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ABSTRACT Human respiratory syncytial virus (RSV) is the leading cause of pediatric
bronchiolitis and hospitalizations. RSV can also cause severe complications in elderly
and immunocompromised individuals. There is no licensed vaccine. We previously
generated a parainfluenza virus 5 (PIV5)-vectored vaccine candidate expressing the
RSV fusion protein (F) that was immunogenic and protective in mice. In this work,
our goal was to improve the original vaccine candidate by modifying the PIV5 vec-
tor or by modifying the RSV F antigen. We previously demonstrated that insertion of
a foreign gene at the PIV5 small hydrophobic (SH)-hemagglutinin-neuraminidase
(HN) junction or deletion of PIV5 SH increased vaccine efficacy. Additionally, other
groups have demonstrated that antibodies against the prefusion conformation of
RSV F have more potent neutralizing activity than antibodies against the postfusion
conformation. Therefore, to improve on our previously developed vaccine candidate,
we inserted RSV F at the PIV5 SH-HN gene junction or used RSV F to replace PIV5
SH. We also engineered PIV5 to express a prefusion-stabilized F mutant. The candi-
dates were tested in BALB/c mice via the intranasal route and induced both humoral
and cell-mediated immunity. They also protected against RSV infection in the mouse
lung. When they were administered intranasally or subcutaneously in cotton rats,
the candidates were highly immunogenic and reduced RSV loads in both the upper
and lower respiratory tracts. PIV5-RSV F was equally protective when administered
intranasally or subcutaneously. In all cases, the prefusion F mutant did not induce
higher neutralizing antibody titers than wild-type F. These results show that antibod-
ies against both pre- and postfusion F are important for neutralizing RSV and should
be considered when designing a vectored RSV vaccine. The findings also that indi-
cate PIV5-RSV F may be administered subcutaneously, which is the preferred route
for vaccinating infants, who may develop nasal congestion as a result of intranasal
vaccination.

IMPORTANCE Despite decades of research, human respiratory syncytial virus (RSV) is
still a major health concern for which there is no vaccine. A parainfluenza virus
5-vectored vaccine expressing the native RSV fusion protein (F) has previously been
shown to confer robust immunity against RSV infection in mice, cotton rats, and
nonhuman primates. To improve our previous vaccine candidate, we developed four
new candidates that incorporate modifications to the PIV5 backbone, replace native
RSV F with a prefusion-stabilized RSV F mutant, or combine both RSV F and PIV5
backbone modifications. In this work, we characterized the new vaccine candidates
and tested their efficacies in both murine and cotton rat models of RSV infection.
Most importantly, we found that PIV5-based RSV vaccine candidates were efficacious
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in preventing lower respiratory tract infection as well as in reducing the nasal viral
load when administered via the subcutaneous route.

KEYWORDS PIV5, RSV, vaccine, subcutaneous

uman respiratory syncytial virus (RSV) is a leading cause of pediatric bronchiolitis

and pneumonia, resulting in over 3 million hospitalizations and 200,000 deaths
globally each year in children under 5 years old (1). The disease burden is also
significant among elderly and immunocompromised populations. An estimated 3 to 7%
of healthy adults over 65 years of age and 4 to 10% of high-risk adults develop RSV
infections annually, with the rate of mortality reaching 8% among hospitalized indi-
viduals (2).

RSV vaccine development has been ongoing since the 1960s, when the virus was
first discovered. Numerous candidates have been developed and tested, but a vaccine
has yet to be licensed. A formalin-inactivated RSV (FI-RSV) vaccine tested during the
1960s failed to protect against infection. Furthermore, it caused enhanced disease in
vaccinees upon natural exposure during the following RSV season. The concern over
enhanced disease has been a major hurdle for vaccine development (3-6). Vaccines
developed by many approaches have been used, including live attenuated vaccines,
vectored vaccines, subunit vaccines, and virus-like particles (7-10). Promising live
attenuated and vectored vaccine candidates that are not known to potentiate disease
upon natural RSV infection have been developed (11).

Parainfluenza virus 5 (PIV5) is a single-stranded, negative-sense RNA virus of the
genus Rubulavirus in the family Paramyxoviridae (12). It has several distinguishing
characteristics that make it an attractive vector for vaccine development. First, PIV5 can
infect a variety of animals but causes no known disease. Its previous association with
canine kennel cough led to its inclusion in the kennel cough vaccine, which has been
used for over 3 decades without safety concerns for dogs or humans (13-16). Studies
in the intervening years have confirmed that PIV5 does not cause kennel cough (17).
Second, PIV5 can infect many cell types, including Vero cells, which are approved for
use for vaccine production by FDA and WHO. Its ability to grow to titers as high as 108
PFU/ml in laboratory settings also makes it suitable for vaccine production (12). Lastly,
PIV5 has already been used to develop vaccine candidates efficacious against different
viral and bacterial pathogens, such as influenza virus, rabies virus, and Mycobacterium
tuberculosis (18-25). For these reasons, PIV5 is a promising vector for the development
of vaccines.

A PIV5-vectored RSV vaccine has recently been developed in which the coding
sequence of the RSV fusion protein (F) is inserted between the hemagglutinin-
neuraminidase (HN) and RNA-dependent RNA polymerase (L) genes of PIV5 [PIV5-RSV-F
(HN-L)]. The vaccine candidate was immunogenic and highly efficacious at protecting
mice, cotton rats, and nonhuman primates against RSV lower respiratory tract infection
(26, 27). It has been hypothesized that the vaccine candidate can be improved by
modifying the vector or by increasing the antigen expression level to better protect the
upper respiratory tract from RSV infection. The small hydrophobic (SH) protein of PIV5
plays an important role in blocking tumor necrosis factor alpha-mediated apoptosis.
Deletion of this gene from PIV5 induces apoptosis in infected cells through an intrinsic
pathway, possibly making it a better vector for presenting foreign antigens (28).
Previous work has shown that deletion of the SH gene from PIV5 improves the efficacy
of a PIV5-based vaccine expressing H5 of the H5N1 influenza virus strain (the
PIV5ASH-H5 vaccine). When tested in mice, the PIV5ASH-H5 vaccine increased antibody
and cell-mediated immune responses to influenza virus and provided better protection
against H5N1 infection than its SH-containing counterpart (21).

The PIV5-RSV-F vaccine candidate can also be improved by modifying the RSV F
antigen. Previous work has suggested that RSV F in its prefusion conformation induces
the production of antibodies with in vitro neutralizing activity more potent than that of
antibodies induced by RSV F in its postfusion conformation (29, 30). A stabilized
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prefusion RSV F mutant called DS-Cav1 was recently crystallized and has been shown
to induce higher neutralizing antibody titers than the postfusion conformation of F (31,
32). Introduction of the DS-Cav1 construct into a chimeric bovine/human PIV3 vector
generated a vaccine candidate that was more immunogenic and protective than the
same vector expressing postfusion RSV F (33).

In this work, we modified the previous PIV5-RSV-F (HN-L) candidate by deleting the
SH gene of PIV5 or by replacing wild-type RSV F with the DS-Cav1 prefusion mutant as
well as by combining both modifications into a vaccine. We tested their immunoge-
nicity and protective efficacy against RSV infection in mice and cotton rats.

RESULTS

Generation and analysis of PIV5 expressing wild-type RSV F and a prefusion-
stabilized RSV F mutant. Previously, we reported that the SH-HN junction of PIV5 was
the optimal site for inserting the hemagglutinin of influenza virus to give the best
protection against infection (25). We also reported that deletion of the SH gene resulted
in a more efficacious vector (21). To improve on the existing PIV5-RSV-F (HN-L) vaccine
candidate, we inserted RSV F at the SH-HN junction to generate PIV5-RSV-F (SH-HN) or
replaced PIV5 SH with RSV F to produce PIV5ASH-RSV-F. We also sought to improve the
RSV F antigen. It has been previously reported that antibodies with the highest
RSV-neutralizing activity are directed against the prefusion conformation of RSV F (29,
30). McLellan et al. previously obtained the crystal structure of a prefusion-stabilized
RSV F mutant called DS-Cav1 (32). This mutant contains substitutions that introduce
disulfide bond-forming cysteine pairs and fill cavities in the head of the prefusion
structure (Fig. TA). Therefore, we inserted the prefusion-stabilized RSV F mutant DS-
Cav1 into PIV5 to generate PIV5-RSV-pF (SH-HN) and PIV5ASH-RSV-F. The new vaccine
candidates were engineered using previously described methods and confirmed by
sequencing (Fig. 1B) (26, 34).

Expression of pre- and postfusion RSV F by the vaccine candidates was examined by
fluorescence microscopy and flow cytometry using antibodies specific to prefusion F
(antibody D25), postfusion F (antibody 4D7), and total F (palivizumab). Cells infected
with candidates encoding wild-type F expressed mixtures of both prefusion and
postfusion F (Fig. 2B, C, E, G, and H). Candidates encoding the DS-Cav1 construct
expressed mostly prefusion F, as expected, but the level of total F expression by
candidates encoding DS-Cav1 was lower than that by candidates encoding wild-type F.
There appeared to be little to no postfusion F expression when it was examined by
microscopy or flow cytometry (Fig. 2D and F to H). The level of F expression was similar
in viruses with the wild-type PIV5 backbone and the backbone with the SH deletion
(ASH) (Fig. 2B, C, E, G, and H). Furthermore, the F constructs localized both inside the
cell and on the cell surface (Fig. 2G and H). Thus, wild-type F expressed from PIV5-based
vectors consisted of a mixture or pre- and postfusion conformations, while the majority
of F in DS-Cav1 was expressed in the prefusion conformation.

The new vaccine candidates grew to titers similar to those of the original PIV5-RSV-F
(HN-L) candidate (Fig. 2I). In vitro stability studies of the PIV5-RSV-F (HN-L), PIV5-RSV-F
(SH-HN), and PIV5ASH-RSV-F candidates showed that the insertions were retained
through multiple passages in cell culture (35). These results indicate that incorporation
of the RSV F and PIV5 backbone modifications did not significantly impact the titers of
new candidates. Furthermore, modifications to the PIV5 backbone did not significantly
impact the genetic stability of the candidates.

Immunogenicity and protective efficacy of vaccine candidates in mice. To
examine the immunogenicity of the vaccine candidates, 6- to 8-week-old BALB/c mice
were immunized once with 106 PFU of the different candidates, and serum was
collected at 21 days postvaccination. The levels of antibodies against prefusion and
postfusion F were measured by enzyme-linked immunosorbent assay (ELISA). The levels
of serum neutralizing antibodies were measured by 50% plaque reduction assay.

All of the vaccine candidates induced similar levels of antibodies that bound to
prefusion F (Fig. 3A). The constructs expressing wild-type F induced approximately
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FIG 1 Schematics of PIV5-based vaccine candidates. (A) Schematic of substitutions in prefusion-stabilized RSV F (DS-Cav1).
(B) Schematic of PIV5-RSV-F (SH-HN), PIV5ASH-RSV-F, PIV5-RSV-pF, PIV5ASH-RSV-pF. NP, nucleoprotein; V, V protein; P,
phosphoprotein; M, matrix protein; F, fusion protein; SH, small hydrophobic protein; HN, hemagglutinin-neuraminidase
protein; L, RNA-dependent RNA polymerase; RSV F, respiratory syncytial virus fusion protein; DS-Cav1, stabilized prefusion

RSV F.

32-fold higher levels of postfusion F-specific antibodies than their counterparts ex-
pressing DS-Cav1 (Fig. 3B). All of the candidates induced serum neutralizing antibodies,
but candidates expressing wild-type F induced titers approximately 8- to 32-fold higher
than those induced by the DS-Cav1-expressing candidates. Animals immunized with
PIV5-RSV-F (SH-HN) had an average neutralizing antibody titer that was 3-fold higher
than that of animals immunized with PIV5-RSV-F (HN-L), but the difference was not
statistically significant (Fig. 3C). The backbone consisting of PIV5 with the SH deletion
(PIV5ASH) did not increase the immunogenicity of any of the constructs (Fig. 3A and B).
Despite expressing mostly prefusion F, candidates encoding the DS-Cav1 construct did
not increase the levels of prefusion F antibodies or neutralizing antibodies in mice.

To examine the cell-mediated immune responses induced by the vaccine candi-
dates, an enzyme-linked immunosorbent spot (ELISpot) assay was performed on
splenocytes harvested from a separate cohort of immunized mice (Fig. 3D and E). All of
the immunization groups had similar numbers of gamma interferon (IFN-vy)-secreting
cells in response to RSV F peptide stimulation (Fig. 3D), with little to no stimulation by
the green fluorescent protein (GFP) peptide being found (data not shown). Thus, all of
the vaccine candidates elicited significant cell-mediated immune responses, regardless
of their prefusion and postfusion F expression and regardless of the presence of SH in
the vector backbone.

The mice were challenged at 28 days postimmunization with RSV type A strain A2
(RSV/A/A2) to determine the protective efficacies of the different vaccine candidates.
Challenge virus was recovered from only one out of five mice in the PIV5ASH-RSV-F-
immunized group at 4 days postchallenge. None of the mice in the other vaccination
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FIG 2 Generation and characterization of recombinant PIV5-based vaccine candidates. (A to F) Detection of total RSV F,
postfusion RSV F, and prefusion RSV F in infected A549 cells by immunofluorescence assay. Total RSV F was detected using
palivizumab (Synagis) labeled with Alexa Fluor 488 (green). Postfusion RSV F was detected with the 4D7 antibody labeled with
Cy3 (red). Prefusion RSV F was detected using the D25 antibody labeled with APC (purple). DAPI (4’,6-diamidino-2-phenylindole;
blue) was used as a nuclear stain. Images are representative of those from three independent experiments. (G, H) Flow cytometry
was used to examine surface (G) and total (H) RSV F, postfusion RSV F, and prefusion RSV F expression in A549 cells infected
with the vaccine candidates. Antibodies were labeled as described in the legend to panels A to F, except that 4D7 was labeled
with PE. The graphs present the mean fluorescence intensity (MFI) of cells expressing postfusion or prefusion F. Error bars
represent the standard errors of the means. #, too few positive cells were available to analyze the mean fluorescence intensity.
*, P =< 0.05; **, P =< 0.01; ****, P =< 0.0001. (I) Multicycle growth curves of PIV5, PIV5-RSV-F (HN-L) [F (HN-L)], PIV5-RSV-F (SH-HN)
[F (SH-HN)], PIV5-RSV-pF (SH-HN) [pF (SH-HN)], PIV5ASH-RSV-F [F(ASH)], and PIV5ASH-RSV-pF [pF(ASH)] in Vero cells. Vero cells
were infected at an MOI of 0.01 PFU per cell. Aliquots of the cell culture supernatant were collected every 24 h for 120 h. Plaque
assays were performed in BHK21 cells to determine the virus titers at each time point. Growth curves were performed in
triplicate. Error bars represent the standard errors of the means.
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FIG 3 Humoral and cell-mediated immune responses in mice immunized with PIV5 or PIV5ASH expressing wild-type or prefusion RSV F. Six- to 8-week-old
BALB/c mice were immunized intranasally with 106 PFU of PIV5-RSV-F (HN-L), PIV5-RSV-F (SH-HN), PIV5-RSV-pF (DS-Cav1), PIV5ASH-RSV-F, or PIV5ASH-RSV-pF
(DS-Cav1). Serum samples were collected at 21 days postimmunization. (A, B) Serum IgG antibodies that bound prefusion or postfusion RSV F were measured
by indirect ELISA. Purified prefusion-stabilized (A) or postfusion (B) RSV F was used as the coating antigen. Twofold serial dilutions of immune sera were
incubated with the immobilized antigens, followed by incubation with HRP-conjugated goat anti-mouse IgG. The plates were developed, and the optical density
at 450 nm was measured. Titers were defined as the reciprocal of the highest dilution at which the absorbance was 2 standard deviations above the average
absorbance for sera from PBS-treated mice. (C) Serum neutralizing antibody titers were measured by plaque reduction assay. Twofold serial dilutions of
heat-inactivated immune sera were incubated with 100 to 150 PFU of RSV/A/A2. Plaques were enumerated 7 days later, and the neutralizing antibody titer was
defined as the reciprocal of the highest dilution at which there was a 50% reduction in input virus. The graphs present the geometric mean antibody titers for
four to five mice per group, and error bars represent the 95% confidence intervals. (D, E) Six- to 8 week old BALB/c mice from a separate cohort were immunized
as described in the legends to panels A to C. Splenocytes were collected at 27 days postimmunization, and cell-mediated immune responses were measured
by ELISpot assay. Cells were stimulated with 200 ng/well of RSV F peptide (D) or PMA-ionomycin (E) for 48 h. The number of IFN-y-secreting cells per 2 X 10°
cells was enumerated. The graphs present the average number of spots per 10¢ cells for each group of six mice.

groups had detectable challenge virus in the lungs at 4 and 6 days postchallenge,
showing that all of the candidates induced potent lower respiratory tract protection
against RSV infection (Fig. 4A and B).

Immunogenicity and protective efficacies of vaccine candidates in cotton rats.
The vaccine candidates were further evaluated in cotton rats, a model more permissive
for RSV infection (36). Previous findings indicated that PIV5-RSV-F (HN-L) induced
potent protection against RSV in cotton rats infected with RSV at 10° PFU (27).
Therefore, for this study, we intranasally immunized cotton rats with low doses (103
PFU) of PIV5-RSV-F (SH-HN), PIV5-RSV-pF (SH-HN), or the ASH counterparts to determine
if differences between the vaccines could be observed at low doses. An additional
group was immunized with 102 PFU of PIV5ASH-RSV-pF to determine whether the
candidate was efficacious at an even lower dose. Similar to the findings in mice, all
candidates elicited similar levels of anti-prefusion F IgG (Fig. 5A), while the DS-Cav1-
expressing candidates induced 8-fold lower anti-postfusion F IgG titers than the other
candidates (Fig. 5B). The candidates also induced similar levels of neutralizing antibody
titers against RSV/A (Fig. 5C). The neutralizing antibody titers against RSV type B (RSV/B)
were significantly lower than the titers against RSV/A (Fig. 5D). Only the animals
immunized with PIV5-RSV-F (SH-HN) or PIV5ASH-RSV-F had significant levels of neu-
tralizing antibodies against RSV/B (Fig. 5D).
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FIG 4 Protection in mice immunized with PIV5 or PIV5ASH expressing wild-type or prefusion RSV F. Six- to 8-week-old
BALB/c mice were immunized intranasally with 106 PFU of PIV5-RSV-F (HN-L), PIV5-RSV-F (SH-HN), PIV5-RSV-pF (DS-Cav1),
PIV5ASH-RSV-F, or PIV5ASH-RSV-pF (DS-Cav1). The mice were challenged 28 days postimmunization with 106 PFU of
RSV/A/A2. Four (A) and 6 (B) days later, the lungs were harvested to assess the viral load by plaque assay in Vero cells. The
graphs present the average lung titer for four to five mice per group. Error bars represent the standard errors of the means.

Cotton rats were challenged at 28 days postimmunization with 1.21 X 10> PFU of
RSV/A/Tracy, which is 97% identical to RSV/A/A2. Immunization with the candidates
reduced the viral loads in the nasal wash fluid by 1.40 to 1.66 log,, PFU (Fig. 6A). The
viral loads in the lung lavage fluid were reduced by 2 to 3 log,, (Fig. 6B). There were
no statistically significant differences in the postchallenge viral loads between the
groups. Thus, all of the candidates were highly effective at inducing humoral immune
responses and protecting against RSV challenge. Furthermore, immunization with 102
PFU of PIV5ASH-RSV-pF was as effective as immunization with 103 PFU.

Evaluating the efficacies of wild-type F-expressing candidates using different
routes of administration. Since the DS-Cav1-expressing candidates were no more
effective than the wild-type F-expressing candidates at inducing RSV-specific immunity
and protection, we sought to evaluate the efficacies of PIV5-RSV-F (SH-HN) and
PIV5ASH-RSV-F in cotton rats using alternate routes of administration. Cotton rats were
intranasally or subcutaneously immunized with 10° PFU of the vaccine candidates. The
candidates were also administered subcutaneously at 106 PFU. A group intranasally
immunized with 10> RSV/A/A2 was used as a positive control for protection and safety.
Mice sham vaccinated with phosphate-buffered saline (PBS) intranasally or intramus-
cularly were used as negative controls for protection. An additional group vaccinated
with FI-RSV was included for comparison in safety studies. This group was intramus-
cularly vaccinated two times, with an interval of 28 days between the prime and boost
vaccinations being used.

Serum samples were collected at 28 and 49 days postimmunization for serology
studies. High levels of RSV-specific IgG antibodies were detected in all groups immu-
nized with the vaccine candidates, with the titers being comparable to those in the
RSV/A/A2-immunized group. The FI-RSV-immunized group had lower F-specific 1gG
titers overall, with antibody levels increasing between 28 and 49 days postimmuniza-
tion due to boosting. The antibody titers of the groups immunized with the vaccine
candidates were slightly higher at 28 days postimmunization than 49 days postimmu-
nization (Fig. 7A). The highest average neutralizing antibody titers were observed in the
group immunized with RSV/A/A2. Both PIV5-RSV-F (SH-HN) and PIV5ASH-RSV-F elicited
significant neutralizing antibodies when they were administered by both the intranasal
and subcutaneous routes. PIV5-RSV-F (SH-HN) administered intranasally or subcutane-
ously at 10> PFU induced similar levels of neutralizing antibodies. The subcutaneous
10°-PFU dose of PIV5-RSV-F (SH-HN) did not improve the neutralizing antibody re-
sponse. For the PIV5ASH-RSV-F candidate, 10> PFU induced slightly higher neutralizing
antibody titers when it was administered intranasally than when it was given via the
subcutaneous route. Increasing the subcutaneous dose of PIV5ASH-RSV-F to 10° PFU
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FIG 5 Humoral responses in cotton rats immunized with PIV5 or PIV5ASH expressing wild-type or prefusion RSV
F. Cotton rats were intranasally immunized with PIV5-RSV-F (SH-HN), PIV5-RSV-pF (DS-Cav1), PIV5ASH-RSV-F, or
PIV5ASH-RSV-pF (DS-Cav1). The groups received 102 or 103 PFU of the indicated vaccine virus. (A, B) Using serum
collected at 28 days postinfection, the levels of IgG antibodies against prefusion (A) or postfusion (B) RSV F were
measured by ELISA using chicken anti-cotton rat IgG conjugated to HRP. Serum neutralizing antibody titers against
RSV/A/Tracy were measured in serum samples collected at 28 days postinfection. (C, D) The neutralizing activity of
the serum samples against RSV/A/Tracy (C) and RSV/B/18537 (D) was measured. The neutralizing antibody titer was
defined as the reciprocal of the serum dilution at which there was a 50% reduction in the viral CPE. The graphs
present the geometric mean antibody titer for five cotton rats per group. Error bars represent 95% confidence
intervals.

induced slightly higher neutralizing antibody titers. Similar to the serum IgG titers, the
neutralizing antibody titers were higher at 28 days postimmunization than at 49
days postimmunization (Fig. 7B). Overall, 10> or 10 PFU of PIV5-RSV-F (SH-HN)
given subcutaneously induced similar antibody titers as 10> PFU administered
intranasally. Deletion of SH from the PIV5 backbone did not improve the humoral
response to RSV in cotton rats.

The cotton rats were intranasally challenged at 49 days postimmunization with 10°
PFU of RSV/A/A2. Nasal and lung tissues were collected at 5 days postchallenge to
determine the viral loads. No challenge virus was detected in the nasal tissues of
animals vaccinated with RSV/A/A2. Immunization with 105 PIV5-RSV-F (SH-HN) intrana-
sally or subcutaneously reduced the nasal viral loads by 3.5 log, o, and impressively, four
out of five cotton rats had no detectable virus in the nose. Increasing the subcutaneous
dose to 10° PFU did not improve protection. Remarkably, immunization with PIV5ASH-
RSV-F intranasally resulted in no detectable nasal viral load. Subcutaneous administra-
tion of the vaccine candidate PIV5ASH-RSV-F was less efficacious, reducing the nasal
viral loads by 1 to 2 log,,. As expected, sham-vaccinated animals or FI-RSV-vaccinated
animals had high viral loads in the nose (Fig. 8A). Animals immunized with PIV5-RSV-F
(SH-HN) by either the intranasal or subcutaneous route had no detectable virus in the
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FIG 6 Protection in cotton rats immunized with PIV5 or PIV5ASH expressing wild-type or prefusion RSV F. Cotton
rats were intranasally immunized with PIV5-RSV-F (SH-HN), PIV5-RSV-pF (DS-Cav1), PIV5ASH-RSV-F, or PIV5ASH-
RSV-pF (DS-Cav1). Groups received 102 or 103 PFU of the indicated vaccine virus. Animals were challenged with
1.21 X 10° PFU of RSV/A/Tracy at 28 days postimmunization. Four days later, the nose (A) and lungs (B) were
lavaged to determine the virus titer by plaque assay in HEp-2 cells. The graphs present the average lung titer for
five rats per group. Error bars represent the standard errors of the means.

lung, comparable to the findings for animals immunized with RSV/A/A2. Animals
immunized subcutaneously with PIV5ASH-RSV-F also had no detectable virus in the
lung. Only one out of five animals immunized intranasally with PIV5ASH-RSV-F had any
virus detected in the lung (2.5 log,, PFU/g). FI-RSV vaccination conferred modest
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FIG 7 Humoral responses in cotton rats immunized with PIV5 or PIV5ASH expressing wild-type RSV F
using different routes of administration. Cotton rats were immunized with RSV/A/A2, PIV5-RSV-F (SH-HN),
or PIV5ASH-RSV-F. Animals received 10° PFU intranasally (IN) or 10° to 10° PFU subcutaneously (SC), as
indicated. Animals vaccinated with FI-RSV were immunized intramuscularly (IM). (A) Serum samples from
day 28 postimmunization were diluted 1:500, and the anti-postfusion RSV F IgG level was measured by
ELISA. 1gG levels are shown as the absorbance at 450 nm. The graphs present the average IgG
measurement for five animals per group. Error bars represent the standard errors of the 95% confidence
intervals. (B) The titers of serum neutralizing antibody against RSV/A/A2 were measured. The neutralizing
antibody titer was defined as the reciprocal of the highest dilution at which there was a 60% reduction
in the viral CPE. The graphs present the geometric mean neutralizing antibody titer for five cotton rats
per group. Error bars represent the 95% confidence intervals.
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FIG 8 Protection in cotton rats immunized with PIV5 or PIV5ASH expressing wild-type RSV F using different routes
of administration. Cotton rats were immunized with RSV/A/A2, PIV5-RSV-F (SH-HN), or PIV5ASH-RSV-F. Animals
received 10° PFU intranasally or 10° to 106 PFU subcutaneously, as indicated. Animals vaccinated with FI-RSV were
immunized intramuscularly. Animals were challenged with 105 PFU of RSV/A/A2 at 49 days postimmunization. Five
days later, nose (A) and lung (B) tissues were harvested to determine viral loads by plaque assay in HEp-2 cells. The
graphs present the average nose and lung titers for five rats per group. Error bars represent the standard errors of

the means.

protection against lower respiratory tract infection (Fig. 8B). All of the PIV5-based
vaccine candidates provided robust upper and lower respiratory tract protection when
they given by both the intranasal and subcutaneous routes. The PIV5-RSV-F (SH-HN)
candidate appeared to be slightly more efficacious than the PIV5ASH-RSV-F candidate
when it was administered via the subcutaneous route, with the postchallenge nasal
titers for the 10°-PFU dose being significantly lower.

Evaluating the safety of wild-type F-expressing candidates using different
routes of administration. In addition to testing the efficacies of the vaccine candi-
dates, we examined their safety. Since the FI-RSV vaccine causes enhanced disease
postchallenge that can be recapitulated in cotton rats, we sought to determine
whether there was any evidence of enhanced disease caused by our vaccine candidates
(36). Since enhanced disease is associated with a Th2-biased immune response, cyto-
kine levels in lung tissues at 5 days postchallenge were measured by quantitative
real-time PCR (qPCR) (37). Specifically, the levels of IFN-v, interleukin-2 (IL-2), and IL-4
mMRNA were measured. IFN-y mRNA levels were the highest in the sham-immunized
and FI-RSV-immunized groups. IFN-y mRNA levels were similarly low between groups
immunized with the PIV5-based candidates and the RSV-immunized group (Fig. 9A).
IL-2 mRNA levels were similar in all groups, but the average IL-2 level in the FI-RSV-
immunized group was significantly higher than that in the other groups (Fig. 9B). The
IL-4 mRNA level was significantly elevated only in the FI-RSV-vaccinated group, con-
sistent with the histopathology results and the enhanced disease phenotype (Fig. 9C
and D).

Hematoxylin and eosin (H&E)-stained lung sections from the different groups were
examined for four hallmarks of pulmonary inflammation: peribronchiolitis, perivasculi-
tis, interstitial pneumonia, and alveolitis. Histopathology was scored on a severity scale
ranging from 0 to 4 and converted to a 0 to 100% scale. The largest lesions were
observed in the FI-RSV-immunized, RSV-challenged group. Pulmonary changes were
moderate in the groups immunized with PIV5-RSV-F (SH-HN) or PIV5ASH-RSV-F (intra-
nasally or subcutaneously), with the levels not exceeding those observed in the
RSV-immunized, RSV-challenged group or the sham-immunized, RSV-challenged group
(Fig. 9D). On the basis of the cytokine profile and the histopathology results, the
PIV5-based vaccine candidates did not appear to cause enhanced disease upon chal-
lenge with RSV.
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FIG 9 Postchallenge pulmonary cytokine levels and lung histology of cotton rats immunized with PIV5 or
PIV5ASH expressing wild-type RSV F. Cotton rats were immunized with RSV/A/A2, PIV5-RSV-F (SH-HN), or
PIV5ASH-RSV-F. Animals received 10° PFU intranasally or 10° to 106 PFU subcutaneously, as indicated. Animals
vaccinated with FI-RSV were immunized intramuscularly. Animals were challenged with 105 PFU of RSV/A/A2
at 49 days postimmunization. (A to C) At 5 days postchallenge, lung tissue was collected for RNA isolation and
gPCR. The levels of IFN-vy (A), IL-2 (B), and IL-4 (C) mRNA were normalized to the B-actin mRNA levels in each
sample. The graphs present the average relative mRNA levels for five rats per group. (D) At 5 days
postchallenge, the lungs were harvested and fixed in 10% neutral buffered formalin. Lung sections were
stained with hematoxylin and eosin. The sections were scored on a scale ranging from 0 to 4 for peribron-
chiolitis, perivasculitis, interstitial pneumonia, and alveolitis. The scores were then converted to a 0 to 100%
histopathology scale. The graphs present the average scores for five rats per group. Error bars represent the
standard errors of the means.

DISCUSSION

In this study, we characterized and evaluated recombinant PIV5-based RSV vaccine
candidates expressing wild-type or prefusion-stabilized RSV F in a PIV5 or PIV5ASH
backbone. The candidates were evaluated in mice and cotton rats for immunogenicity,
protection against RSV infection, and safety.
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Candidates with wild-type F expressed F as a mixture of the prefusion and postfu-
sion conformations, with a bias toward the postfusion conformation. Candidates with
DS-Cav1 expressed mostly prefusion RSV F. The deletion of SH slightly increased the
level of prefusion RSV F expression but did not appear to alter the ratio of prefusion and
postfusion RSV F expression. We consistently detected lower levels of DS-Cav1 than
wild-type F expression even when their insertion sites were the same. It is possible that
this lower level of DS-Cav1 expression resulted from the lower translation efficiency of
DS-Cav1 or a shorter half-life of DS-Cav1. Alternatively, the lower levels of DS-Cav1l
expression could have been due to the antibodies used. To determine the levels of RSV
F and DS-Cav1 expression (surface and total) in cells, we had to rely on monoclonal
antibodies. It is possible that these antibodies did not recognize DS-Cav1 in the same
way that they recognized wild-type F.

Recent studies have shown that antibodies against the prefusion conformation of
RSV F are responsible for the majority of the neutralizing activity (29). Therefore, we
initially hypothesized that candidates expressing the prefusion-stabilized F construct
DS-Cav1 would induce the best neutralizing antibody response. However, PIV5-RSV-F
(SH-HN), which expressed wild-type F, elicited the highest neutralizing antibody titers
in the mouse model. This virus induced similar levels of anti-prefusion F IgG but larger
amounts of anti-postfusion F IgG than the DS-Cavi-expressing counterpart. While
antibodies against prefusion F account for the majority of neutralizing activity, anti-
bodies against postfusion F are also important. Palivizumab and motavizumab, two
highly neutralizing antibodies against RSV F, recognize epitopes that are exposed in
both the prefusion and postfusion conformations (38, 39). The higher neutralizing
antibody titers in PIV5-RSV-F (SH-HN)-vaccinated mice may have been due to the
increased levels of anti-postfusion F antibodies, indicating that postfusion-specific
antibodies are protective. Regardless of the in vitro neutralizing antibody titers, all of
the PIV5-vectored vaccine candidates induced potent lower respiratory tract protection
against RSV challenge in mice.

The vaccine candidates were also evaluated in cotton rats, which are more permis-
sive to RSV infection and allowed examination of upper and lower respiratory tract
protection against challenge. All PIV5 or PIV5ASH candidates expressing prefusion or
postfusion RSV F were highly immunogenic and protective when administered via the
intranasal route. The greatest reductions in viral load were observed in the lower
respiratory tract, but the candidates also reduced the upper respiratory tract viral load.
However, modification did not appear to improve the reduction of the viral load in the
upper respiratory tract. Similar to the results of the mouse study, the prefusion
F-expressing candidates induced lower IgG titers against postfusion F than the other
candidates. Overall, there was no evidence of prefusion RSV F being more immuno-
genic or protective than wild-type RSV F in our PIV5-based vaccine candidates in the
mouse or cotton rat studies.

Liang et al. (33) recently published the results of studies examining the immuno-
genicity and efficacy of live attenuated chimeric bovine/human PIV3-vectored vaccines
expressing wild-type, prefusion, or postfusion RSV F. When evaluated in the hamster
model, vaccine candidates expressing prefusion F were no more immunogenic or
efficacious than candidates expressing wild-type F. The candidates expressing prefu-
sion F only induced higher in vitro neutralizing antibody titers in the absence of guinea
pig complement (GPC), leading the authors to conclude that these antibodies were
more potent (33). In our studies, antibodies from mice immunized with candidates
expressing prefusion F were only modestly neutralizing in the absence of guinea pig
complement, with an average neutralizing titer of 1:4 (data not shown). While these
titers were higher than those induced by wild-type F-expressing candidates under
these conditions, the biological relevance of these results is unclear since complement-
mediated host defense is active in the pulmonary environment. It is unlikely that
vaccine-induced antibodies will be expected to function in a complement-free system
(40). In the study of Liang et al.,, the prefusion F-expressing candidates outperformed
only candidates expressing postfusion F (33). For subunit vaccines that generally
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express only postfusion F, there is a rationale to develop a prefusion-stabilized F
mutant. However, for vectored vaccines that express wild-type F in both the prefusion
and postfusion conformations, there is little evidence that stabilized prefusion F is a
better antigen in our system. It is worth noting that our results may differ from those
of Liang et al. (33) due to the use of different animal models: we employed the mouse
and cotton rat models, whereas Liang et al. used the hamster model.

We also examined whether the PIV5ASH construct would induce better immunity
over wild-type PIV5 when used as a vaccine vector. Previous research has shown that
the deletion of SH from PIV5 improves the immunogenicity and efficacy of an intranasal
PIV5-based H5N1 influenza virus vaccine (21). In the current studies with RSV, the two
vectors performed similarly when administered via the intranasal route. When admin-
istered via the subcutaneous route, the wild-type PIV5 vector appeared to confer better
protection against RSV challenge. The discrepancies observed between the PIV5- and
PIV5ASH-vectored RSV and influenza virus vaccines may be due to both the route of
administration and the antigen that is being expressed. In the case of RSV, PIV5
expressing wild-type RSV F appears to be the best candidate for administration via the
subcutaneous route. Subcutaneous immunization with PIV5-RSV-F (SH-HN) was just as
effective as intranasal immunization. The subcutaneous route is particularly advanta-
geous for immunizing newborns because the problems associated with intranasal
vaccination and nasal congestion can be avoided. There was no evidence of enhanced
disease postchallenge in any of the cotton rats that received PIV5- or PIV5ASH-vectored
vaccines intranasally or subcutaneously. Therefore, our vaccines are safe and effective
candidates that can be adapted for various immunization routes.

All of the PIV5-based RSV vaccine candidates evaluated in this study were highly
immunogenic and safe and provided protection against RSV challenge. Expression of a
prefusion-stabilized RSV F antigen did not improve vaccine-induced immune responses
or protection, suggesting that the expression of wild-type F in live viral vectors may be
the best approach. Furthermore, the nature of the antigen and the route of adminis-
tration should be considered when making modifications to the PIV5 vector. The
findings from this study suggest that PIV5-RSV-F (SH-HN) and PIV5ASH-RSV-F are
promising vaccine candidates that can be administered intranasally or subcutaneously.

MATERIALS AND METHODS

Cells. Vero and HEp-2 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) plus 100 IU/ml penicillin and 100 ng/ml streptomycin (1% P/S;
Mediatech Inc., Manassas, VA, USA). MDBK cells were grown in DMEM containing 5% FBS and 1% P/S.
Cells were prepared 1 day prior to infection and achieved approximately 90% confluence by the
following day.

Plasmids and virus rescue. To obtain the DS-Cav1-coding sequence, the mutations described by
McLellan et al. were introduced into the wild-type F sequence from RSV/A/A2 by splicing by overlap
extension (31). The cDNA clones of PIV5 expressing RSV F or the DS-Cav1 mutant were constructed using
previously described methods (21, 26, 34). Primer sequences are available upon request. Infectious
viruses were rescued in BHK21 cells as previously described (26).

Viruses. Recombinant PIV5 or PIV5ASH isolates expressing RSV F or DS-Cav1 were propagated in
MDBK cells as previously described (26, 34). Briefly, MDBK cells were infected at a multiplicity of infection
(MOI) of 0.01 PFU per cell in DMEM and 1% bovine serum albumin (BSA). After adsorption for 1 to 2 h,
the inoculum was replaced with DMEM containing 2% FBS and 1% P/S. After 4 to 5 days of incubation
at 37°Cin 5% CO,, the cell medium was collected and centrifuged to remove the debris. The supernatant
was mixed with 0.1 volume of 10X sucrose-phosphate-glutamate (SPG) buffer, flash-frozen in liquid
nitrogen, and stored at —80°C.

The RSV/A/A2 strain used in the mouse studies was grown in Vero cells as previously described (26,
41). The RSV/A/Tracy and RSV/A/A2 strains used in the cotton rat studies were propagated in HEp-2 cells.
FI-RSV (lot number 100) was produced in the mid-1960s by Pfizer Inc. and was stored and used on-site
at Sigmovir, Inc.

IFAs. Direct and indirect immunofluorescence assays (IFAs) were performed to detect total RSV F,
prefusion RSV F, and postfusion RSV F in cells infected with the vaccine candidates. A549 cells seeded
onto coverslips were infected with the vaccine candidates. Forty-eight hours later, the cells were fixed
with 2% formaldehyde in phosphate-buffered saline (PBS) and immunostained with antibodies that
bound total RSV F (palivizumab, site Il specific), postfusion F (antibody 4D7, site | specific), and prefusion
F (antibody D25, site ¢ specific). Palivizumab and the D25 antibody were directly labeled with Zenon
Alexa Fluor 488 and Zenon allophycocyanin (APC) complexes, respectively, according to the manufac-
turer’s instructions (Thermo Fisher Scientific, Waltham, MA). The 4D7 antibody was indirectly labeled with

October 2017 Volume 91 Issue 19 e00560-17

Journal of Virology

jviasm.org 13


http://jvi.asm.org

Phan et al.

goat anti-mouse IgG conjugated to Cy3. Samples were permeabilized by adding 0.1% saponin to the
immunostaining buffers. The coverslips were mounted with ProLong Gold antifade reagent and imaged
using a Nikon A1R confocal microscope (Nikon Instruments Inc., Melville, NY).

Flow cytometry. A549 cells were infected with the vaccine candidates. Forty-eight hours later, the
cells were harvested with 10 mM EDTA and immunostained with palivizumab, D25, and 4D7 antibodies
conjugated to Zenon Alexa Fluor 488, Zenon phycoerythrin (PE), or Zenon APC. For surface staining, the
cells were immunostained and then fixed with 1% formaldehyde. For total staining, the cells were first
fixed and permeabilized with BD Cytofix/Cytoperm buffer followed by immunostaining. Since a single
cell can present both pre- and postfusion F, we determined the levels of protein expression based on the
percentage of RSV F-positive cells that were positive for prefusion RSV F, postfusion RSV F, or both. Flow
cytometry was performed using a BD LDR Il flow cytometer (Franklin Lakes, NJ).

Recombinant PIV5 growth curves. Six-well plates of Vero cells were infected with PIV5 or the
vaccine candidates at an MOI of 0.01 PFU per cell. After adsorption for 1 to 2 h at 37°C in 5% CO,, the
inocula were replaced with 2 ml of DMEM supplemented with 2% FBS and 1% P/S. One-hundred-
microliter samples of supernatant were collected at 0, 24, 48, 72, 96, and 120 h postinfection. Each sample
was mixed with 0.1 volume of 10X SPG buffer, flash-frozen in liquid nitrogen, and stored at —80°C. The
virus titers in the samples were quantified by plaque assay. There were three replicates for each virus.

Plaque assays. PIV5 plaque assays were performed as previously described (23). Briefly, 10-fold serial
dilutions were prepared in DMEM with 1% BSA. One hundred microliters of each dilution was transferred
to 6-well plates of BHK21 cells in a total infection volume of 1 ml. After adsorption for 1 to 2 h at 37°C
in 5% CO,, the inocula were aspirated and cell monolayers were overlaid with DMEM containing 10%
tryptose phosphate broth (TPB), 2% FBS, 1% P/S, and 1% low-melting-point agarose. After 5 days, the
cells were fixed with 2% formaldehyde, the overlays were removed, and the cells were stained with
crystal violet to visualize the plaques.

For mouse studies, RSV plaque assays were performed in Vero cells and plaques were visualized by
immunostaining with RSV F-specific antibody as previously described (26, 42). For cotton rat studies,
plaque assays were performed in HEp-2 cells and plaques were visualized by staining with crystal violet.

Mouse studies. All mouse studies were performed according to the protocols approved by the
Institutional Animal Care and Use Committee at the University of Georgia. Six- to 8-week-old female
BALB/c mice were anesthetized by intraperitoneal injection of 200 ul of 2,2,2-tribromoethanol in
tert-amyl alcohol (Avertin). The mice were intranasally immunized with 106 PFU of the vaccine candidates
or RSV/A/A2 in 100-ul volumes. Mice treated intranasally with 100 ul of PBS served as negative controls.
At 21 days postimmunization, serum samples were collected via cheek bleed. At 28 days postimmuni-
zation, the mice were challenged with 106 PFU of RSV/A/A2 in a 100-ul volume. At 4 and 6 days after
challenge, mice were humanely sacrificed and lungs were collected to determine the viral burden as
previously described (26, 42).

For ELISpot experiments, mice were sacrificed at 28 days postimmunization and spleens were
harvested for splenocyte isolation.

Cotton rat study 1: comparing PIV5-RSV-pF/F (SH-HN) and PIV5ASH-RSV-pF/F. All experiments
were performed in accordance with guidelines set forth by the National Institutes of Health and the
United States Department of Agriculture, using protocols approved by the Baylor College of Medicine
Investigational Animal Care and Use Committee. Thirty cotton rats (Sigmodon hispidus) were divided into
six groups consisting of 5 animals each. The animals were lightly anesthetized with isoflurane and
intranasally immunized with 103 PFU of PIV5-RSV-F, PIV5-RSV-pF, PIV5ASH-RSV-F, or PIV5ASH-RSV-pF in
100-pl volumes. An additional group was intranasally immunized with 102 PFU of PIV5ASH-RSV-pF.
Cotton rats treated with 100 ul of PBS served as negative controls. Serum samples were collected at 21
and 28 days after immunization and 4 days after challenge for serological studies. Animals were
challenged on day 28 with 1.21 X 10° PFU of RSV/A/Tracy in 100 ul. Four days later, the animals were
euthanized by CO, asphyxiation and the lungs and noses were lavaged to determine the viral burden.

Cotton rat study 2: comparing PIV5-RSV-F (SH-HN) and PIV5ASH-RSV-F safety and efficacy
using different routes of administration. Cotton rats were maintained and handled according to the
National Institutes of Health guidelines and protocols approved by the Sigmovir Institutional Animal Care
and Use Committee.

Fifty 6- to 8-week-old inbred female cotton rats were divided into 10 groups containing 5 animals
each. The animals were anesthetized and then immunized intranasally, subcutaneously, or intramuscu-
larly, as indicated in Fig. 7 to 9. Sham-vaccinated groups and the FI-RSV-vaccinated group were boosted
28 days after the primary immunization. All other groups received only a single dose on day 0. Serum
samples were collected 28 and 49 days after the primary immunization. Animals were also challenged on
day 49 with 105 PFU of RSV/A/A2. At 5 days after challenge, the cotton rats were euthanized by CO,
asphyxiation. Nasal tissue and the left lung section were harvested, homogenized in Hanks' balanced salt
solution (HBSS) and 10% SPG buffer, and used for virus titration. The right lung section was inflated with
10% formalin for histopathology. The lingular lung segments were flash frozen for RNA isolation and
qPCR.

Anti-RSV-F 1gG ELISA. Antibodies against prefusion and postfusion conformations of RSV F were
measured by indirect ELISA. Immulon 2HB 96-well microtiter plates were coated with 50 ul of purified
prefusion or postfusion RSV F at 2 ug/ml in PBS and incubated overnight at 4°C. The proteins were
expressed and purified as described previously (43). After the plates were blocked in blocking buffer for
1 h (3% nonfat dry milk dissolved in PBS containing 0.05% Tween 20 [PBST]), 2-fold serial dilutions of
serum were made in blocking buffer. One hundred microliters of each dilution was transferred to the
plates and the plates were incubated for 2 h at room temperature. The plates were washed with PBST,
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and 50 ul of diluted secondary antibody (horseradish peroxidase [HRP]-conjugated goat anti-mouse IgG
or HRP-conjugated chicken anti-cotton rat IgG; 1:2,500) was added to each well, followed by incubation
for 1 h at room temperature. The plates were washed and developed with 100 ul/well of SureBlue
Reserve tetramethylbenzidine (TMB) substrate at room temperature. The reaction was stopped with 100
wul/well of 1 N HCI after 5 to 7 min. The optical density (OD) at 450 nm was read using a BioTek Epoch
microplate reader. The endpoint antibody titer was defined as the highest serum dilution at which the
OD was greater than 2 standard deviations above the mean OD for the naive serum.

For cotton rat study 2, ELISA plates were coated with purified RSV F protein extracted from
RSV/A/A2-infected HEp-2 cells. The plates were blocked, washed, and then incubated with 4-fold serial
dilutions of serum for 1 h at room temperature. The plates were then incubated with rabbit anti-cotton
rat 1gG (1:4,000) for 1 h at room temperature, followed by incubation with HRP-conjugated goat
anti-rabbit 1gG (1:4,000) for 1 h at room temperature. The plates were developed with TMB substrate for
15 min, and the reaction was stopped with TMB-Stop solution. The optical density at 450 nm was read.

Neutralization assays. (i) Mouse study: plaque reduction assay. Mouse neutralizing antibody titers
were determined by plaque reduction assay. Serum samples were heat inactivated at 56°C for 30
min. Twofold serial dilutions of samples were prepared in Opti-MEM | medium supplemented with
2% FBS, 1% P/S, and 5% guinea pig complement (GPC). The samples were incubated with 150
PFU/25 pl of RSV/A/A2 for 1 h at 37°C in 5% CO,, transferred to Vero cell monolayers, adsorbed for
1 h, and overlaid with 0.8% methylcellulose medium. After incubation for 7 days, the cells were fixed
in 60% acetone-40% methanol and immunostained to visualize the plaques. The neutralizing
antibody titers were defined as the highest serum dilution at which 50% neutralization of the input
virus control was achieved.

(ii) Cotton rat study 1: microneutralization assay. Cotton rat neutralizing antibodies from study 1
were determined by microneutralization assay. Twofold serial dilutions of heat-inactivated serum were
incubated with RSV/A/Tracy or RSV/B/18537, transferred to HEp-2 cell monolayers, and incubated at 37°C
in 5% CO,. The cells were fixed with 10% neutral buffered formalin and stained with crystal violet to
visualize the cytopathic effect. The neutralizing antibody titer was defined as the highest serum dilution
at which a 50% reduction in the cytopathic effect (CPE) was observed.

(iii) Cotton rat study 2: plaque reduction assay. Cotton rat neutralizing antibody titers from study
2 were measured by plaque reduction assay. Fourfold dilutions of heat-inactivated serum were incubated
with 25 to 50 PFU of RSV/A/A2 for 1 h at room temperature. Serum-virus mixtures were transferred to
HEp-2 cell monolayers, adsorbed for 1 h, and overlaid with 0.75% methylcellulose medium. After 4 days
at 37°C in 5% CO,, the cells were fixed and stained with crystal violet to visualize the plaques. The
neutralizing antibody titer was determined at the 60% reduction endpoint of the virus control using the
statistical program plgard.manual.entry.

ELISpot assay. At 28 days postimmunization, spleens were harvested from the mice and pressed
through 70-um-mesh-size strainers into HBSS to isolate splenocytes. The cells were collected by
centrifugation, treated with red blood cell lysis buffer (0.15 M NH,CI, T M KHCO,, 0.1 mM Na,EDTA [ACK
buffer]), washed with HBSS, and resuspended in complete tumor medium (CTM).

The BD mouse IFN-y ELISpot assay set was used to measure IFN-y-secreting splenocytes from
vaccinated mice. One day prior to performing the assay, ELISpot assay plates were activated with 70%
ethanol, washed with water, and coated with capture antibody overnight at 4°C. The next day, the plates
were washed and blocked with CTM for at least 2 h at room temperature. The blocking solution was
discarded, and peptides were added to the wells (200 ng of peptide/50 wl of CTM/well). The peptides
used were RSV F (amino acids 85 to 93) and GFP (amino acids 200 to 208). Phorbol myristate acetate
(PMA)-ionomycin was used to nonspecifically stimulate the cells. Cells (2.5 X 10° cells/50 ul) were added
to each well, and the plates were incubated for 48 h at 37°C in 5% CO,. The plates were then
immunostained according to the manufacturer’s instructions, and the spots were enumerated using an
ImmunoSpot analyzer.

Quantitative real-time PCR (qPCR). Total RNA was extracted from lung tissue using an RNeasy kit
(Qiagen). To prepare cDNA, 1 ug of total RNA was combined with SuperScript Il reverse transcriptase
(Invitrogen) and oligo(dT) primer. Real-time PCR mixtures were prepared using Bio-Rad iQ SYBR green
supermix and 0.5 uM primer. The reactions were run on a Bio-Rad iCycler instrument, and baseline cycle
and cycle threshold (C;) values were calculated using the PCR baseline-subtracted curve fit mode of iQ5
software. Quantitation of the relative amount of DNA was applied to all samples. Standard curves were
generated using serially diluted cDNA that had the highest levels of the transcript of interest. C; values
were plotted against the log,, cDNA dilution factor. The standard curves were used to convert the C;
values from the experimental samples to relative expression units. The relative expression units were
then normalized to the level of B-actin mRNA in the corresponding sample.

Histology. Lungs were dissected, inflated with 10% neutral buffered formalin, and then immersed in
the same fixative. The lungs were then embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (H&E). Peribronchiolitis, perivasculitis, interstitial pneumonia, and alveolitis were scored in a
blind fashion on a severity scale ranging from 0 to 4. The scores were then converted to a 0 to 100%
histopathology scale.

Statistics. Statistical analysis was performed using GraphPad Prism software (version 6 for
Macintosh; GraphPad Software, La Jolla, CA). Analysis of variance (ANOVA) followed by Tukey
multiple-comparison tests were used to analyze the level of RSV F expression, antibody titers, and
challenge viral loads.
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