 2; thickening of alveolar wall, and infiltration of inflamma-
tory mononuclear cells) with RSV antigens in bronchial epithelial
cells (panel 6). In cotton rat immunized with MVAIK/RSV/F
showed very mild inflammation (panel 3), though most sec-
tions were normal, without RSV antigen in bronchial tissue after
RSV challenge with subgroup A (panel 7). In cotton rat immu-
nized with MVAIK/RSV/G, moderate interstitial pneumonia was

observed with a small amount of RSV antigen (panels 4 and
8).

As for the challenge with RSV subgroup B, histological findings
in non-immunized rat challenged with subgroup B were similar to
the results challenged with RSV subgroup A. The results of immuno-
staining are shown. Large amounts of RSV antigen were detected in
non-immunized rat (panel 9). Small amounts of RSV antigens were
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Fig. 9. Pulmonary histopathology in cotton rats challenged with RSV subgroups A and B. Cotton rats were immunized intramuscularly with MVAIK/RSV/F (panels 3, 7, and
10) or MVAIK/RSV/G (panels 4, 8, and 11) and then challenged five weeks later, with RSV subgroup A (panels 2, 3, 4, 6, 7, and 8) and subgroups B (panels 9, 10 and 11). They
were sacrificed four days after the challenge. Histological examination was performed by HE staining of lung tissues (panels 1, 2, 3, and 4) and the results of immuno-staining
of bronchiolar regions are shown in panels 5, 6, 7, 8, 9, 10, and 11. Immuno-staining was performed using four clone blend monoclonal antibodies against RSV P, F, and N
proteins and anti-mouse IgG conjugated with HRP. HE staining and immuno-staining of normal control are shown in panels 1 and 5.
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detected in MVAIK/RSV/F group (panel 10) in comparison with
MVAIK/RSV/G group (panel 11). Finding of RSV antigens were well
correlated with the results of the recovery of infectious virus from
lung tissues. Inoculated virus would be cleared and demonstrated
a mild pathological finding in rats immunized with MVAIK/RSV/F.

4. Discussion

RSV is a clinically important cause of respiratory tract infec-
tions, especially among high-risk infants, immunocompromised
hosts, and the elderly. Despite a serious disease burden, there is no
licensed vaccine for RSV. Initial efforts to develop a vaccine involved
FI-RSV which unexpectedly enhanced the disease in clinical tri-
als in RSV-naive children [33]. FI-RSV failed to induce a secretory
IgA response after pareteral administration without inducing a CTL
response, which was a serious drawback of the inactivated vac-
cine. The defeated F protein would not induce Th1 response and
the aluminium-precipitated vaccine induced only Th2 response.
The allergic reaction to this vaccine would be caused by the Th2-
prone reaction [34]. Several subunit vaccines were investigated,
but failed to generate effective antibodies. A live attenuated vac-
cine has the advantage of inducing humoral and cellular immune
responses similar to a natural infection. Temperature-sensitive (ts)
and cold-adapted (ca) RSV vaccine strains have been developed
by conventional attenuation methods. Over the last 40 years, cau-
tious and deliberate progress has been made toward developing
a RSV vaccine using various experimental approaches, including
live attenuated strains and vector-based and viral protein sub-
unit vaccine candidates. But the balance between the safety and
immunogenicity is a key issue to the development of a live atten-
uated vaccine, and the (ts) RSV vaccine candidate resulted in
insufficient attenuation, causing similar respiratory illness [35].
Based on a vaccine candidate having the ts phenotype, several
recombinant vaccine candidates were developed by deletion of
the SH gene or NS1 gene or mutation by reverse genetics. These
recombinant RSV vaccines induced sufficient immune response in
chimpanzees [36]. Another approach involved the application of
reverse genetics to express RSV protein in a recombinant vector-
based vaccine. The first vector-based candidate was evaluated using
vaccinia virus. Recombinants expressing RSV F or G was highly
immunogenic, induced protection in mouse but provided inconsis-
tent protection in chimpanzees [37]. MVA strain of vaccinia-based
recombinants expressing RSV G and F protein were immunogenic
in rodent but not in rhesus monkey model [38]. Several vector-
based live vaccine platforms were established using HPIV-III and
Sendai virus [23,39]. Through preceding experiments, the F protein
is known to be more effective than G. But there were no experiences
for clinical usage and the HPIV-III-based recombinant vaccine was
poorly immunogenic in human clinical trials.

In this report, reverse genetics using the AIK-C live attenuated
measles vaccines were developed. A recombinant measles virus
vector-based vaccine was established using the Schwartz strain,
expressing the West Nile virus [40]. As well as the Schwartz strain,
the AIK-C measles vaccine is a further attenuated vaccine strain
having the ts phenotype, and its safety and immunogenicity has
been confirmed [26,29]. Thus, in this report, AIK-C was used for
a live virus vaccine-vector. Expression of the RSV G or F protein
was confirmed by indirect immuno-staining of B95a cells infected
with MVAIK/RSV/G or F with polyclonal and monoclonal antibodies
against the F protein. By Western blotting, the G or F protein was
detected in culture medium and cell lysate of B95a cells infected
with MVAIK/RSV/G or F. The RSV G and F proteins were consid-
ered not to be incorporated into MV particles because theoretically
they had no binding site for the MV M protein. MV envelop pro-
teins bound the M protein [41]. The genetic stability of the vaccine

candidate was examined and inserted genes for RSV G and F were
stable even after 15 passages.

The recombinant measles virus (MVAIK) triggered an immune
response three weeks after vaccination in cotton rats. Levels of
these antibodies were maintained for 16 weeks. The same was
observed after immunization with MVAIK/RSV/G or F. To inves-
tigate the viral growth, samples of nasal turbinate, lung, thymus,
spleen, liver, kidney, and bone marrow were obtained 10 days
after immunization, but no infectious virus was recovered. Total
RNA was extracted and RT-real time PCR was performed to detect
the measles N gene by real-time PCR. The MV genome was
detected only in thymus in cotton rats immunized with MVAIK,
MVAIK/RSV/G, and MVAIK/RSV/F (data not shown). Infectious virus
was recovered from inguinal superficial lymph nodes three days
after infection in the previous study [42]. NT antibody titers against
RSV were investigated, using RSV Long (subgroup A) and wild-type
subgroup B. MVAIK/RSV/G or MVAIK/RSV/F induced the produc-
tion of NT antibodies against RSV subgroup A from one week
after vaccination in cotton rats. Antibody titers were higher after
immunization with MVAIK/RSV/F than with MVAIK/RSV/G. RSV has
distinctly different subgroups, A and B. The G or F gene of sub-
group A was used in this study. Therefore, the cross reaction of
NT against subgroup B was investigated. MVAIK/RSV/G did not
generate NT antibodies against RSV subgroup B, but MVAIK/RSV/F
induced production of cross-reactive NT antibodies against RSV
subgroups A and B. The predicted amino acid sequence of the
RSV F protein used in this study exhibited 98.6% homology among
F proteins of subgroup A strains and 90.8% in comparison with
those of subgroup B strains. The predicted amino acid sequence
of RSV G protein has 86.9% homology among subgroup A strains
but 49.7% in comparison with subgroup B. Thus, F protein was
relatively conserved between subgroups A and B but the G pro-
tein of RSV was variable and thought not suitable as a vaccine
antigen. Recently, a humanized monoclonal antibody against the
RSV F protein was used for prevention of serious RSV infections
in young infants having cardiac and pulmonary disorders, with a
low birth weight, or born prematurely. In this study, recombinant
MVAIK/RSV/G or F was administered intramuscularly and induced
sufficient NT antibodies. Secretory IgA antibodies and CTL response
were not examined but it protected against the challenge with
homologous RSV subgroup A. In non-immunized cotton rats, 10>
and 1045 PFU of infectious virus were recovered from 20mg of
lung tissue four days after the RSV challenge. But those immunized
with MVAIK/RSV/F were protected, without recovery of infectious
virus from the lung tissues. And they did not demonstrate intersti-
tial pneumonia. Cross reactive NT antibodies were demonstrated
after immunization with MVAIK/RSV/F but its protective effect is
not sufficient against subgroup B, demonstrating slightly lower lev-
els (approximately 1/10 of non-immunized control) of the recovery
of infectious virus. Protective effects of MVAIK/RSV/G were poor in
comparison with MVAIK/RSV/F similar to the serological responses.

As for the experimental animal models, transgenic mice
expressing human CD46 with the knock out of type I interferon
(IFN) receptor gene were used to evaluate the immunogenicity of a
recombinant MV vaccine candidate produced using the West Nile
virus [40], SARS corona virus [43], hepatitis B virus [44] and HIV
[45]. Efficient immune responses were reported, but the IFN sys-
tem is the most important signal for innate immunity. In the case of
the RSV vaccine candidate, innate immunity modified the adaptive
immunity, and, therefore, cotton rats without gene manipulation
were used in these experiments [46].

Recombinant MV vaccine-based vectors have practical limi-
tation for timing of immunization. In young infants, maternal
conferred immunity would interfere with vaccine effects. In field
trials, AIK-C gave efficient sero-conversion and induction of cell-
mediated immunity even when the vaccine was given at the age
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of six months [26,27]. They demonstrated more than 80% sero-
conversion rate to overcome maternal conferred immunity and the
safety was similarly confirmed, suggesting no evidence of immune-
suppression. RSV infection was observed even after six months
of age, and, therefore, MVAIK/RSV/F would be applicable for six
months to provide protective immunity both against RSV and
measles especially for developing countries.

As for the effective protection against RSV infection, intranasal
administration is desired. But we have no experience of intranasal
administration of AIK-C vaccine, and, in our previous experiments,
the recombinant MVAIK did not induce serum NT against MV
through intranasal administration because of the strict ts pheno-
type in cotton rat model, having high body temperature [21,42].
Therefore, the comparative studies are planning to investigate the
immunogenicity and challenge tests in monkeys immunized with
MVAIK/RSV/F.

In conclusion, a new MV vaccine-strain-based RSV vaccine can-
didate was demonstrated to confer protection against RSV in cotton
rats. The xenogeneic recombinant might induce simultaneously
protective immunity against backbone-MV and inserted-RSV infec-
tions. Recombinant MVAIK expressing RSV F protein is a promising
candidate and protective effects should be confirmed in monkey
model, considering the immunization routes.
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