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Abstract

Respiratory syncytial virus (RSV) is one of the most important causes of respiratory disease

in infants, immunocompromised individuals, and the elderly. Natural infection does not result

in long-term immunity, and there is no licensed vaccine. Vesicular stomatitis virus (VSV) is a
commonly used vaccine vector platform against infectious diseases, and has been used as a vector
for a licensed Ebola vaccine. In this study, we expressed the RSV fusion (F) protein, the RSV F
protein stabilized in either a pre-fusion or a post-fusion configuration, the attachment glycoprotein
(G), or the G and F proteins of RSV in combination in a VSV vector. Cotton rats were immunized
with these recombinants intranasally or subcutaneously to test immunogenicity. RSV F stabilized
in either a pre-fusion or a post-fusion configuration proved to be poorly immunogenic and
protective when compared to unmodified F. RSV G provided partial protection and moderate
levels of neutralizing antibody production, both of which improved with intranasal administration
compared to subcutaneous inoculation. The most successful vaccine vector was VSV expressing
both the G and F proteins after intranasal inoculation. Immunization with this recombinant
induced neutralizing antibodies and provided protection from RSV challenge in the upper and
lower respiratory tract for at least 80 days. Our results demonstrate that co-expression of F and
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G proteins in a VSV vector provides synergistic effects in inducing RSV-specific neutralizing
antibodies and protection against RSV infection.
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Introduction

Respiratory syncytial virus (RSV) is one of the most important causes of respiratory

disease in infants, the elderly, and immunocompromised individuals [1,2]. Currently, vaccine
development for RSV is an active area of research, using a wide array of platforms and
approaches [3-5]. Among the various viral vector vaccine platforms, vesicular stomatitis
virus (VSV) has several advantages. It has inherent adjuvant function as a strong inducer of
type | interferon (IFN) [6-8]. It can be grown at a higher titer than many other viral vector
systems, express up to 4 kb of foreign genetic material, and is highly stable, as it is not prone
to genetic reassortment or recombination [9]. Additionally, attenuated VSV does not cause
disease in humans, and the exposure of the general human population to VSV is low, thus
reducing the likelihood that vaccination of an individual would be inhibited by an immune
response to the vaccine vector itself [6]. Last but not least, it has already been approved by
FDA as a platform for an Ebola virus vaccine [10].

Of RSV’s three surface glycoproteins, small hydrophobic (SH), fusion (F), and attachment
(G), only F and G induce neutralizing antibodies. Neutralizing antibodies are an important
parameter of immune protection from viral infection with RSV, as indicated by work
demonstrating that passive immunization with polyclonal or monoclonal antibodies prevents
severe disease in infants and infection in adults, and that higher antibody titers are protective
against RSV infection in adults [11-13]. The F protein has two forms, a pre-fusion
metastable configuration wherein the F protein exists as a spring-loaded trimer, and a
post-fusion form following the triggering of a conformational change, at which point the F
protein exists in a highly stable conformation. The G protein has a central conserved domain
with a CX3C sequence mimicking the chemokine fractalkine, flanked by two mucin-like
domains [14]. For vaccine development, both the F and G proteins of RSV have been
targeted, with equivocal success [15]. The F protein is more avidly pursued as a vaccine
candidate, as monoclonal antibodies specific for the G protein are less neutralizing than
those produced against the F protein [16]. In natural infection in infants, the titers of

G protein-specific antibodies are typically lower than F protein-specific antibodies [17].
However, individuals that generate G protein antibodies have less severe clinical disease
[17].

In this study, we used a VSV vector system to create recombinant viruses expressing the
RSV G protein and different versions of the F protein, which was either stabilized in its
pre-fusion or post-fusion configuration, or expressed in its naive form. We also created

a recombinant virus expressing both G and F, linked by a self-cleaving peptide. These
recombinant viruses were used to immunize and protect cotton rats against RSV infection.
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Materials and Methods

Animal experiments:

Inbred female cotton rats (Sigmodon hispidus) were purchased from Envigo (Indianapolis,
Indiana) and housed in polysulfone microisolator cages (NextGen Rat 900, Allentown Inc.,
Allentown, NJ, USA) in a barrier facility with a 12:12 hour light cycle at 20 + 2 °C and 30%
to 70% relative humidity. Cotton rats were 4—6 weeks of age, and were specific pathogen-
free. Four cotton rats (/7=4) were allocated for each experimental group. Cotton rats were
anesthetized via isoflurane inhalation prior to all procedures. Cotton rats were immunized
once or twice with a four week interval either subcutaneously (500ul volume) or intranasally
(100ul volume). Blood was collected from the retro-orbital plexus into serum separator tubes
every 2 weeks after initial immunization. After immunization, cotton rats were challenged
intranasally with 105 TCIDsg RSV A2 (100ul volume). Four days post-challenge, all rats
were euthanized via carbon dioxide inhalation followed by exsanguination. The nasal
turbinate mucosa and left lung lobe was removed and homogenized in either 3 ml or 2

ml of DMEM. The lung was homogenized using a Precellys 24 tissue homogenizer (Bertin,
MD)The lung and nasal homogenates were aliquoted and stored at =80 °C. The presence of
infectious virus was determined by TCIDsg assay in HEp-2 cells. All studies were approved
by the Institutional Animal Care and Use Committee of The Ohio State University (OSU).

Respiratory Syncytial Virus
Stocks of RSV-A/2 (GenBank accession #M74568) were grown in HEp-2 cells in MEM/2%
fetal bovine serum. When infection reached a cytopathic effect of ~80%, 1M MgS0O4/0.25M
HEPES was added and cells were scraped from the flask in the growth media. The cells
were briefly frozen at —80° C, thawed, and centrifuged at 3000 rpm for 15 minutes at
4° C. The supernatant was collected and placed on 15 ml of a 35% sucrose cushion and
centrifuged at 15000 rpm in a Sorval SS34 rotor for 5 hours at 4° C to pellet the virus. Virus
pellets were re-suspended in MEM/10% trehalose, and TCIDsgg was determined by titration
on HEp-2 cells [18]. Each virus stock was aliquoted and frozen in liquid nitrogen

Tissue culture infectious dose 50 (TCIDsgg) assay

Ten-fold serial dilutions of the viral stock, or lung or nasal homogenates, were added to a
48-well plate with 80% to 90% confluent HEp-2 cells. After one hour, the monolayer was
washed three times with PBS, and 500 uL of MEM/2% FCS was added per well. After
five days, plates were scored microscopically for cytopathic effect. TCIDgg was calculated
according Reed and Muench [19].

RSV-specific neutralizing antibody assay:

Two-fold dilutions of the serum samples in Advanced MEM were prepared in 96-well tissue
culture flat-bottom plate with the starting dilution of 1:10 (50 ul/well). 50 TCIDsq of RSV
A2 in Advanced MEM media was added in a 50 pl volume to each well and mixed. After
incubation of 1 hour, HEp-2 cells (5000 cells/well in 100uL of MEM/5% FBS) were added
and the plate was incubated at 37 °C and 5% CO», for 4 days. Endpoint neutralization titer
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was determined as the reciprocal of the highest dilution at which 100% inhibition of RSV
induced CPE was observed.

Generation of recombinant vesicular stomatitis viruses (VSV)

Recombinant VSV based on the Indiana strain were generated as described previously [20-

23]. Recombinant VSVs were generated by inserting the transgene (RSV-G, RSV-F mutants,
or RSV-G-2A-F) into restriction sites Xmal and Xhol between the G and L gene junction of
a plasmid of a VSV (Indiana strain) molecular clone [23].

The sequences for RSV-G, RSV-pre-F, RSV-HEK-pre-F, RSV-post-F, and RSV-G-2A-F
(based on the RSV A2 strain) were codon-optimized for expression in eukaryotic (human)
cells using the software on the website of Integrated DNA Technologies (Coralville,

IA). The codon-optimized sequence for RSV-F could not be rescued, and a non-codon-
optimized sequence was used instead. Oligonucleotides comprising the RSV-G, RSV-F,
RSV-pre-F, RSV-HEK-pre-F, RSV-post-F, and RSV-G-2A-F DNA gene sequences were also
obtained from Integrated DNA Technologies (Coralville, I1A). The RSV-pre-F construct

was codon-optimized for expression in eukaryotic (human) cells as described above,

with the following mutations: mutations in the furin cleavage sites (RRAR — KAKK,
KKRKRR — KKKKKK), an extra disulfide bond establishment by mutation in S155C

and S290C, and cavity-filling hydrophobic substitutions S190F and VV207L. The RSV-HEK-
pre-F incorporated the same mutations, with the additions K66E and Q101P to make the
sequence identical to a clinical isolate demonstrated to increase protein expression [24].
The RSV-post-F was also codon-optimized, with a 10 amino acid deletion (137-146) of

the fusion peptide which did not affect the furin cleavage sites [24]. The RSV-G-2A-F

gene construct consisted of the RSV-G and RSV-F genes from RSV A2 strain, linked

by a self-cleaving peptide 2A sequence [25]. The RSV-F construct is based on the F

protein of the RSV-A2 strain (GenBank accession FJ614814.1). All other sequences have
been submitted to GenBank, and are available under accession numbers MZ611511 (pre-
F), MZ611512 (post-F), MZ611513 (HEK-pre-F), MZ611514 (G-2A-F), and MZ611515
(G). Oligonucleotides of the recombinants, as well as the pVSV1(+)-GxxL plasmid, were
incubated overnight with restriction enzymes Xhol and Xmal, CutSmart Buffer, and water,
at 37°C. The digestion products were then purified using the GeneJET PCR Purification Kit
(Thermo Fisher Scientific, Waltham, MA). After purification, the vector DNA, insert, T4
ligase buffer, T4 ligase, and water were combined and incubated at room temperature for

2 hours. The insertion of these genes into pVSV1(+)-GxxL was confirmed by amplifying
the genes with the forward primer 5'-CGAGTTGGTATTTATCTTTGC-3 and the reverse
primer 5'-GTACGTCATGCGCTCATCG-3" which were designed to amplify inserted genes
between the VSV G gene at position 4524 to 4545 and the L gene at position 4831 to

4850 (numbering refers to the nucleotide position on the complete VSV Indiana genome
sequence), which are respectively 214 nts upstream and 127 nts downstream of the
transgene. Once the presence of the target gene was confirmed, the remaining PCR product
was submitted for Sanger sequencing through the OSU Genomics Shared Resource, to
confirm that no mutations had been introduced during the rescue or plaque purification.
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The rescue of the recombinant VSVs from the respective VSV molecular clones was
performed as previously described [21]. Briefly, vaccinia virus expressing T7-polymerase
(VTF7-3) was grown and titrated on BSC-40 cells as described [21]. BSRT7 cells were
infected for 1 hr at 10 MOI with a recombinant vaccinia virus (VTF7-3) expressing T7 RNA
polymerase. The cells were washed with Opti-MEM (Gibco) after removing the vTF7-3 and
co-transfected with pVVSV expressing one of the transgenes [pVSV1(+)-G, pVSV1(+)-F, or
pVSV1(+)-G-2A-F] and support plasmids pN, pP, and pL mixed with Lipofectamine 2000
transfection reagent. After 96 to 108 hr post-transfection, the recovered viruses, designated
as rVSV-G, rVSV-F, rVSV-pre-F, r'VSV-HEK-pre-F, rVSV-post-F, or r'VSV-G-2A-F, were
isolated by plaque purification. The expressed transgenes were confirmed in the seed stock
virus by RT-PCR and sequence analysis. Finally, viral titers were determined by plaque
assay on Vero cells as described [22].

Flow cytometry

A monolayer of L929 cells was infected with recombinant VSV at an MOI of 5. At

12 hours post-infection, the virus and media were aspirated and infected cells were

removed from the flasks using trypsin. Cells were washed with PBS/0.1% FCS/0.02%

NaN3 and then incubated for one hour with a monoclonal antibody specific for either the F
protein (Motavizumab), the prefusion configuration of the F protein (D25), the postfusion
configuration of the F protein (F2), or the G protein (m131-2G). Both D25 and F2 were
labeled with FITC. Cells stained with Motavizumab or m131-2G were incubated for an hour
with donkey anti-mouse IgG FITC. Flow cytometry was performed on the Attune NxT Flow
Cytometer (Thermo Fisher Scientific), which was also used to analyze the data.

Western blotting:

BHK?21 cells were infected with VSV constructs at a multiplicity of infection (MOI) of 4 for
1 hour. After 12 hours incubation, cells were lysed in 150 ul of radioimmunoprecipitation
assay (RIPA) cell lysis buffer (Sigma) to extract proteins. Cell lysate was then boiled with
beta-mercaptoethanol for 5 minutes. Cell lysate was separated by 10% SDS-PAGE in a
Mini-Protean 3 electrophoresis cell module (Bio-Rad) and transferred to a nitrocellulose
membrane (Bio-Rad) in an XCell 1ITM blot module (Invitrogen). The blot was probed

with specific primary antibodies, followed by species-specific secondary antibodies linked to
horseradish peroxidase (HRP) as follows: for all RSV-G proteins, goat anti-RSV polyclonal
IgG (1:3,000, Biotin) and chicken anti-goat 1gG-HRP (1:20,000); for the RSV-F proteins,
Motavizumab, a humanized anti-F monoclonal 1gG (1:100,000) and donkey anti-human
IgG-HRP (1:20,000, Jackson). The blot was developed with SuperSignal West Dura
chemiluminescent substrate (Thermo Scientific) and exposed to Biomax MR film (Kodak).

Statistical analysis:

The data from groups of four cotton rats were expressed as the mean + standard deviation.
Statistical analysis was performed by one-way analysis of variance followed by Tukey’s
multiple comparison post-hoc test, and a P-value below 0.05 (P <0.05) was considered

to indicate statistically significant difference between indicated groups and represented by
asterisks (*). Prism 8 (GraphPad Software, San Diego, CA) was used for all data analysis.
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Characterization of VSV recombinants (rVSV) expressing the RSV G attachment and F
fusion protein.

Natural infection with RSV does not lead to long term immunity, and recent studies indicate
that declining immunity is at least partially related to declining neutralizing antibody levels
[26,27]. To strengthen the antibody response against the G and F proteins, we used the
vesicular stomatitis virus (VSV, Indiana strain) platform to generate candidate vaccine
vectors. VSV induces a strong immune response by inducing type | interferon, with high
protein expression but only limited replication in humans. The genes for RSV-G, modified
versions of RSV-F, or both the RSV-G and RSV-F linked by a self-cleaving 2A peptide
(RSV-G-2A-F) were inserted at the VSV G-L junction. RSV-F genes encoded either the
native unmodified F, or a mutated form that encoded the F protein stabilized in either the
pre-fusion or post-fusion configuration (Figure 1) [16]. These pre-fusion and post-fusion
configurations were chosen based on previous work in the literature, which suggests that
stabilized pre-fusion F protein is more immunogenic than F in its native configuration
(Figure 1) [28]. We tested two forms of the pre-fusion form, one of which (HEK-pre-F)
was derived from a clinical isolate of RSV, with mutations K66E and Q101P, and had

been shown in the literature to produce approximately 6-fold more protein than the pre-F
form (Figure 1) [24]. We also wished to determine if combining G and F genes in a single
vaccine would improve immune responses to RSV, and therefore integrated both genes in a
single recombinant (Figure 1). Recombinant VVSVs were generated using support plasmids
according to published procedures [22]. Insertion of the target genes was confirmed by PCR
and sequencing.

The expression of the RSV glycoproteins at the cell surface of rVVSV-infected cells was
evaluated via Western blotting. Both the F and G proteins were detected in cell lysates
previously infected with rVSV constructs, as determined by labeling with an RSV specific
antibody or an F-specific antibody (Motavizumab) (Figure 2). Depending on the cell type
in which it is expressed, the G protein varies in size from 55-100 kDa, due to its heavy

and variable glycosylation [16,29-33]. These bands were visible following labeling with
an RSV-specific antibody, with more protein being produced by the rvVSV-G construct than
the rVSV-G-2A-F construct (Figure 2). Under reducing conditions, the F protein typically
dissociates into two bands, one approximately 67 kDa (representing F0), and another at
approximately 50 kDa (representing F1) [34,35]. Interestingly, rVSV-F and rVSV-G-2A-F
yielded two bands representing FO and F1, but rVSV-HEK-pre-F only produced a band
consistent in size with FO, supporting the fact that this protein is being expressed in the
pre-fusion form only (Figure 2). The faint band seen at a higher molecular weight in

the G-2A-F construct when labeled with Motavizumab likely represents oligomers that
incompletely dissociated [34]. Post-F also produced a band consistent with FO, while pre-F
produced a band consistent with F1 (Figure 2). When 100 ug of total protein was loaded,
as opposed to 25 ug, faint bands could be seen representing F1 and FO in pre-F and post-F,
respectively, indicating that these proteins were formed, although in low quantities (data not
shown). Cell surface protein expression was further evaluated via flow cytometry. rvVSV-G-
and rVSV-G-2A-F-infected L929 cells expressed the G protein on the cell surface, based
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on labeling with the G-specific antibody 131-2G (Figure 3). Motavizumab, an F-specific
human monoclonal IgG, indicated protein expression on the surface of rvVSV-pre-F and
rvVSV-post-F infected cells, confirming that the F protein was being produced by these
recombinants. As expected, L929 cells infected with rVSV-F and rVSV-G-2A-F expressed
the F protein in both the pre-fusion and post-fusion configurations (Figure 3), which were
detected by pre-fusion and post-fusion-specific antibodies (D25 and 2F, respectively). Cells
infected with rVSV-pre-F and rVSV-post-F had limited pre-F-specific or post-F-specific
antibody binding respectively (Figure 3), indicating a reduced level of protein expression
on the cell surface. Cells infected with rVSV-HEK-pre-F expressed the F protein in the
pre-fusion configuration only (Figure 3).

Stabilizing the F protein in the pre- or post-fusion form does not improve immunogenicity
over native F protein.

To test the immunogenicity and protective capacity of the different forms of the F protein
expressed by rVSVs, cotton rats were immunized subcutaneously with a single dose of
107 pfu of rVSV-pre-F, rVSV-HEK-pre-F, rVSV-post-F, or rVSV-F, or rWT-VSV as a
control. None of the animals developed neutralizing antibodies after 4 weeks (Figure 4).
After challenge with RSV, animals immunized with rVSV-pre-F, rVSV-HEK-pre-F, and
rVVSV-post-F demonstrated a reduction of viral titers in lung tissue of 1-2 log10 TCIDsg/g
tissue compared to rwWT-VSV, while in the upper respiratory tract only immunization with
rVSV-pre-F led to a reduction in viral titers of about 1 log10 TCIDsp/g tissue (Figure 4).
This partial protection correlated with the absence of neutralizing antibodies (Figure 4).

In order to assess whether booster immunization would improve immunization outcomes,
cotton rats were immunized subcutaneously with a dose of 107 pfu of rVSV-pre-F, rvVSV-
HEK-pre-F, rVSV-post-F, or rVSV-F, or rWT-VSV, and then boosted with the same viruses
subcutaneously at the same dose 4 weeks later. After an additional 4 weeks, all animals were
challenged intranasally with RSV A2. This immunization schedule led to the induction of
neutralizing antibodies in animals immunized with either rVSV-HEK-pre-F or rVSV-F after
8 weeks (Figure 5). However, the second immunization did not improve viral clearance in
the upper or lower respiratory tract. Immunization with rVSV-F and rVSV-post-F provided
partial protection in the lower respiratory tract, with a reduction of viral titers of about 1
log10 TCIDgg/g tissue compared to rWT-VSV, as seen after single immunization, while
immunization with rVSV-F and rVSV-HEK-pre-F again provided partial protection in the
upper respiratory tract, with a reduction of viral titers of 1-2 log10 TCIDsgg/g tissue (Figure
5).

Since booster immunization led only to the generation of low levels of neutralizing
antibodies but did not provide complete protection with any of the F mutants or the native

F, we tested whether changing the route of immunization from subcutaneous to intranasal
inoculation would improve protection. All other aspects of the experimental design remained
the same as in the previous experiment. Intranasal immunization with r\VSV-F resulted in
higher levels of neutralizing antibodies, complete protection from RSV A2 challenge in

the lower respiratory tract, and a reduction of viral titers in the upper respiratory tract

by about 2 log10 TCIDsg/g tissue compared to rWT-VSV (Figure 6). Immunization with
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rvVSV-HEK-pre-F led to low levels of neutralizing antibodies and provided partial protection
in the upper and lower respiratory tract, with a reduction of 1.5-2.5 log10 TCIDgp/g tissue
(Figure 6). None of the other recombinants generated neutralizing antibodies or provided
protection, with the exception of rVSV-pre-F, which provided partial protection in the lower
respiratory tract, with a reduction of 1 log10 TCIDsg/qg tissue (Figure 6).

A VSV recombinant expressing both G and F improves the induction of neutralizing
antibody levels compared to single expression of G or F alone.

During natural RSV infection, G and F proteins are expressed on the surface of the same
cell. They potentially interact with each other, thus providing presumably additional target
sites for neutralizing antibodies. To test whether co-expression of both proteins in one cell
would improve immunization, we generated a recombinant VSV which expressed the G and
the F proteins, separated by a 2A self-cleaving peptide linker sequence. Given that in the
previous experiments we demonstrated that arresting the F protein in its pre-fusion or post-
fusion configuration did not improve its immunogenicity, we chose to use an unmodified F
protein for this construct. Cotton rats were immunized subcutaneously with a dose of 107
pfu of rVSV-G, rVSV-G-2A-F, rVSV-F, or rWT-VSV as a control. After 4 weeks, all animals
were boosted with the same VSV recombinant subcutaneously at the same dose. Four weeks
following boosting, all animals were challenged intranasally with 10° TCIDsg of RSV A2.
Immunization with rVSV-G-2A-F led to significantly higher neutralizing antibody titers than
those immunized with rVSV-G or rVSV-F alone (Figure 7). As in the previous experiments,
animals who received the F protein via rVSV-F or rVSV-G-2A-F were partially protected
from RSV A2 infection in the upper and lower respiratory tract, with a reduction of 2-2.5
log10 TCIDsgp/g tissue compared to rWT-VSV (Figure 7). Animals who received rVSV-G
showed partial viral clearance in the lower respiratory tract, with a reduction of 2 log10
TCIDsp/g tissue, but no viral clearance in the upper respiratory tract (Figure 7).

To determine if the higher levels of neutralizing antibodies generated by rVSV-G-2A-F
could be further enhanced, and if complete protection against RSV A2 infection could

be obtained, we immunized cotton rats intranasally rather than subcutaneously, using the
same experimental design as in the previous experiment in all other aspects. Neutralizing
antibody levels remained the same in cotton rats immunized intranasally with rVSV-G-2A-F
as with subcutaneous immunization (Figure 8). However, intranasal immunization with
rVSV-G resulted in increased neutralizing antibody levels as compared to subcutaneous
immunization (Figure 8). Additionally, intranasal immunization improved protection in the
lower and upper respiratory tract with rVSV-G, which resulted in complete protection
(Figure 5). rVSV-G-2A-F provided nearly complete protection in the lower respiratory tract,
and complete protection in the upper respiratory tract (Figure 8).

Combining G and F results in the induction of higher long-term neutralizing antibody
levels than after immunization with G or F alone.

RSV infection leads to a short-lived immune response and lack of long-lasting neutralizing
antibody levels after natural infection. To test the longevity of the antibody response after
immunization with rVSVs, cotton rats were immunized subcutaneously with a dose of

107 pfu of rVSV-G, rVSV-G-2A-F, rVSV-F, or WT-VSV as a control. After 4 weeks,
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cotton rats were boosted with the same recombinant virus subcutaneously at the same

dose. Eight weeks following boosting, all animals were challenged intranasally with 10°
TCIDsg of RSV A2. Four days post-challenge, virus titers were established on lung and
nasal homogenates of infected animals, and neutralizing antibodies were measured on serum
harvested immediately before intranasal RSV A2 infection. Neutralizing antibodies were
initially high for animals immunized with rVSV-F and rVSV-G-2A-F, with subsequently
declining antibody titers, while rVSV-G always had low levels for all 12 weeks, and did

not show an increase following booster immunization (Figure 9). All groups receiving VSV
recombinants showed complete protection in the lower respiratory tract, while there was no
significant difference between immunized groups and the rwWT-VSV control in the upper
respiratory tract (Figure 9).

Based on short-term experiments, we hypothesized that immunogenicity could be improved
with intranasal immunization, and repeated the previous experiment with the following
modifications: the immunization route was intranasal rather than subcutaneous, and the
cotton rats were not boosted after 4 weeks. This resulted in complete protection by
immunization with rVSV-F of the lungs but only partial protection in the nasal tissue.
Immunization with rVSV-G and rVSV-G-2A-F led to near-complete protection in the

lungs and nasal tissue (Figure 10). Initially, neutralizing antibody levels generated by
immunization with rVSV-F were highest, but steadily declined over the course of 12

weeks (Figure 10). Immunization with rVSV-G generated low levels of RSV neutralizing
antibodies, which rose slightly over the course of 12 weeks but remained lower than
antibody levels after immunization with rVSV-G-2A-F (Figure 10). rVSV-G-2A-F induced
neutralizing antibody levels peaked at week 8, but remained significantly higher than either
rVSV-F or rVSV-G alone by week 12 (Figure 10). These data suggest that although
immunization with rVSV-F initially generates high levels of neutralizing antibodies,
combining F with G ultimately leads to generation of longer-lasting antibodies and superior
protection in the upper and lower respiratory tract than either F or G alone.

Discussion

Recombinant vesicular stomatitis virus (VSV) have been used as a vector-based delivery
platform for foreign proteins, and are the basis for a successful Ebola virus vaccine [10].

In addition, this virus vector is used in vaccine development against infectious diseases

and cancer, and is being explored as a vector platform for RSV vaccination [3-5,22].

In this study, we developed recombinant vesicular stomatitis viruses expressing RSV-G,
RSV-F, RSV-HEK-pre-F, RSV-pre-F, RSV-post-F, or both RSV-G and RSV-F, and tested
their immunogenicity in a cotton rat model. We chose to investigate subcutaneous and
intranasal routes of inoculation, since current vaccine work on RSV is pursuing both of
these routes [22,36—39]. We found that intranasal immunization resulted in the highest level
of protection from viral replication in the lung and the nose, with lower viral titers than
with subcutaneous immunization. It also increased the neutralizing antibody levels with all
recombinants tested and, in the case of the rVSV-G-2A-F recombinant, resulted in high
levels of neutralizing antibodies for at least 80 days. This is consistent with observations
that mucosal immunization stimulates IgA production and the mucosal associated lymphoid
tissue (MALT), providing an immune defense against RSV infection at the site of entry
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[40]. However, mucosal immunization can sometimes require a higher dose of vaccine

and additional adjuvant compared to subcutaneous vaccination [41]. Theoretically, mucosal
immunization may be easier to administer [42] and there are some indications that
systemic vaccine application is not always effective in inducing mucosal immunity [43].
Subcutaneous immunization seems to be less likely to induce a strong mucosal response,
but does typically induce strong T cell responses, which is important for viral clearance
[44]. We found that the immunogenicity of our vaccine candidates could be improved with
a boost after 4 weeks, with the most marked improvement after subcutaneous immunization.
These experiments only explored the results of a homologous prime-boost vaccine regimen.
We have found that neutralizing antibody titers to the rVSVs used in these experiments do
not significantly change relative to each other over the course of an 8-week prime-boost
experiment (unpublished data). As a result, we do not anticipate that any neutralizing
antibodies to VSV contributed to variations in the relative protection between constructs.
However, future experiments using a heterologous prime-boost regimen may yield different
results.

Both the G and F proteins are important targets for antibodies in natural RSV infection,

but antibody levels are typically low and the immune response is short-lived [45-48].
Previous studies have investigated the effect of mutating the F protein to stabilize it in

its pre-fusion or post-fusion configuration, with conflicting results [7,24,36,49-55]. Our
results demonstrate that when expressed in a VSV vector, neither the stabilized pre-fusion or
post-fusion form of the F protein was superior to the native F protein in terms of protection
in the upper and lower respiratory tract or in terms of neutralizing antibody levels generated.
We also demonstrated that intranasal immunization, with a boost after 4 weeks, was superior
to either subcutaneous immunization with or without a boost, or intranasal immunization
without a boost. The improved protection provided by the native F over the stabilized
recombinants may be due to the reduced level of protein expression on the cell surface

by the stabilized recombinants, which likely results in lower antigen levels available for

B cell recognition. This is supported by the flow cytometry and Western blot results for
rVSV-pre-F and rVSV-post-F, which had reduced antibody binding as compared to rVSV-F
and overall reduced protein expression levels. However, rVSV-HEK-pre-F had antibody
binding levels on flow cytometry comparable to rVSV-F, as well as comparable protein
expression on Western blotting, and was still not as protective as rVSV-F. A study in which
wild-type F, HEK-pre-F, and post-fusion RSV-F were expressed in a PIV3 vector system
demonstrated that post-F was less immunogenic than either wild-type F or HEK-pre-F when
used to immunize hamsters, but there was no difference in immunogenicity between HEK-
pre-F and wild-type F [28]. Similarly, a study evaluating pre-F and wild-type F in a PIV5
vector system also found that pre-F did not confer superior protection in mice or cotton

rats [36]. This study also performed flow cytometry on their constructs, and determined

that there was reduced surface expression of the F protein in constructs expressing pre-F,

as compared to constructs expressing wild-type F. Taken together with our findings, these
results suggest that RSV-F expressed in live-virus vectors may have reduced cell surface
expression when stabilized in the pre-fusion or post-fusion form. It is possible that changing
the transmembrane domain to a VSV-specific domain would improve cell surface expression
in the VSV vector. Studies using PIV3 to vector either RSV-F or RSV-G have variably
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found that using a PI1V3 transmembrane domain either improves or has no effect on protein
packaging [56,57].

Although the predominant antibodies produced in natural infection target the F protein,
individuals who generate antibodies against the G protein have reduced clinical signs,
indicating the desirability of a G protein specific antibody response [17,58]. In our

study, antibodies were significantly elevated when F and G were combined together

in a recombinant vector and then administered to cotton rats subcutaneously. However,
subcutaneous immunization with the F protein, regardless of single expression or co-
expression with the G protein, had the most significant impact on protection in the upper and
lower respiratory tract. This difference became less striking with intranasal immunization,
which improved protection against infection in animals immunized with rvVSV-G and
brought neutralizing antibodies to levels comparable to those in animals immunized

with rVSV-G-2A-F. Increased neutralizing antibody levels and improved protection from
infection following immunization with rVSV-G-2A-F indicate that immunizing with both
RSV glycoproteins is superior to immunizing with either individually.

Given that G and F in combination resulted in increased neutralizing antibody levels, we
hypothesized that these initially high neutralizing antibody levels would help counteract the
loss in protection typically seen following RSV infection in humans [48]. In cotton rats,
antibodies levels after infection with RSV decrease after 60 days [27]. To test decrease

of antibody levels with our vaccine vectors, we immunized cotton rats and measured their
immune responses 80 days following initial immunization, and found that G and F expressed
in a VSV vector administered intranasally resulted in higher neutralizing antibody levels

and improved protection than either G or F alone. So far, there have been no other studies
reporting viral titers and neutralizing antibody levels after 80 days in cotton rats immunized
with RSV-G and RSV-F.

In conclusion, we demonstrated that in the VSV vector system, the unmodified RSV-F is
superior to the F protein stabilized in either the pre-fusion or post-fusion form in terms

of protection and induction of neutralizing antibody levels. We also demonstrated that
combining the F and G proteins into a single recombinant vector results in improved
protection as compared to either the F or G protein alone, and that this protection, along with
increased neutralizing antibody levels, has longer longevity than immunizing with either
protein singly. Therefore, a recombinant VSV vector expressing both RSV-G and RSV-F
could be used as a potential vaccine against RSV to provide longer-lasting immunity and
superior protection.
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Figure 1. Diagram of RSV F and G protein constructs.
Linear diagram of RSV-F and RSV-G constructs used in this study, showing functional

domains, motifs, and alterations to the original sequences. All changes to the RSV-F
sequences are represented in red font in the other constructs. These include: mutations in
the furin cleavage sites at amino acids 106-109 and 131-136 (RRAR — KAKK, KKRKRR
— KKKKKK) to be protease resistant, an extra disulfide bond establishment at amino
acids 155 and 290, and cavity-filling substitutions at amino acids 190 and 207 (RSV-pre-F,
RSV-HEK-pre-F); mutations of amino acids 66 and 101 to reflect a clinically-isolated strain
of RSV (HEK-pre-F); deletion of the first 10 amino acids of the fusion peptide (post-F);
and insertion of a self-cleaving 2A peptide between the G and F sequences (G-2A-F). Other
features of RSV-F include: RSV-F subunits F1 and F2 (blue bars); heptad repeats A, B, and
C (HRA, purple; HRB, dark blue; HRC, blue); p27 fragment (gray); disulfide bonds (olive
green brackets); transmembrane domain (TM, lavender); cytoplasmic tail (CT, yellow).
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Features of RSV-G include: transmembrane domain (TM, orange); mucin-like regions | and
I1; central conserved domain (yellow), heparin binding domain (green), and CX3C motif
(brackets).
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Figure 2. Protein expression of RSV-G or RSV-F proteins in BHK21 cells infected with rVSV-F,
rVSV-post-F, rVSV-HEK-pre-F, rVSV-G-2A-F, or rVSV-G.

BHK?21 cells were infected for 12 hours with an MOI of 4, and protein expression level

of G (left panel) or F (middle and right panels) was assessed via Western blotting under
dissociating (reducing) conditions. A representative blot of the control protein beta-actin

is also shown. Left panel: 25 ug total protein cell lysates of rVSV-G or rVSV-G-2A-F
infected cells was loaded and analyzed using a goat anti-RSV primary antibody with a
chicken anti-goat + HRP secondary antibody. Bands representing the G protein can be seen
at approximately 72-85 kDa.

Middle panel: 25 ug total protein of cell lysates of rVSV-F, rVSV-HEK-pre-F or rVSV-
G-2A-F infected cells was loaded and analyzed using an F specific antibody (Motavizumab)
and a secondary donkey anti-human + HRP antibody. All three constructs have a band at
approximately 67 kDa representing FO, and the unstabilized F proteins (F and G-2A-F)

also have bands at approximately 50 kDa, representing the F1 subunit. The high molecular
weight band in G-2A-F likely represents an oligomer of the F protein that did not dissociate.
Right panel: 25 ug total protein of cell lysates of rVSV-pre-F or rVSV-post-F was loaded
and analyzed using a primary F specific antibody (Motavizumab) and a donkey anti-human
+ HRP secondary antibody. There is a band representing the F1 subunit in pre-F, and a band
representing FO in post-F.
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Figure 3. Protein expression on the surface of L929 cells infected with rVSV-F, rVSV-post-F,
rVSV-HEK-pre-F, rVSV-G-2A-F, or rVSV-G.
L929 cells were infected for 12 hours with an moi of 5 and protein expression level of F

or G protein was assessed via flow cytometry, using an anti-F antibody (Motavizumab), an
anti-pre-fusion-F antibody (D25), an anti-post-fusion-F antibody (2F), or an anti-G antibody
(m131-2G). Black overlays on the histograms represent unstained, infected L929 cells,
while the colored overlays represent stained and infected L929 cells.
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Figure 4. Protection against RSV in cotton rats after single subcutaneous immunization with 107
pfu rVSV-pre-F, rVSV-HEK-pre-F, rVSV-post-F, or rVSV-F.
Cotton rats were immunized with 107 pfu rVSV-pre-F, rVSV-HEK-pre-F, rVSV-post-F, or
rVSV-F via subcutaneous route. After RSV-A2 challenge 4 weeks later, viral titers were
assessed via TCIDg, with the limit of detection at 2log10. Serum antibody levels were
assessed via neutralizing antibody assay, with the limit of detection at 10. A. Neutralizing
titers against RSV in serum. No recombinant generated neutralizing antibody titers. B. Lung
homogenates. Immunization with all recombinants provided partial protection against RSV

A2 challenge. C. Nasal turbinate homogenates. rVSV-pre-F immunization provided partial

protection against RSV A2 challenge. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Figure 5. Protection against RSV in cotton rats immunized twice subcutaneously at 107 pfu
rVSV-pre-F, rVSV-HEK-pre-F, rVSV-post-F, or rVSV-F.

Cotton rats were immunized with 107 pfu rVSV-pre-F, rVSV-HEK-pre-F, rVSV-post-F, or
r'VVSV-F via subcutaneous route, and then boosted with the same dose via the same route 4
weeks later. Cotton rats were challenged with RSV-A2 after a total of 7 weeks, and viral
titers were assessed via TCIDsgq, with the limit of detection at 2log10. Serum antibody
levels were assessed via neutralizing antibody assay, with the limit of detection set at

10. A. Neutralizing titers against RSV in serum. Groups rVSV-HEK-pre-F and rVSV-F
generated higher titers of neutralizing antibodies than all other groups. B. RSV titer in lung
homogenate. rVSV-post-F and rVSV-F immunization provided partial protection against
RSV challenge. C. RSV titer in nasal turbinate homogenate. rVSV-HEK-pre-F and rVSV-F
immunization provided partial protection against RSV A2 challenge. * p<0.05, ** p<0.01,
*** n<0.001, **** p<0.0001
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Figure 6. Protection against RSV in cotton rats immunized twice intranasally with 107 pfu
rVSV-pre-F, rVSV-HEK-pre-F, rVSV-post-F, or rVSV-F.
Cotton rats were immunized with 107 pfu rVSV-pre-F, rVSV-HEK-pre-F, rVSV-post-F, or

r'VVSV-F via intranasal route, and then boosted with the same dose via the same route 4
weeks later. Cotton rats were challenged with RSV-A2 after a total of 7 weeks, and viral
titers were assessed via TCIDsgq, with the limit of detection at 2log10. Serum antibody
levels were assessed via neutralizing antibody assay, with the limit of detection set at

10. A. Neutralizing titers against RSV in serum. Group rVSV-F generated statistically
significant higher titers of neutralizing antibodies. B. RSV titer in lung homogenate.
rvVSV-pre-F and rVSV-HEK-pre-F immunization provided partial protection against RSV
A2 challenge, while rVSV-F immunization provided complete protection. C. RSV titer in
nasal turbinate homogenate. rVSV-HEK-pre-F and rVSV-F immunization provided partial
protection against RSV A2 challenge. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Figure 7. Protection against RSV in cotton rats immunized twice subcutaneously with 107 pfu
rVSV-F, rVSV-G, or rVSV-G-2A-F.

Cotton rats were immunized with 107 pfu rVSV-F, rVSV-G, or rVSV-G-2A-F via
subcutaneous route, and then boosted with the same dose via the same route 4 weeks later.
Cotton rats were challenged with RSV-A2 after a total of 7 weeks, and viral titers were
assessed via TCIDg, with the limit of detection at 2log10. Serum antibody levels were
assessed via neutralizing antibody assay, with the limit of detection set at 10. A. Neutralizing
titers against RSV in serum. Group rVSV-G-2A-F generated statistically significant higher
titers of neutralizing antibodies. B. RSV titer in lung homogenate. rVSV-F, rVSV-G, and
rvVSV-G-2A-F immunization provided partial protection against RSV A2 challenge. C. RSV
titer in nasal turbinate homogenate. rVSV-F and rVSV-G-2A-F immunization provided
partial protection against RSV A2 challenge. * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001
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Figure 8. Protection against RSV in cotton rats immunized twice intranasally with 107 pfu
rVSV-F, rVSV-G or rVSV-G-2A-F.

Cotton rats were immunized with 107 pfu rVSV-F, rVSV-G, or rVSV-G-2A-F via intranasal
route, and then boosted with the same dose via the same route 4 weeks later. Cotton

rats were challenged with RSV-AZ2 after a total of 7 weeks, and viral titers were assessed
via TCIDsg, with the limit of detection at 21og10. Serum antibody levels were assessed

via neutralizing antibody assay, with the limit of detection set at 10. A. Neutralizing

titers against RSV in serum. Groups rVSV-G and rVSV-G-2A-F generated statistically
significant higher titers of neutralizing antibodies. B. RSV titer in lung homogenate. rvVSV-
G-2A-F immunization provided partial protection against RSV A2 challenge, while rVSV-G
and rVSV-F immunization provided complete protection. C. RSV titer in nasal turbinate
homogenate. rVSV-G and rVSV-G-2A-F immunization provided complete protection
against RSV A2 challenge, while rVSV-F immunization provided partial protection. *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Figure 9. Long-term immunity after subcutaneous immunization with 107 pfu rVSV-F, rVSV-G,
or rVSV-G-2A-F.

Cotton rats were immunized with 107 pfu rVSV-F, rVSV-G, or rVSV-G-2A-F via
subcutaneous route, and then boosted with the same dose via the same route 4 weeks

later. Cotton rats were challenged with RSV-A2 after a total of 12 weeks, and viral titers
were assessed via TCIDsg, with the limit of detection at 21og10. Serum antibody levels
were assessed via neutralizing antibody assay, with the limit of detection set at 10. A.
Neutralizing titers against RSV in serum. Immunization with rVSV-G generated low levels
of neutralizing antibodies that did not change over 12 weeks, while immunization with
rVSV-F and rVSV-G-2A-F generated 4-5-fold higher levels of antibodies that slowly waned
over the course of 12 weeks. B. RSV titer in lung homogenate. rVSV-F, rVSV-G, and
rvVSV-G-2A-F all provided complete protection against RSV A2 challenge. C. RSV titer in
nasal homogenate. No treatment group was protected against RSV A2 challenge. * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001
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Figure 10. Long-term immunity after intranasal immunization with 107 pfu rVSV-F, rVSV-G, or
rvVSV-G-2A-F.

Cotton rats were immunized with 107 pfu rVSV-F, rVSV-G, or rVSV-G-2A-F via intranasal
route, challenged with RSV-A2 after a total of 12 weeks, and viral titers were assessed

via TCIDsg, with the limit of detection at 21og10. Serum antibody levels were assessed

via neutralizing antibody assay, with the limit of detection set at 10. A. Neutralizing titers
against RSV in serum. rVSV-G-2A-F provided the highest levels of neutralizing antibodies
at 8 weeks and 12 weeks post-immunization. B. RSV titer in lung homogenate. rvVSV-
G-2A-F and rVSV-G immunization provided partial protection against RSV A2 challenge,
while rVSV-F provided complete protection. C. RSV titer in nasal turbinate homogenate.
rVSV-G-2A-F and rVSV-G immunization provided near-complete protection against RSV
AZ2 challenge, while rVSV-F immunization provided partial protection. * p<0.05, ** p<0.01,
*** n<0.001, **** p<0.0001
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