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Abstract
The human parainfluenza viruses (hPIVs) and respiratory syncytial viruses (RSV) are the leading
causes of hospitalizations due to respiratory viral disease in infants and young children, but no
vaccines are yet available. Here we describe the use of recombinant Sendai viruses (rSeVs) as
candidate vaccine vectors for these respiratory viruses in a cotton rat model. Two new SeV-based
hPIV-2 vaccine constructs were generated by inserting the fusion (F) gene or the hemagglutinin-
neuraminidase (HN) gene from hPIV-2 into the rSeV genome. The inoculation of either vaccine into
cotton rats elicited neutralizing antibodies toward both homologous and heterologous hPIV-2 virus
isolates. The vaccines elicited robust and durable antibodies toward hPIV-2, and cotton rats
immunized with individual or mixed vaccines were fully protected against hPIV-2 infections of the
lower respiratory tract. The immune responses toward a single inoculation with rSeV vaccines were
long-lasting and cotton rats were protected against viral challenge for as long as 11 months after
vaccination. One inoculation with a mixture of the hPIV2-HN-expressing construct and two
additional rSeVs (expressing the F protein of RSV and the HN protein of hPIV-3) resulted in
protection against challenge viruses hPIV-1, hPIV-2, hPIV-3, and RSV. Results identify SeV vectors
as promising vaccine candidates for four different paramyxoviruses, each responsible for serious
respiratory infections in children.
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1. INTRODUCTION
Respiratory syncytial virus (RSV) and the human parainfluenza viruses (hPIV) are negative-
strand RNA viruses (Paramyxoviridae) that replicate in epithelial cells of the human respiratory
tract. RSV is the leading cause of hospitalizations for infants in the USA. [1–3]. Most patients
recover from RSV in the developed world, but in developing countries there are close to 1
million RSV-related deaths per year [4]. The human parainfluenza viruses (hPIVs) are also
responsible for serious respiratory infections in the pediatric population. These viruses are
categorized into four serotypes (hPIV-1,-2,-3 and –4). Human PIV-1 and hPIV-2 infections
are often associated with severe croup involving the larynx and upper trachea, while RSV and
hPIV-3 are more often associated with bronchiolitis, bronchitis and pneumonia. hPIV-4-
disease is less frequent and less severe, but hPIV-4 can mediate significant morbidity/mortality
in immunodeficient patients [5–13].

Since the 1960s, vaccine strategies have included the use of killed viruses [14], attenuated
viruses [15–17], virus subunits [18;19] virus recombinants [20–23], and Jennerian vaccines
[24]. The latter strategy refers to the use of a vaccine virus that is derived from a non-human
species, but that has some similarity with the human virus target and that grows poorly or not
at all in humans. Clinical trials have been initiated with several different vaccine candidates
[16;25;26], each demonstrating some promise, but no vaccines have yet been clinically proven.

Sendai virus (SeV) is now being considered as a novel candidate vaccine for the pediatric
respiratory viruses. SeV was originally discovered in Sendai Japan by Kuroya et. al. during an
epidemic of fatal pneumonitis in newborns [27]. At that time, lung tissue was taken from sick
newborns and transferred to mice for expansion and isolation of the pathogen. When SeV was
subsequently isolated, researchers believed that it derived from humans, but later realized that
the virus originated in laboratory mice and was not responsible for the infant disease [28;29].
More than fifty years have since passed, revealing no association between SeV and human
infection or illness. Therefore, leaders in the field now describe SeV as a pathogen of mice and
not of humans [10].

Since its first discovery, SeV has provided laboratories with a rich research model for the study
of hPIV-1 infections in mice [30;31]. Investigators then found that SeV elicited robust
immunity in mice and established a permanent serum antibody response due to a long-sustained
population of antibody-secreting cells in the bone marrow [32]. In addition, the virus elicited
robust virus-specific T-helper cell and cytotoxic T lymphocyte function [33–37]. When
individual T-cell clones were transferred to naïve animals, they conferred protection against
subsequent virus challenge. The humoral and cellular responses were apparently
complementary, as the antibodies neutralized virus particles while T-cells cleared infected cells
[36;37].

During laboratory studies of SeV, the profound sequence similarities between SeV (murine
PIV-1) and hPIV-1 were recognized [38;39]. Antigenic similarities were also revealed when
virus- specific B-cells and T-cells were shown to cross -react between hPIV-1 and SeV [40;
41]. In fact, when hPIV-1 was administered intranasally to infant or adult mice, recipients were
protected against a challenge with Sendai virus [42] and when African green monkeys were
immunized with SeV, they were completely protected against hPIV-1 (protection was slightly
superior to that conferred by hPIV-1 itself [43]). Each of these results highlighted SeV as a
potential new Jennerian (xenotropic) vaccine for the protection of humans from hPIV-1, and
prompted the initiation of clinical trials which have thus far demonstrated safety in adults and
children ([44] and unpublished results).

As clinical trials were designed and implemented with SeV, further basic research indicated
that the virus might also serve as a backbone for vaccines against pathogens other than hPIV-1.
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Specifically, reverse genetics was considered as a means to recombine foreign genes with the
rSeV genome [45–49]. The current report describes the design of two new SeV recombinant
constructs that express the hemagglutinin-neuraminidase (HN) and fusion (F) genes of hPIV-2.
We show that each rSeV elicits immune activity and protection against hPIV-2 challenge. A
single intranasal inoculation with rSeV is sufficient to sustain protection for as long as 11
months. Additionally, we show that an hPIV-2 recombinant SeV can be mixed with rSeVs
expressing hPIV-3 and RSV antigens [46;47] to protect cotton rats from challenges with four
different respiratory viruses: hPIV-1, hPIV-2, hPIV-3 and RSV.

2. MATERIALS AND METHODS
2.1 Construct design

Replication-competent recombinant SeVs were rescued using a reverse genetics system,
described previously [45–47;50]. For cloning of the hPIV-2 F and HN genes into the plasmid
containing full length cDNA of Sendai virus (Enders strain) pSV(E) [48], LLC-MK2 (ATCC,
Rockland, MD) cells were infected with the VR92 Greer strain of hPIV-2 (VR92, American
Type Culture Collection [ATCC], Rockland, MD) and viral RNA was extracted. The hPIV-2
F and HN genes were amplified by RT-PCR (Titan One Tube System; Roche). The PCR
forward primer included a NotI site and the reverse primer included an SeV transcription
termination signal, an intergenic (IG) sequence CTT, a transcription initiation signal, and a
second NotI site. The hPIV-2 F and HN cDNAs were digested with NotI and ligated into the
NotI site of pSV(E)(Figure 1).

2.2 Virus Rescue
To rescue the recombinant viruses, we 293T cells were infected with a UV-inactivated, T7
RNA polymerase-expressing recombinant vaccinia virus (vTF7.3 [51;52] for 1 h at 37 °C at
an MOI of 3. Cells were then co-transfected with cDNA plasmids containing either the hPIV-2
F or HN gene (1 μg) and three supporting T7-driven plasmids expressing the NP, P, or L gene
of SeV (1 μg pTF1SVNP, 1 μg pTF1SVP, and 0.1 μg pTF1SVL, respectively) using
Lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen, Carlsbag, CA,
USA). Supernatants were replaced with fresh growth media containing 10% FBS at 24 h after
transfection. Cells were then incubated for an additional 24 h. Cell lysates were prepared and
inoculated into 10-day-old embryonated chicken eggs. Allantoic fluids were harvested after
72 h and viruses were plaque purified on LLC-MK2 cells. Recombinant SeV clones were
amplified once more in embryonated eggs to prepare vaccine stocks. Recovered viruses were
designated rSeV-hPIV2-F (SeV expressing hPIV-2 F protein) or rSeV-hPIV2-HN (SeV
expressing hPIV-2 HN protein). The viruses were each sequenced by RT-PCR to confirm
maintenance of passenger gene sequences.

2.3 Animals, Inoculations and challenges
Groups of 2–5 adult female cotton rats (Sigmodon hispidus) purchased from Ace Animals
(Boyertown, PA) were intranasally inoculated with rSeV-hPIV2-F (2×106 plaque-forming
units [PFU]), rSeV-hPIV2-HN (2×106 PFU), a mixture of 1×106 rSeV-hPIV2-F and 1×106

rSeV-hPIV2-HN, or a mixture of 2×106 rSeV-hPIV2-HN, 2×106 rSeV-hPIV3-HN, and
2×106 rSeV-RSV-F (previously described rSeVs expressing the full-length RSV F or hPIV-3
HN proteins [47]). Additional animals received wild-type SeV (2 × 106 PFU/cotton rat).
Controls received PBS or no inoculation. Sera were taken at regular intervals after vaccination.
Challenges were performed at 1 month (4–5 weeks), 9 months or 11 months post-vaccination.
Animals were challenged intranasally with hPIV-1 (strain C35 from ATCC, 2×106 PFU/cotton
rat), hPIV-2 (strain VR92 Greer from ATCC, 2×106 PFU/cotton rat), hPIV-3 (strain C243 from
ATCC, 2×106 PFU/cotton rat) or RSV (strain A2 from ATCC, 1.5×106 PFU/cotton rat). Lungs
were harvested 3–5 days post-challenge for virus measurements.
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2.4 Enzyme-linked immunosorbent assay (ELISA)
For the detection of anti-hPIV-2 F- or HN-specific antibodies, hPIV-2 stock virus was prepared
from culture supernatants by concentration with a Millipore Amicon filter unit. Concentrates
were lysed in disruption buffer (0.5% TritonX-100, 0.6M KCl, 0.05M Tris pH7.8), diluted
with PBS (1:3000) and coated on 96-well ELISA plates. After overnight incubation, plates
were blocked with PBS containing 1–3% bovine serum albumin (BSA, Sigma, St Louis, MO).
Serum samples from vaccinated and control animals were diluted and incubated on plates for
2 h at 37°C or overnight at 4°C. Plates were then washed and incubated with rabbit anti–cotton
rat antibody (kindly provided by Dr. Greg Prince, Virion Systems, Rockville, MD) for 2–3 h
at room temperature. After further washing, plates were incubated with goat anti-rabbit IgG-
horseradish peroxidase conjugate (diluted 1:3,000 in PBS/1% BSA, Bio-Rad, Hercules, CA)
for 30–60 min at room temperature. Plates were washed again, and incubated with a 50%
mixture of a 3,3′,5,5′-tetramethylbenzidine solution and a 0.02% solution of hydrogen peroxide
in citric acid buffer (TMB Microwell Peroxidase Substrate System, KPL, Gaithersburg, MD).
Reactions were stopped (after approximately 5–10 min) with an equal volume of 1M
phosphoric acid. Absorbance was read at 450 nm.

2.5 Neutralization assays
To conduct neutralization assays, we mixed diluted sera with approximately 10 TCID50 hPIV-2
per well in DMEM (Cambrex Bio Science Walkersville, Inc, Walkersville, MD), in some cases
with supplements of 0.1% BSA, 0.5 mg/ml gentamicin, 2 mM L-glutamine and 5μg/ml
acetylated trypsin for 1 h at 37°C. Viruses in this assay were either homologous (VR92 Greer,
the virus from which vaccine was derived) or heterologous (viruses of distinct origin, named
by their date of isolation at St. Jude Children’s Research Hospital). The virus-serum mixtures
were then added to wells of LLC-MK2 cell monolayers, which were incubated for 1 h (37°C,
5% CO2) and then fed with DMEM supplemented with glutamine, antibiotics and 5% fetal
calf serum (FCS). After 4–5 days of culture (37°C, 5% CO2), supernatants from test wells (50–
100 μl) were mixed with an equal volume of 0.5% fresh guinea pig red blood cells in multi-
well plates and incubated at 4°C or room temperature for 30–60 min. Hemagglutination was
scored as positive or negative for each well and the percent neutralization was calculated as
the reduction in frequency of positive wells.

2.6 Virus challenge assay
Three-five days after intranasal viral challenge, cotton rats were sacrificed and lungs were
harvested for measurement of virus titer. Briefly, lungs were homogenized on ice with a
mechanical Dounce homogenizer (PowerGen125 PCR Tissue Homogenizing kit; Fisher
Scientific) to yield 2–5 ml of homogenate in PBS. Homogenates were centrifuged to remove
debris and supernatants were collected.

For hPIV-1 and hPIV-3 detection, 100–200 μl of serially diluted lung supernatants in DMEM
(in some cases with supplements of 0.1% BSA, 0.5 mg/ml gentamicin, 2mM L-glutamine and
5 μg/ml acetylated trypsin, the latter required for PIV-1 growth) were added to wells of LLC-
MK2 cell monolayers. Cultures were incubated for 1 hr (37°C, 5% CO2) and then fed with
DMEM supplemented with glutamine, antibiotics and 5% FCS. After 4–5 days incubation,
50–100 μl supernatants from wells were used for standard hemagglutination (HA) assays with
an equal volume of turkey red blood cells (for hPIV-3) and chicken red blood cells (for hPIV-1)
for 30–60 min. TCID50 were calculated using the Reed-Muench formula.

For hPIV-2 detection, TCID50 scores were calculated as above except that guinea pig red blood
cells were used in the HA assays. hPIV-2 was also quantified by plating serial dilutions of
supernatants from homogenized lungs onto confluent LLC-MK2 cell monolayers in 0.15%
BSA in PBS/calcium/magnesium and gentamicin. After 1 hr at 33°C, 5% CO2, the cells were
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overlaid with medium supplemented with 0.15% BSA, vitamins, amino acids and 0.9% agarose
(electrophoresis grade, BRL, Gaithersberg, MD). After the agarose was set, plates were
inverted and incubated at 33°C in a 5% CO2 incubator. 5 days later, plates received a second
overlay similar to the first, but with 5% FCS instead of BSA and 0.0035% neutral red. Plates
were incubated for one more day and plaques were counted.

For RSV measurements, serially diluted supernatants from lung homogenates were inoculated
on Hep-2 cell monolayers in 12-well plates; after 1 h at 37 °C and 5% CO2, the wells were
overlaid with EMEM medium supplemented with glutamine, antibiotics, 10% fetal calf serum
and 0.75% methylcellulose. After incubation for 5 to 6 days at 37°C and 5% CO2, the
methylcellulose was removed, cells were fixed with formalin phosphate, and the plates were
stained with hematoxylin and eosin for enumeration of plaques. For each virus, the pulmonary
burden per homogenized cotton rat lung was scored.

3. RESULTS
3.1 Sendai virus vaccines expressing hPIV-2 F or HN induce hPIV-2-specific binding and
neutralizing antibodies in a cotton rat model

To study the capacity of SeV to serve as an hPIV-2 vaccine backbone, we inserted either hPIV-2
F or HN genes into the full-length SeV cDNA (Enders strain) and rescued two new viruses,
rSeV-hPIV2-F and rSeV-hPIV2-HN (see Figure 1 and Materials and Methods for details). The
immunogenicity of each new SeV-based vaccine was then examined by the inoculation of
groups of 3–5 cotton rats intranasally. Animals received 2 × 106 PFU rSeV-hPIV-2-F
(abbreviated ‘F’), rSeV-hPIV-2-HN (abbreviated ‘HN’), or a mixture of 1 × 106 PFU of each
of the two vaccines (‘F+HN’). Unmodified SeV and PBS were used as controls. Blood was
collected 1 month later for measurement of hPIV-2-specific antibodies by ELISA (using 1:100
and 1:500 serum dilutions). As shown in Figure 2, all cotton rats immunized with the single
or mixed recombinant vaccines generated antibodies with specificity for hPIV-2. Repeat
experiments showed no consistent difference between the antibody titers from animals that
received rSeV-hPIV2-F, rSeV-hPIV-2 HN or a mixture of the two vaccines, and in some
experiments, titers scored as high as 1:10,000 (see below). Animals that were immunized with
unmanipulated SeV also generated antibody responses above background, demonstrating a
weak antigenic relationship between SeV and hPIV-2 viruses.

Having demonstrated antibody responses toward hPIV-2, we next examined neutralizing
antibody activity. Serum samples taken 1 month after vaccination were tested against
homologous virus (from which vaccine was derived) and heterologous isolates (viruses derived
from a distinct origin). Heterologous viruses were from different yearly outbreaks of hPIV-2
(viruses 8-2-00 and 1-1-97 were obtained from the Clinical Pathology Department of St. Jude
Children’s Research Hospital and named by their data of isolation). As shown in Figure 3, both
homologous and heterologous viruses were neutralized by sera (diluted 1:256) from vaccinated
animals, demonstrating the potent cross-neutralizing capability of antibodies elicited by
recombinant SeV hPIV-2 vaccines (neutralization was scored as the reduction in frequency of
positive viral cultures; see Materials and Methods). When sera were diluted 1:1024,
neutralizing activity generally fell below the >50% cut-off on all three viruses, demonstrating
a titer of ≥ 1:256, but less than 1:1024. The mixed vaccine (HN + F) was also tested on
homologous and heterologous viruses, but elicited responses that did not exceed those induced
by the individual vaccine vectors alone (data not shown).

Jones et al. Page 5

Vaccine. Author manuscript; available in PMC 2010 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2 rSeV-hPIV2-F and rSeV-hPIV2-HN vaccines confer complete protection against
homologous hPIV-2 challenges in the cotton rat model

We next assessed vaccine-induced protection from hPIV-2 challenge. One month after
inoculations with rSeV-hPIV2-F, rSeV-hPIV2-HN, a mixture of the two constructs, wild-type
SeV or PBS, cotton rats were challenged intranasally with the hPIV-2 VR92 Greer strain at a
dose of 2×106 PFU/animal. Four days after challenge, animals were sacrificed and lungs were
collected for determination of hPIV-2 burden. As shown in Figure 4, animals vaccinated with
individual or mixed rSeV vaccines were fully protected from hPIV-2 challenge. Wild-type SeV
did not confer significant protection (defined as a 1 log reduction of challenge virus relative
to the mean control value). The results clearly demonstrated the efficacy of the rSeV-hPIV2-
F and rSeV-hPIV2-HN constructs as vaccines against hPIV-2, and that full protection against
virus challenge could be gained without mixing the two rSeVs.

3.5 Durability of immune responses elicited by rSeV-hPIV2-F and rSeV-hPIV2-HN vaccines
Given that live virus vaccines have in some cases elicited potent and durable immunity [32;
53], we asked if the immune responses elicited by our new recombinant vaccines were long-
lasting. We therefore immunized animals with either the rSeV-hPIV2-HN or rSeV-hPIV2-F
vaccines. Cotton rats were then sampled for antibody activities after 1, 4, 6 and 9 months. As
shown in Figure 5, the antibody binding responses were sustained in rSeV-hPIV2-HN- and
rSeV-hPIV2-F-primed animals throughout the 9 month period without apparent loss of titer
(responses were scored at serum dilutions of 1: 1,000 and 1:10,000). As shown in Figure 6,
neutralization activity was also sustained in these test animals (≥ 1:256 serum titer). This result
demonstrates the extraordinary activity of responses elicited by the rSeV live virus vaccines.

A most critical question was whether the protective responses were retained months after
vaccination. Animals were therefore challenged with hPIV-2 after 9 and 11 months. As shown
in Figure 7, animals were fully protected at both time-points after the single intranasal
inoculations. Control animals were not protected.

3.6 A mixed rSeV-RSV-F, rSeV-hPIV3-HN, and rSeV-hPIV2-HN vaccine confers protection
against RSV, hPIV-1, hPIV-2 and hPIV-3 challenges in the cotton rat model

Once the potency of the hPIV-2 vaccines was revealed, a mixture of rSeV vaccines was tested
to determine if protection could be gained against more than one virus pathogen. To this end,
the rSeV-hPIV2-HN construct was mixed with two other recombinants, rSeV-RSV-F and
rSeV-hPIV3-HN; these viruses have been previously described [47;48]. The final dose for each
of the three viruses in the trimeric vaccine was 2×106 PFU. Groups of cotton rats then received
the mixed vaccine, the wild-type SeV or PBS. One month after vaccination, the groups were
challenged with RSV, hPIV-1, hPIV-2 or hPIV-3. The animals were sacrificed for lung harvest
and virus titration on days 4 (for hPIV-1, hPIV-3 and RSV) and day 5 (for hPIV-2). As shown
in Figure 8 (panels A-D), cotton rats inoculated with the mixed vaccine were protected against
all four pathogens. The wild-type SeV also conferred protection against hPIV-1, minimal
protection against hPIV-3 (in this experiment, only 2 of 5 animals were protected), and poor
activity toward hPIV-2 and RSV. Together, these findings demonstrated that a single nasal
inoculation with a mixture of three different recombinant SeVs was sufficient to prevent
measurable pulmonary infection with four different viruses in the cotton rat model.

4. DISCUSSION
This report describes the construction of two new rSeV vaccines that express the hPIV-2 F
(rSeV-hPIV2-F) and HN (rSeV-hPIV2-HN) proteins. In a cotton rat model, each vaccine was
shown to elicit binding and neutralizing antibodies and to protect animals against hPIV-2
challenge. The antibodies elicited by the new hPIV-2 vaccines recognized both homologous
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and heterologous viruses. Antibodies were durable and protection was sustained for many
months after vaccination. We also tested a mixture of three SeV recombinants expressing RSV,
hPIV-2, and hPIV-3 proteins (rSeV-RSV-F, rSeV-hPIV2-HN and rSeV-hPIV3-HN constructs)
in cotton rats and compared these to unmanipulated SeV. Unmanipulated SeV protected against
hPIV-1, reflecting the close homology between mouse and human PIV-1 viruses [43]. There
was also minimal protection conferred by unmanipulated SeV against hPIV-3. This proved
statistically significant in some experiments but not others, reflecting the partial homology
between respiroviruses PIV-1 and PIV-3 (a comparison of HN and F genes between hPIV-1
and hPIV-3 revealed a respective amino acid sharing of 47% and 42% between viruses; cross-
reactivity between hPIV-1 and hPIV-3 was also described in previous B- and T-cell studies
[11;48;54–56]). The mixed recombinant vaccine was far superior to unmanipulated SeV in the
cotton rat model system, as there was virtually complete lower respiratory tract protection
against challenges with four different pathogens: hPIV-1, hPIV-2, hPIV-3 and RSV. These
results highlight the enormous capacity of mixed rSeVs to protect against four serious
respiratory pathogens of children [44–47;57].

A major mediator of viral protection is the virus-specific antibody, as is best demonstrated by
the capacity of licensed anti-RSV-F monoclonal and polyclonal antibodies to control lower
respiratory tract viral disease in clinical pediatrics [58–65]. Antibodies provide a first line of
defense against infection by preventing virus entry into target host cells [32;66;67]. The current
report demonstrates that antibody responses elicited by rSeV passenger proteins are both potent
and long-lasting. The durability of serum antibody responses likely reflects the capacity of SeV
to induce lifelong plasma cell activity in the bone marrow of immunized animals [31;32;66].
This remarkable durability typifies a number of live virus vaccines, yet the mechanism
underlying sustained responsiveness remains a topic of debate [68]. Infectious SeV is cleared
from sero-negative experimental mice [69], cotton rats (our unpublished data) and primates
[43] within 1–2 weeks post-infection, but antigens deposited following live virus infections
and other forms of immunizations survive considerably longer (weeks or months [68;70–72]).
Some investigators argue that antigen persistence is responsible for continuous low-level B-
cell proliferative activity, while others argue that long-sustained B-cell memory has no
requirement for persistent antigen [68]. In support of the latter argument, it has been
demonstrated that memory B-cells persist in vivo even after a cre-lox induced alteration of
antibody specificity [73]. Perhaps there is merit to both schools of thought; memory B-cells
may be sustained for long periods in the absence of antigen, but benefit by re-stimulation when
antigen persists. These concepts will be topics of future research, as will be the study of T-cell
responses toward the hPIV-2 rSeV vaccines.

Results in this and previous reports encourage further testing of both unmodified and
recombinant SeV vaccines [57]. Clinical trial results thus far have confirmed the safety of
unmodified SeV in adults as no serious vaccine-related adverse events were observed in any
study participants [44]. Clinical trials in a younger volunteer population are ongoing. The
absence of serious vaccine-related adverse events was predicted in humans, because SeV is a
mouse pathogen and is host-range restricted. This is in part due to the sensitivity of SeV to the
innate immune activities elicited by human interferon [74]. As further evidence of SeV safety
and efficacy in primates, it has been demonstrated that the wild-type virus causes no adverse
events in African Green Monkeys or chimpanzees, yet confers complete protection against
hPIV-1 [43;75]. It was also shown that the peak growth of SeV in the lower respiratory tract
(LRT) of chimpanzees was less than that of bovine parainfluenza virus-type 3 (bPIV-3), a
vaccine that has been tested in human infants and reported to be safe [24;75;76]. Histopathology
tests have also been conducted to examine cotton rat lungs after vaccinations with rSeV-RSV-
G or rSeV-RSV-F and challenges with RSV, demonstrating no enhanced immunopathology
relative to unvaccinated animals[45–47]. Additional analyses of recombinant SeV in a non-
human primate study are currently planned.
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While clinical trials are the only true tests of vaccine safety and efficacy in humans, the results
from the current cotton rat study are encouraging in light of correlations made during studies
of the monoclonal anti-RSV antibody Palivizumab (and polyclonal RSV-specific antibodies)
in pre-clinical and clinical trials [60–65;77]. The licensed Palivizumab product is known to
confer significant protection against disease in infants (in a placebo-controlled trial,
Palivizumab prophylaxis yielded a 55% reduction in RSV-associated hospitalizations [62]). In
humans, the target serum trough level for Palivizumab is 25 μg/ml [64;65] which correlates
with a micro-neutralization titer of 1:250 and a 2-log reduction of RSV in cotton rat challenge
studies [77]. In comparison, the results of our studies with the rSeV-RSV-F construct are
promising in that neutralization titers exceed 1:250 and challenge virus loads are reduced by
more than 2 logs when vaccinated animals are compared to controls [47].

The SeV recombinants add to a variety of vaccine candidates that have been tested in the
respiratory virus vaccine field. One prominent candidate is the bovine parainfluenza virus type
3 (bPIV-3) vaccine which was originally advanced as a Jennerian (xenotrophic) vaccine for
human PIV-3 (hPIV-3). Intranasal inoculations of infants and children with live bPIV-3 at
doses of up to 106 TCID50 were tolerated with no apparent ill effects. Antibodies toward virus
were recognized [78], but the cross-reactivity of these antibodies with hPIV-3 was weak,
encouraging a change in vaccine strategy [11;24]. Researchers then employed reverse genetics
strategies to replace the bovine PIV-3 genes F and HN with human PIV-3 genes [79;80] and
to add RSV G and F passenger genes to the construct [81]. Vaccines of this type elicited RSV-
specific neutralizing antibodies in both hamsters and non-human primates [82]. A bPIV-3-
based hPIV-3/RSV vaccine (MEDI-534) was recently tested in adult, sero-positive humans
[25]. Initial results showed no medically significant vaccine-related adverse events and no
boost to RSV or hPIV-3 antibody titers in the study population.

Reverse genetics has also been used to exchange genes between the human PIVs. For example,
in an hPIV-3/hPIV-1 chimeric virus designated rPIV3-1, the HN and F genes of hPIV-3 were
replaced with genes from hPIV-1. Further manipulations yielded a vector named rPIV3-1.2HN,
which additionally expressed the HN protein of hPIV-2 [83;84]. rPIV3-1.2HN proved to be
temperature sensitive and was restricted in replication when tested in hamsters. It elicited serum
antibodies to both hPIV-1 and hPIV-2 and induced resistance to challenge by both viruses.
Reverse genetics has also been used to exchange genes between RSV A and B subgroups, or
bovine and human RSV isolates [85–88].

An additional long-standing strategy for the development of respiratory virus vaccines has been
to generate temperature sensitive mutants by cold-passage of human viruses. This strategy was
used to generate cp45, an hPIV-3 mutant. cp45 was shown to be of attenuated phenotype in
chimpanzees and to induce a degree of resistance to hPIV-3 challenge [89]. When tested in the
clinic, the vaccine retained its attenuated phenotype and elicited a moderate immune response
in children [90–92]. A recombinant version of cp45 is now being studied in clinical trials
[11].

The vaccine strategies described above have each shown some promise in the clinic, but despite
decades of work, none has yet emerged as a clearly efficacious vaccine [17;93]. The
development of rSeV now provides an alternative candidate vaccine for protection against the
pediatric respiratory virus diseases. Recombinant SeV products are particularly attractive,
primarily because of natural host-range restriction and because, as shown in the present report,
a single-dose 3-component vaccine can prevent four different respiratory virus infections in
the cotton rat model: hPIV-1, hPIV-2, hPIV-3 and RSV.

In conclusion, reverse genetics has permitted the development of two new rSeV constructs
(expressing the F and HN genes of hPIV-2), each capable of eliciting durable protective
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immune responses against hPIV-2. A 3-component vaccine also conferred complete protection
against hPIV-1, hPIV-2, hPIV-3 and RSV infections in the lower respiratory tracts of cotton
rats. Perhaps an rSeV vaccine cocktail will eventually protect human infants from serious
respiratory pathogens, an outcome that would offer great benefit to the pediatric population.
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Figure 1. Design of rSeVs expressing hPIV-2 F or hPIV-2 HN
A schematic representation is shown of the constructs used to produce the recombinant virus.
A unique NotI restriction enzyme site in the non-coding region of the HN gene was used for
insertion of the hPIV-2 F or hPIV-2 HN gene. These genes were obtained by RT-PCR, digested
with NotI and cloned into the NotI site of pSeV(E). T7 = T7 promoter; ribo = hepatitis delta
virus ribozyme sequence. The SeV proteins are indicated: NP, nucleoprotein; P, polymerase;
M, matrix protein; F, fusion protein; HN, hemagglutinin-neuraminidase; L, large protein. IG
= intergenic sequence.
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Figure 2. Recombinant SeV immunizations elicit hPIV-2-specific antibodies
Groups of cotton rats were inoculated with rSeV-hPIV2-F (denoted ‘F’, 2 × 106 PFU/cotton
rat), rSeV-hPIV2-HN (denoted ‘HN’, 2 × 106 PFU), a combination of the two vaccines (denoted
‘F + HN’, each at 1 × 106 PFU), unmodified SeV (2 × 106 PFU), or PBS (Control). Sera were
collected 1 month later, diluted, and tested by ELISA for hPIV-2-specific antibody activity.
Sera were diluted 1:100 (black bars) and 1:500 (gray bars) and tested in replicate at each
dilution. Each bar represents the mean absorbance value and standard error from an individual
cotton rat. Unpaired T-tests showed that antibody responses elicited by each of the vaccines,
including unmanipulated SeV, were statistically significant at both dilutions (p<.05).
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Figure 3. rSeV immunizations induce neutralizing antibodies against homologous and heterologous
hPIV-2 virus isolates
Serum samples were from cotton rats inoculated with rSeV-hPIV2-F (2 × 106 PFU), rSeV-
hPIV2-HN (2 × 106 PFU), unmodified SeV (2 × 106 PFU) or PBS (Control). Tested viruses
were the homologous VR92 (ATCC) and the heterologous 8-2-00 and 1-1-97 (kindly provided
by Dr. Randy Hayden and named for the date of isolation). Sera (1:256 dilution) were mixed
with virus for one hour at 37°C and then inoculated onto LLC-MK2 monolayer cell cultures.
Neutralization was scored 4 days later as the percent reduction of wells with hemagglutination
activity on guinea pig RBC. Most samples from rSeV-vaccinated animals scored positively on
all three viruses (>50% neutralization). Sera were also tested at a dilution of 1:1024, but
neutralization fell below 50% at this dilution. Statistical analyses were performed with Fisher’s
Exact Tests to evaluate the presence of neutralizing antibodies (scores of >50% were
considered positive) in test groups compared to the control. Results were significant for all
three viruses with sera from rSeV-hPIV2-F-primed animals, and for two viruses (panels A and
B) for rSeV-hPIV2-HN-primed animals (p<.05; rSeV-hPIV2-HN-primed animal sera
neutralized all three viruses at a 1:64 dilution, data not shown). The unmanipulated SeV did
not induce significant neutralizing antibody responses toward hPIV-2.
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Figure 4. Recombinant SeV vaccines confer protection against hPIV-2 challenge
One month after immunizations with rSeV-hPIV2-F or rSeV-hPIV2-HN (2×106 PFU/cotton
rat), animals were challenged with the homologous VR92 hPIV-2 (2×106 PFU/cotton rat).
Pulmonary virus loads were measured on day 4 post-challenge. Each symbol represents the
pulmonary titer (PFU) in an individual animal. Control animals received wild-type SeV (2 ×
106 PFU/cotton rat) or PBS. ND=No Virus Detected. The dotted horizontal line indicates the
lower limit of detection (LLOD) for virus in test animals (167 pfu). The Fishers Exact Test
was conducted to evaluate achievement of a 1 log virus reduction compared to mean control
values. Results with recombinant vaccines, but not wildtype SeV, were significant (p<.05).
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Figure 5. Persistent antibody binding responses toward recombinant SeV
Cotton rats were immunized intranasally with rSeV-hPIV2-F, rSeV-hPIV2-HN or
unmanipulated SeV (2×106 PFU/cotton rat) and sera were sampled after 1, 4, 6 and 9 months.
Serum samples were tested for hPIV-2-specific antibodies by ELISA on virus-coated plates.
Results from experiments with 1:1,000 (black bars) and 1:10,000 (grey bars) serum dilutions
(tested in replicate) are shown. Sera from unprimed animals were used as controls. Panels A,
B, C and D represent results from months 1, 4, 6 and 9, respectively. Unpaired T-tests showed
that antibody responses elicited by rSeV-hPIV2-F and rSeV-hPIV2-HN vaccines were
statistically significant at both dilutions; antibody responses elicited by the unmanipulated SeV
vaccine were significant only at the 1:1000 dilution when sampled on months 1 and 4 (p<.05).
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Figure 6. Persistent antibody neutralizing responses elicited by rSeVs
Cotton rats were immunized intranasally with rSeV-hPIV2-F, rSeV-hPIV2-HN or
unmanipulated SeV (2×106 PFU/cotton rat) and sera were sampled after 1, 4, 6 and 9 months.
Neutralizing activity was tested by mixing homologous virus (VR92 Greer, ATCC,
approximately 10 TCID50/well) with sera at a 1:256 dilution for 1 h at 37°C. Mixed samples
were then inoculated onto LLC-MK2 cells for 5 days. Neutralization was scored as the percent
reduction of infected wells as determined by hemagglutination activity on guinea pig RBC.
Most rSeV-primed animals were positive for neutralizing activity, while sera from
unmanipulated SeV-primed animals were not. Statistical analyses were performed with
Fisher’s Exact Tests to evaluate the presence of neutralizing antibodies (scores of >50% were
considered positive) in test groups compared to the control. Results were significant at all time
points for rSeV-hPIV2-F- and hPIV2-HN-primed animals (p<.05). Results from SeV-primed
animals were not significant.
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Figure 7. Persistent protection conferred by recombinant SeV
Cotton rats were immunized with rSeV-hPIV2-HN, rSeV-hPIV2-F, or unmodified SeV
(2×106 PFU/cotton rat) by the intranasal route. After 9 (Panel A) or 11 (Panel B) months post-
inoculation, animals were challenged with VR92 hPIV-2 (2×106 PFU/cotton rat). Pulmonary
virus loads were measured on day 4 post-challenge. Each symbol represents the pulmonary
titer in an individual animal. Control animals were unvaccinated. ND=No virus detected. The
dotted horizontal lines indicate the LLODs (21 TCID50). The Fishers Exact Test was conducted
with combined data from 9- month and 11-month challenge experiments to evaluate
achievement of a 1 log virus reduction compared to mean control values. Results with
recombinant vaccines, but not unmanipulated SeV, were significant (p<.05).
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Figure 8. Mixed rSeV-hPIV3-HN and rSeV-RSV-F rSeV vaccines confer protection against
challenges with hPIV-1, hPIV-2, hPIV-3 and RSV
One month after immunizations with a vaccine mixture (2×106PFU rSeV-RSV-F, 2×106PFU
rSeV-hPIV2-HN and 2×106PFU rSeV-hPIV3-HN per cotton rat), groups of 5 animals were
challenged with hPIV-1 (C35, 2×106 PFU/cotton rat), hPIV-2 (VR92, 2×106 PFU/cotton rat),
hPIV-3 (C243, 2×106 PFU/cotton rat) or RSV (A2, 1.5×106 PFU/cotton rat). Groups of cotton
rats were also immunized with wild-type SeV (2×106 PFU/cotton rat) or PBS. Viral loads were
measured in animal lungs on days 4 (hPIV-1, hPIV-3, RSV) and 5 (hPIV-2) post-challenge.
hPIVs were measured as TCID50/cotton rat (on LLC-MK2 cells) while RSV viral loads were
measured as PFU/cotton rat (on Hep2 cells). ND=No virus detected. The dotted horizontal
lines indicate the LLODs (17 TCID50 for hPIV-1, hPIV-2 and hPIV-3, and 100 pfu for RSV).
The Fishers Exact Test was conducted to evaluate achievement of a 1 log virus reduction
compared to mean control values. Results with the mixed recombinant vaccines and SeV were
significant for the hPIV-1 challenge; results with the mixed recombinant vaccines, but not
wildtype SeV, were significant for challenges with hPIV-2, hPIV-3 and RSV (p<.05).
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