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Abstract

Human metapneumovirus (hMPV) infections pose a serious health risk to young children, 

particularly in cases of premature birth. No licensed vaccine exists and there is no standard 

treatment for hMPV infections apart from supportive hospital care. We describe the production of 

a Sendai virus (SeV) recombinant that carries a gene for a truncated hMPV fusion (F) protein 

(SeV-MPV-Ft). The vaccine induces binding and neutralizing antibody responses toward hMPV 

and protection against challenge with hMPV in a cotton rat system. Results encourage advanced 

development of SeV-MPV-Ft to prevent the morbidity and mortality caused by hMPV infections in 

young children.
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INTRODUCTION

Human metapneumovirus (hMPV) is a respiratory pathogen, first discovered in 2001, that 

causes significant morbidity and mortality in young children, particularly in children who 
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were born prematurely [1–5]. Unfortunately, there remains no licensed vaccine for hMPV. 

Several vaccine candidates for hMPV are now being developed [6]. A variety of research 

strategies are used for this purpose, including attenuation of hMPV by mutation or deletion 

of genes, construction of DNA plasmids that express hMPV proteins, construction of subunit 

vaccines, assembly of CD8+ T cell epitopes, and construction of recombinant virus-based 

replication-competent viruses or virus-like particles (VLPs). Recombinant virus-based 

vaccines include Venezuelan equine encephalitis virus-based viral replicon particles (VEE-

VRP [7]) and recombinant bovine/human parainfluenza virus type 3 (b/h PIV3/hMPV F 

[8]). Today, reverse genetics technologies provide valuable tools, both for the mutation of 

hMPV and for the creation of chimeric viral vaccines [6].

SeV is a murine parainfluenza virus that was discovered in 1952, and is closely related to the 

human parainfluenza virus type 1 (hPIV-1). Although SeV is pathogenic in mice, there has 

never been a case of confirmed SeV-associated disease in humans. The unmanipulated virus 

has already been tested in clinical trials in adults and children as a vaccine for hPIV-1, and 

has been shown to be well-tolerated and immunogenic. A recombinant SeV carrying HIV 

genes was also tested clinically, and a recombinant SeV vaccine for respiratory syncytial 

virus (RSV) is advancing toward clinical trials [9–14]. Here, we describe the production and 

testing of a recombinant SeV, named SeV-MPV-Ft that was produced by reverse genetics 

and carries a gene for a truncated hMPV fusion (F) protein. The F protein was selected for 

expression in the recombinant vaccine due to its known immunogenicity and conservation 

among hMPV isolates (>90% protein conservation)[15].

To test the immunogenicity and efficacy of SeV-MPV-Ft, we have used a cotton rat model. 

The cotton rat model is particularly attractive for hMPV vaccine testing, because it can be 

challenged with clinical isolates of hMPV without virus adaptation [16]. A primary infection 

with hMPV is protective against subsequent infections in cotton rats, demonstrating that a 

robust anti-hMPV immunological response can be generated [16]. Here, we show that SeV-

MPV-Ft can be used as an effective intranasal vaccine against hMPV in cotton rats. The 

vaccine is immunogenic, induces neutralizing antibodies against a variety of hMPV isolates, 

and is protective against an hMPV challenge.

MATERIALS AND METHODS

Construct design

A plasmid was ordered from Life Technologies (Gene Art®Gene Synthesis) that 

incorporated a synthetically-produced, full-length-MPV F gene sequence from a Canadian 

isolate (CAN00-16, Genbank accession # AY145301.1, A2 lineage [17–19]). The sequence, 

which was confirmed by sequencing, was shuttled into pSVc, a plasmid containing a 

modified, full-length sequence from SeV Enders, using reverse genetics technology [10, 12, 

20–22]. The position of the hMPV F sequence was between SeV F and HN genes. Cloning 

utilized a unique Not 1 site in the vector positioned adjacent to a natural transcription 

initiation site (Figure 1, panel A). Virus was next rescued in 293T cells. Briefly, this 

involved co-transfection of cells with the recombinant SeV plasmid plus supporting 

plasmids carrying genes for T7, SeV NP, SeV P, and SeV L. The rescued recombinant SeV 

was amplified in tissue culture and then in eggs. Sequencing of the virus was performed by 

Russell et al. Page 2

Virology. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



extracting RNA from allantoic fluid using an RNeasy Mini Kit (Qiagen). hMPV-F cDNA 

was then generated with a OneStep RT-PCR Kit (Qiagen) using forward and reverse primers 

designed to match sequences adjacent to the NotI cloning sites of pSVc. The cDNA was 

fractionated on a 2% agarose gel and a 1.7kb band of the expected size for the hMPV-F gene 

insert was excised and purified using a QIAquick Gel Extraction Kit (Qiagen). The cDNA 

was mixed with primers in molecular grade water and was submitted to the Hartwell Center 

at St. Jude Children’s Research Hospital for Sanger sequencing.

Metapneumovirus isolates

Replication-competent hMPV isolates included a clinical isolate, 2008#1, isolated from a 

pediatric patient at St. Jude Children’s Research Hospital by amplification in hybrid cell line 

shell vial cultures containing Madin-Darby canine kidney (MDCK) and human lung 

carcinoma (A549) cells (R-Mix Too™ ReadyCells®, Diagnostic Hybrids, Athens, OH). 

Identification of hMPV was confirmed by direct fluorescent antibody staining (D3 DFA 

Metapneumovirus Identification Kit, Diagnostic Hybrids). The clinical sample was 

completely de-identified and was therefore exempt from institutional review board oversight. 

Additional hMPV isolates were Cl.A1 (an A1 stock virus, kindly provided by Dr. John V. 

Williams [23]) and the CAN97-83 (GenBank #AY297749) A2 virus [15, 17, 18]. Viruses 

were in some cases amplified in LLC-MK2 cells in OptiMEM (Life technologies) 

supplemented with trypsin.

Immunizations and hMPV challenges in cotton rats

Cotton rats (Sigmodon hispidus; Harlan Sprague Dawley, Indianapolis, IN) were grouped 

(up to six animals per group) to receive SeV-MPV-Ft or non-recombinant SeV intranasally 

(i.n., 2 x 106 TCID50, 100 µl per animal) or no vaccine. All experiments were repeated to 

ensure reproducibility. Animals were anesthetized using isoflurane prior to manipulations 

including infections and samplings, and animals were euthanized with CO2. St. Jude 

Children’s Research Hospital (St. Jude) follows the standards established by the Animal 

Welfare Act and by the Principles for the Use of Animals and Guide for the Care and Use of 

Laboratory Animals. The animals are housed according to AAALAC guidelines, and St. 

Jude maintains AAALAC approval.

Sera were sampled before and after immunizations. Four-to-six weeks post-vaccination, 

animals were challenged i.n. with the hMPV clinical isolate 2008#1 at a dose of 2 × 105 - 3 

× 106 TCID50 in 100 µl per cotton rat. Animals were euthanized on day 4 post-challenge and 

lungs were removed for freezing at -80°C. To titer virus, lungs were each placed in three ml 

Dulbecco’s PBS (D-PBS) and homogenized with a mechanical Dounce homogenizer 

(PowerGen125 PCR Tissue Homogenizing kit; Fisher Scientific). Serial dilutions were made 

of the homogenates (from 10−2 to 10−6 dilutions) in DMEM with 0.2% bovine serum 

albumin (BSA) and acetylated trypsin (final concentration 5 µg/ml). Serial dilutions of virus 

were added to LLC-MK2 cell (ATCC CCL-7) monolayers in 96-well plates, using six wells 

per sample dilution, 200 µl/well. Plates were incubated for four days at 37°C, 5% CO2. 

Media were then removed and cells were fixed with 80% acetone/20% D-PBS for 10 

minutes, after which fixed cells were washed with D-PBS and blocked overnight (ON) with 

1% BSA in D-PBS, 200 µl/well. Supernatants were aspirated and plates were next incubated 
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with mouse monoclonal anti-MPV F-specific antibodies (a mixture of two monoclonal 

antibodies, each diluted 1:1000, Millipore Cat#MAB80122 and Cat#MAB80124), 100 µl/

well, room temperature (RT) for three hours. Plates were next washed 3X and incubated 

with horseradish peroxidase-conjugated goat anti-mouse IgG (H+L) antibody (diluted 

1:3000), 100 µl/well, RT for 1.5 hours. Plates were washed 3X and developed with TMB 

Peroxidase, 150 µl/well. Reactions were stopped after ~15 minutes with 50 µl/well 4N 

H3PO4. Plates were read at 450 nm. Wells scoring above 0.025 were considered positive. 

TCID50 in the lungs of each animal were calculated using the Reed and Muench method 

[24].

Enzyme-linked immunosorbent assay (ELISA) for antibody analyses

Sucrose gradient-purified SeV or hMPV (2008#1) from virus cultures were disrupted for 5 

minutes at RT in 10x disruption buffer (0.05% TritonX-100, 60 mM KCl, 10 mM Tris 

pH7.8) and then diluted at least 10X with D-PBS. Disrupted viruses were added to ELISA 

plates at a concentration of 10 µg/ml (defined by BCA testing) in 50 µl/well, and incubated 

ON at 4°C. Plates were then washed 3X with 150 µl D-PBS and blocked with 100 µl 3% 

BSA in D-PBS ON at 4°C. Serially diluted cotton rat serum samples were prepared in 3% 

BSA and 0.1% Tween in D-PBS and added to wells in replicate in 50 µl/well for a 1hr 

incubation at RT. Plates were then washed 7X with 0.1% Tween in D-PBS. Wells were 

incubated with 50 µl/well polyclonal rabbit anti-cotton rat IgG (kindly provided by Virion 

Systems, Rockville, MD) in 3% BSA, 0.1% Tween in D-PBS for 1 hr RT. Plates were 

washed 7X followed by incubation with 50 µl goat anti-rabbit IgG-AP conjugate (H+L, 

SBA) for 1 hour RT. After washes, wells were developed with p- nitrophenyl phosphate 

(Sigma) in 1 mg/ml diethanolamine buffer (50µl/well) and plates were read after 15 minutes 

at OD 405 nm on a Versa Max microplate reader. The antibody titer was defined as the 

inverse serum dilution that scored 0.1 by nonlinear regression analyses (GraphPad Prism).

Microneutralization assays

Microneutralization assays were conducted using LLC-MK2 cells grown in 96-well tissue 

culture flat-bottom plates in NaHC03-buffered MEM with glutamine, gentamicin and 5% 

fetal bovine serum at 37°C, 5% CO2. Cells were plated at 2×104 cells/well one day prior to 

assay. On the day of assay and in a separate plate, serially diluted test and control sera (1:2 

dilutions starting at 1:40, 100 µl per well) were mixed with hMPV (100 TCID50 in 50 µl per 

well). There were 4–6 replicate wells per serum dilution. Wells with no virus or virus with 

no sera served as controls. After 1 hour incubation at 37°C, 5% CO2, the antibody-virus 

mixtures were transferred to plates carrying LLC-MK2 cells for ON incubation. 

Supernatants were then removed and replaced with 200 µl DMEM with 0.1% BSA, 

glutamine, gentamicin and acetylated trypsin (2–4 µg/ml), for an additional 3 day 

incubation. Supernatants were then aspirated and cells were fixed with 80% acetone/20% D-

PBS. After fixation, wells were washed with D-PBS, blocked with 1% BSA in D- PBS, and 

rewashed. Then 100 ul of a mixture of anti-MPV monoclonal antibodies were added 

(1:1,000–1:3,000 dilution of AbCam Cat#94800, Millipore Cat#MAB80124, and Millipore 

Cat#MAB80135). After 1 hour at RT, plates were washed 6X. Then horseradish peroxidase- 

conjugated goat anti-mouse IgG (anti H chain, Southern Biolotech Associates, 1:1000) was 

added, 100 µl/well, for a 1 hour incubation at RT. Plates were washed 6X with D-PBS, 
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followed by addition of 100 µl TMB Peroxidase/well. Upon color development, reactions 

were stopped with 100 µl 4N H3PO4. Readings were at 450 nm. The titer was defined as the 

highest dilution of sample that resulted in a 50% reduction of signal compared to the no-

antibody control, in at least 50% of test wells.

hMPV-F and SeV Protein Expression by SeV-MPV-Ft-infected cultures

To identify hMPV antigen expression by SeV-MPV-Ft infected cells, Hep2 cells were plated 

at 2x104 cells/well EMEM with 10% FCS in 96 well flat bottom plates and cultured ON at 

37°C, 5% CO2. Medium was removed and 100 µl SeV, SeV-MPV-Ft, or hMPV (2008#1 

isolate) were added per well in DMEM in 10% FCS. Input viruses were tested at 

concentrations between 103–106 TCID50 per ml to optimize ELISA signals. Control cultures 

received no virus. Cells were incubated for 3–4 days. Cells were then permeabilized and 

fixed with 80% acetone/20% D-PBS. Monoclonal antibodies were next used to detect SeV 

or hMPV antigens in wells. For hMPV detection, assays were with anti-hMPV monoclonal 

antibodies as described above for the scoring of neutralization assays. For SeV detection, 

anti- SeV antibodies were used in place of anti-hMPV antibodies (S2 and M57 monoclonal 

anti SeV HN antibodies, 1µg/ml [25]).

RESULTS

Rescue of the SeV-MPV-Ft recombinant virus vaccine

Synthesis of a full-length hMPV F gene (Genbank accession # AY145301.1, [17]) was 

conducted at Invitrogen using GeneArt™Gene Synthesis technology, followed by 

incorporation of this gene into a plasmid containing the full-length SeV sequence. A 

recombinant SeV was rescued by plasmid transfection into 293T cells. When the virus was 

sequenced, it exhibited a single nucleotide (A) deletion in the hMPV F gene. This deletion 

shortened the otherwise heptameric poly A sequence central to the F1 coding sequence, 

forcing out-of-frame translation and truncation of the predicted hMPV F1 protein fragment 

(see Figure 1, panels B and C). The position of predicted truncation is shown by a bolded 

arrow in panel 1B. Mutations of this type have been described previously in hMPV, and are a 

likely consequence of polymerase stuttering [26]. There was also a compensatory, non-

coding nucleotide addition immediately upstream of the NotI insertion site, as would be 

required to accommodate the “rule-of-six” for SeV genome packaging [27, 28].

The predicted, truncated hMPV F protein (Ft) produced by our new recombinant virus (SeV- 

MPV-Ft) was 303 amino acids in length. It retained the full F2 segment (including the signal 

peptide), the cleavage site, and the N-terminal F1 segment (including the fusion peptide, 

heptad repeat A (HR-A), and multiple known antibody binding sites [29]; Figure 1, panels B 

and C). The protein is predicted to lack C-terminal amino acids including the 

transmembrane domain. The two base changes in the viral genome were stable in that they 

were identified in three separate sequencing experiments, one performed after the first viral 

passage, and two performed after independent sets of seven additional viral passages in 
vitro.
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To confirm expression of the recombinant hMPV Ft protein, SeV-infected and SeV-MPV-Ft- 

infected cells were tested with cocktails of SeV-specific or hMPV-F-specific monoclonal 

antibodies. As demonstrated in Figure 1, the SeV-specific antibodies bound cells infected 

with both non-recombinant and recombinant viruses (panel D), whereas hMPV-F-specific 

antibodies preferentially bound cells infected with SeV-MPV-Ft (panel E). A student’s T test 

(GraphPad Prism Software) showed that the binding of hMPV-F-specific monoclonal 

antibodies was significantly (p<.001) stronger toward cells infected with SeV-MPV-Ft 

compared to cells infected with non-recombinant SeV (panel E). Panel F shows that the 

signal in SeV-MPV-Ft- infected cells was weaker than the signal in wildtype MPV-infected 

cells, suggesting a relatively low amount of protein in SeV-MPV-Ft-infected cells and/or that 

the protein was of a conformation that was bound poorly by the developing antibodies in this 

assay.

The monoclonal antibodies used to identify hMPV F expression in tissue culture were not 

successful at scoring F protein fragments on Western blots. We therefore utilized 

monoclonal antibodies, polyclonal antibodies from humans, and sera from hMPV-infected 

cotton rats to support additional testing of virus-infected cultures. Although MPV F 

expression by cells from wildtype MPV-infected cultures was detected by 

immunoprecipitation experiments and gel analysis, we could not visualize MPV Ft 

expression from SeV-MPV-Ft-infected culture products on gels. This was despite analyses of 

cells, supernatants, and concentrated supernatants (data not shown).

Vaccination with SeV-MPV-Ft elicits hMPV-specific binding and neutralizing antibodies in 
cotton rats

To determine whether the SeV-MPV-Ft vaccine induced an antibody response toward hMPV, 

we inoculated groups of 4–6 cotton rats by the i.n. route (2×106 TCID50/cotton rat). Control 

animals received non-recombinant SeV instead of recombinant SeV-MPV-Ft, or no vaccine. 

Blood samples were collected 4–6 weeks after vaccination for antibody testing. As shown in 

Figures 2A and B, antibodies from SeV-MPV-Ft-vaccinated animals bound both hMPV 

2008#1 (a clinical isolate) and SeV, whereas antibodies from SeV-vaccinated animals bound 

SeV well and hMPV poorly. Serum samples were also tested for neutralization of hMPV 

2008#1. Sera from SeV-MPV-Ft-infected cotton rats neutralized hMPV 2008#1, whereas 

sera from SeV-infected animals exhibited non-significant neutralization (Figure 2C). In 

separate experiments, sera from SeV-MPV-Ft infected cotton rats were tested for 

neutralization across a panel of hMPV isolates. These included an A2 isolate CAN97-83 and 

an A1 isolate (Cl.A1) along with the uncharacterized clinical isolate 2008#1. As expected, 

based on the conserved nature of the hMPV-F protein, all tested hMPV isolates were 

neutralized [15, 17–19]. Cotton rats primed with non-recombinant SeV did not generate 

significant neutralizing antibodies toward any of the three viruses (data not shown).

SeV-MPV-Ft protects cotton rats from hMPV challenge

SeV-MPV-Ft vaccination was next tested for protection of animals from heterologous hMPV 

challenge. 4–6 weeks after vaccination, animals were challenged i.n. with hMPV 2008#1 

and sacrificed 4 days later. As shown in Figure 2E, animals vaccinated with SeV-MPV-Ft, 

but not control animals, were significantly protected from hMPV challenge. hMPV 
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challenge experiments were conducted three times, twice comparing SeV-MPV-Ft-

vaccinated mice with SeV-vaccinated and naïve mice, and once comparing SeV-MPV-Ft-

vaccinated mice with naïve mice. Altogether, among 20 SeV-MPV-Ft-vaccinated animals, 

only three exhibited virus in lungs post-hMPV challenge, whereas 30 of 30 tested control 

animals were positive for virus in lungs post-hMPV challenge. Reproducible, statistically 

significant differences in protection were clearly observed between SeV-MPV-Ft- vaccinated 

animals and controls.

DISCUSSION

We describe the preparation and testing of an SeV recombinant, SeV-MPV-Ft, carrying a 

gene for truncated hMPV F. We immunized cotton rats with SeV-MPV-Ft, and then 

measured robust antibody responses and protection from challenge with hMPV. Upon 

initiation of this project, a construct was designed to express full-length hMPV F, but 

following virus rescue, a point deletion (A) central to the hMPV F1 gene fragment was 

discovered. This type of mutation has been described previously in hMPV, and is a likely 

consequence of polymerase stuttering [26]. Polymerase stuttering is a mechanism associated 

with polyadenylation, and a cis-acting sequence immediately upstream of the edited site has 

been shown to modulate the frequency and quality of nucleotide changes [26].

The predicted protein expressed by hMPV-Ft retained the F2 sequence and a significant 

portion of F1, but lacked the transmembrane region. The retained N-terminal sequence 

included known antibody binding sites such as a conserved site comparable to that in the 

respiratory syncytial virus F protein bound by palivizumab, a monoclonal antibody used 

routinely to protect vulnerable infants from RSV [29, 30]. Known antibody binding sites 

dependent on C-terminal sequences were predicted to be absent, and it was expected that the 

conformation of expressed hMPV F fragments could differ from the conformation of 

matched sequences expressed in the context of full-length F [3, 31]. Nonetheless, we found 

that antibodies elicited by SeV-MPV-Ft were capable of neutralizing several hMPV isolates, 

and vaccinated animals were protected from hMPV infection in vivo [15].

We were able to confirm hMPV-Ft expression by cells infected with SeV-MPV-Ft using 

hMPV-specific monoclonal antibodies. However, our efforts to characterize hMPV-Ft from 

cultures infected with SeV-MPV-Ft by Western blot or immunoprecipitation were 

unfortunately unsuccessful. Perhaps difficulties arose in part due to relatively low expression 

of Ft by SeV-MPV-Ft-infected cells in tissue culture, and/or conformational differences 

between Ft and wildtype F proteins (against which developing reagents were produced). 

Continued efforts to characterize the SeV-MPV-Ft protein expression using sensitive 

methodologies and reagents [32–35] may assist further characterization of Ft to support 

advanced vaccine development.

Also important for advanced vaccine development will be the testing of SeV-MPV-Ft for 

induction of immunopathological responses. Of note, vaccination with a formalin- 

inactivated (FI) hMPV vaccine can cause immunopathology in small and large animal 

models [6]. Immunopathologies can occur even when vaccines induce neutralizing 

antibodies and decrease virus replication [6]. Our previous studies showed that a SeV 
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expressing RSV F did not cause enhanced immunopathology upon subsequent RSV 

challenge [12], but parallel experiments with SeV-MPV-Ft using the hMPV challenge 

system have not yet been done.

The success of our SeV-MPV-Ft vaccine in protecting animals from hMPV challenge was 

clear. These new data support further efforts to develop SeV-based vaccines. We have 

previously shown that SeV induces rapid and durable B and T cell responses systemically 

and in upper respiratory tract (URT) and lower respiratory tract (LRT) tissues [36, 37]. Non-

recombinant SeV is currently in clinical trials and has been shown to be well tolerated in 

adults and 3–6 year old children [9, 11]. Tests in 1–2 year old children are ongoing. A 

recombinant SeV that expresses the full length RSV F has been tested in cotton rats, and has 

been shown to induce protective responses against both RSV A and B isolates without 

immunopathology [12]. The vaccine further protects against infection in the LRT after RSV 

challenge in African green monkeys [38], and is expected to enter clinical trials shortly. SeV 

is an attractive vaccine backbone, in part because of its safety profile, in part because SeV 

can be amplified in hens’ eggs and in mammalian cell cultures, and in part because SeV 

recombinants can be combined in cocktails to target multiple pediatric pathogens at once 

[39, 40]. Possibly a SeV-MPV-Ft vaccine will ultimately serve to protect young children 

from the morbidity and mortality caused by hMPV infections.

In conclusion, we demonstrated that SeV-MPV-Ft induced hMPV-specific neutralizing 

antibodies and conferred protection against hMPV challenge in a cotton rat model. Results 

encourage continued study of this and other recombinant, SeV-based vaccines to protect 

children from the disease consequences of hMPV and other respiratory viral infections.
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Abbreviations

hMPV human metapneumovirus

hPIV-1 human parainfluenza virus type 1

SeV Sendai virus

F fusion protein

Ft truncated fusion protein

RT room temperature

ON overnight

MEM Modified Eagle’s Medium

D-MEM Dulbecco’s MEM
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HN hemagglutinin-neuraminidase

NP nucleoprotein

P phosphoprotein

L large protein

HR heptad repeat
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HIGHLIGHTS

1. A Sendai virus-based human metapneumovirus (hMPV) vaccine is being 

developed

2. SeV-MPV-Ft carries a gene for a truncated metapneumovirus fusion protein

3. The intranasal vaccine induces hMPV-specific binding antibodies in cotton 

rats

4. The vaccine induces hMPV-specific neutralizing antibodies in cotton rats

5. A single immunization protects against hMPV challenge in vivo
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Figure 1. Characterization of recombinant SeV-MPV-Ft
A. SeV-MPV-Ft rescue: A construct carrying the hMPV F sequence was produced by 

Invitrogen using GeneArt™Gene Synthesis technology, and confirmed to encompass the 

correct F sequence. The sequence was then recombined between F and HN genes at a unique 

NotI site in a vector carrying the complete SeV genome. Virus was rescued and amplified. 

B. hMPV F Protein: A cartoon of the hMPV F protein is shown indicating functional 

segments. Shown are positions of the signal peptide and F2 segment. Within the F1 segment 

are the fusion peptide, heptad repeats A and B, and transmembrane and cytoplasmic 
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domains. The site of predicted F protein truncation is shown. C. hMPV-Ft coding and 

protein sequences: The N-terminal coding sequence of the hMPV-Ft gene is shown. The 

bases highlighted in yellow were unaltered from the original clone. The red highlight 

indicates the position of the A deletion, followed by a stop codon (highlighted in dark green) 

resulting from a frame-shift. The predicted protein sequence is shown below the gene 

sequence. The signal peptide, cleavage site, fusion peptide and heptad repeat A are 

highlighted in light green, pink, blue, and grey, respectively, corresponding to the similar 

color scheme in panel B. D, E and F. ELISAs with SeV-specific or hMPV-F-specific 

monoclonal antibodies for the detection of hMPV F expression: Uninfected and infected cell 

cultures were tested for viral protein expression in assays with SeV-specific (Panel D) or 

hMPV-specific (Panels E and F) monoclonal antibodies.
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Figure 2. Cotton rats primed with SeV-MPV-Ft generate hMPV-specific binding and 
neutralizing antibodies, and are protected from hMPV challenge
Groups of 4–6 cotton rats were inoculated with 2 × 106 TCID50 SeV-MPV-Ft or non-

recombinant SeV. Sera were collected after 4–6 weeks. Sera were serially diluted for testing 

in an ELISA against hMPV or SeV (panels A and B). Serum samples were also tested for 

neutralization activity with 2008#1 (panel C), and with a panel of viral isolates (panel D). 

All ELISAs and neutralization assays revealed statistically significant differences between 

vaccinated and control samples using Mann Whitney Tests (p<.05, GraphPad Prism 

software, San Diego, CA). After resting for 4–6 weeks, vaccinated animals were challenged 
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with hMPV, isolate 2008#1. Virus replication in the lungs was then measured (panel E). 

Each symbol represents virus from the lungs of an individual cotton rat. Two animals died in 

the naïve group (original n=6) before analysis. Mann-Whitney tests with GraphPad Prism 

Software demonstrated that differences in virus loads between vaccinated and control 

animals were statistically significant (p<.05). Challenge experiments have been conducted 

three times using the cotton rat model, and each experiment demonstrated significant 

protection induced by SeV-MPV-Ft.
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