
Frontiers in Immunology | www.frontiersin.

Edited by:
Rong Hai,

University of California, Riverside,
United States

Reviewed by:
Zhi Huang,

Jinan University, China
Qinshan Gao,

Merck, United States

*Correspondence:
Jingxin Cao

Jingxin.cao@phac-aspc.gc.ca
Xuguang Li

sean.li@canada.ca

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Vaccines and Molecular Therapeutics,
a section of the journal

Frontiers in Immunology

Received: 26 July 2021
Accepted: 27 August 2021

Published: 17 September 2021

Citation:
Russell MS, Thulasi Raman SN,

Gravel C, Zhang W, Pfeifle A,
Chen W, Van Domselaar G,

Safronetz D, Johnston M, Sauve S,
Wang L, Rosu-Myles M, Cao J and
Li X (2021) Single Immunization of a

Vaccine Vectored by a Novel
Recombinant Vaccinia Virus

Affords Effective Protection Against
Respiratory Syncytial Virus
Infection in Cotton Rats.

Front. Immunol. 12:747866.
doi: 10.3389/fimmu.2021.747866

ORIGINAL RESEARCH
published: 17 September 2021

doi: 10.3389/fimmu.2021.747866
Single Immunization of a Vaccine
Vectored by a Novel Recombinant
Vaccinia Virus Affords Effective
Protection Against Respiratory
Syncytial Virus Infection in
Cotton Rats
Marsha S. Russell 1†, Sathya N. Thulasi Raman1†, Caroline Gravel1, Wanyue Zhang1,2,
Annabelle Pfeifle1,2, Wangxue Chen3, Gary Van Domselaar4, David Safronetz4,
Michael Johnston1,5, Simon Sauve1, Lisheng Wang2, Michael Rosu-Myles1,2,
Jingxin Cao4* and Xuguang Li1,2*

1 Centre for Biologics Evaluation, Biologic and Radiopharmaceutical Drugs Directorate, Health Products and Food Branch
(HPFB), Health Canada and WHO Collaborating Center for Standardization and Evaluation of Biologicals, Ottawa, ON,
Canada, 2 Department of Biochemistry, Microbiology and Immunology, Faculty of Medicine, University of Ottawa, Ottawa,
ON, Canada, 3 National Research Council of Canada, Human Health Therapeutics, Ottawa, ON, Canada, 4 National
Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, MB, Canada, 5 Department of Chemistry, Carleton
University, Ottawa, ON, Canada

Respiratory syncytial virus (RSV) is a leading cause of respiratory infections worldwide and
disease management measures are hampered by the lack of a safe and effective vaccine
against the infection. We constructed a novel recombinant RSV vaccine candidate based
on a deletion mutant vaccinia virus platform, in that the host range genes E3L and K3L
were deleted (designated as VACVDE3LDK3L) and a poxvirus K3L ortholog gene was
used as a marker for the rapid and efficient selection of recombinant viruses. The safety of
the modified vaccinia virus was investigated by intranasal administration of BALB/c mice
with the modified vaccinia vector using a dose known to be lethal in the wild-type Western
Reserve. Only a minor loss of body weight by less than 5% and mild pulmonary
inflammation were observed, both of which were transient in nature following nasal
administration of the high-dose modified vaccinia virus. In addition, the viruses were
cleared from the lung in 2 days with no viral invasions of the brain and other vital organs.
These results suggest that the virulence of the virus has been essentially abolished. We
then investigated the efficiency of the vector for the delivery of vaccines against RSV
through comparison with another RSV vaccine delivered by the widely used Modified
Vaccinia virus Ankara (MVA) backbone. In the cotton rats, we found a single intramuscular
administration of VACVDE3LDK3L-vectored vaccine elicited immune responses and
protection at a level comparable to the MVA-vectored vaccine against RSV infection.
The distinct features of this novel VACV vector, such as an E3L deletion for attenuation
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and a K3L ortholog for positive selection and high efficiency for vaccine delivery, could provide
unique advantages to the application of VACV as a platform for vaccine development.
Keywords: vaccine, antibodies, vaccinia, virus, vector, respiratory syncytial virus
INTRODUCTION

Respiratory syncytial virus (RSV) infections are the most common
cause of severe respiratory disease in infants and was attributable
to 33.1 million cases of Acute Lower respiratory tract infections
worldwide in 2015 (1). Even though the burden of RSV disease on
the world population is well documented, there is still a lack of safe
and effective vaccines against this disease. The absence of a safe
and effective prophylactic treatment, in spite of decades of
research, necessitates studies on the understanding and
characterization of different platforms that can be used for RSV
vaccine development. One of the promising platforms is Vaccinia
virus (VACV) vector backbone for delivery of foreign antigens.
Their large capacity for packaging heterologous DNA and wide
usage in smallpox vaccination campaigns have established them as
an ideal candidate for the construction of vaccines against a wide
variety of pathogens (2).

While VACV has a long history of usage in the smallpox
eradication campaign, it is not without serious adverse events.
Smallpox vaccination has been recorded to cause serious adverse
events such as post vaccinial central nervous system disease,
progressive vaccinia, fetal vaccinia and Eczema vaccinatum
(3–5). As a result, the first generation of VACV strains used in
the smallpox vaccination campaign are not suitable for
contemporary vaccine development and several attenuated
strains have been developed for this purpose (6). One of the
well-researched strain used for the purpose of vaccine design is
Modified Vaccinia virus Ankara (MVA), which is a non-
replicating VACV that was attenuated by passaging over 500
times in Chicken Embryo Fibroblasts (CEF) (7). Because of
successive repeated passaging in avian cells the MVA strain
lost approximately 15% of its genome and thereby does not
replicate in human cells (8). Many of the modern studies on
VACV-vectored cancer and infectious disease vaccines utilize the
MVA strain as the backbone due to its non-replicating nature
and improved safety profile compared to early VACV strains (2,
9, 10). However, non-replicating poxviruses such as MVA are
not as immunogenic or protective as replicating poxviruses in
protecting against an Orthopoxvirus challenge (11).
Additionally, replicating poxviruses afford better protection
and immunogenicity as vaccine vectors, when compared to
non-replicating viruses (12–14). Therefore, different replicating
and non-replicating vaccinia virus based platforms are valuable
for vaccine development and research.

Previously it has been shown that deletion of the host range
gene E3L from vaccinia virus would render the virus highly
attenuated and also more potent at inducing innate immune
responses, such as type-1 interferon response (15–18). More
recently, we have described a fast, highly efficient and cost-
effective method to construct recombinant VACV by combining
org 2
the deletion of the host range gene E3L and swap of another
VACV host range gene K3L with a poxvirus K3L ortholog gene
(19). Since the E3L deletion mutant VACV is more potent at
inducing innate immune responses and is highly attenuated, this
platform has the potential to be used for the generation of
recombinant vaccines, in particular against the pathogens to
which efficacious vaccines remain elusive, such as RSV.

The RSV genome encodes 11 proteins, 3 of which are
displayed on the viral envelope namely the small hydrophobic
(SH) protein, the Major surface glycorprotein G and the Fusion
glycoprotein F (20). While both F and G proteins can elicit
neutralizing antibodies, the majority of the vaccines currently
under clinical development target the F protein (21). The reasons
for this preference include the following: 1) F protein is essential
for virus entry (22); 2) Unlike the G protein, F protein is highly
conserved among different strains of RSV (22); 3) it is well
established that a monoclonal antibody directed against the F
protein (palivizumab) can reduce severe disease in high-risk
infants (23, 24).

In this communication, we report the development of a novel
experimental RSV vaccine encoding the RSV-F gene, delivered
using a modified Western reserve (WR) strain with E3L and K3L
deletions (WR-RSVF). The immune responses and the protective
efficacy of the WR-RSVF was evaluated in a cotton rat model of
RSV infection.
MATERIALS AND METHODS

Animals and Ethics Statement
Six to seven week old female cotton rats were obtained from
Envigo, Somerset, N.J., USA. Six to eight week old female Balb/c
mice were obtained from Charles River, Senneville, Quebec,
Canada. All animal procedures were approved by the Animal
Care Committee in Health Canada, Ottawa and performed in
accordance with institutional guidelines.

Cells and Viruses
RSV A2 strain (ATCC VR-1540, Manassas, Va) was propagated
in HEp-2 cells (ATCC CCL-23, Manassas, Va) cultivated in
growth media as previously described (25). Briefly, after
absorption with a multiplicity of 0.02, cells were cultured in
serum-free medium until 80% cytopathic effect was reached.
Culture media and cells were harvested, lysed by two cycles of
freeze/thaw, centrifuged, and filtered. The resulting supernatant
was centrifuged at 62,000 ×g for 30 min at 4°C on a 30% sucrose
cushion and the resulting pellet was resuspended in HBSS with
25 mM HEPES buffer.

Dr. Bernard Moss at the National Institutes of Health kindly
provided recombinant MVA viruses expressing the RSV F protein
September 2021 | Volume 12 | Article 747866
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and ‘Empty’ virus (26). The virus stock was prepared on chicken
embryo fibroblasts (CEF) cells and purified on a sucrose cushion
as described previously (27). The resulting virus was
immune-titrated on DF-1 cells with Rabbit Anti-Vaccinia Virus
Polyclonal Ab from Thermo (Cat# PA17258) as the primary
antibody followed by the secondary antibody, ECL Donkey
Anti-Rabbit HRP (Amersham Cat#NA934V) and DAB
substrate detection.

The VACVDE3LDK3L based on the Western Reserve strain
(WR) was described previously (19) and was propagated in
HeLaPKRko cells cultivated in growth media (Dulbecco’s
Modified Eagle Medium supplemented with 1.5 g/L sodium
bicarbonate, 2 mM Glutamax, 25 mM HEPES, 20 U/ml
Penicillin, 0.02 mg/ml Streptomycin, and 10% FBS). The
recombined progeny virus containing the gene of interest are
selected and propagated on BHK21 cells, which are cultivated in
the same growth media as the parental strain.

RK13 cells were used for viral titration of recombinant VACV
virus. RK13 cell-line was obtained from ATCC (ATCC CCL-37,
Manassas, Va) and cultivated in the same growth media as the
HeLaPKRko cells above.

Generation of Recombinant Vaccinia Virus
The full length of RSV-A2 F gene (GenBank accession
#KJ155694.1) as a secreted form with the inclusion of 23
amino acids from the human tyrosinase signal peptide
(MLLAVLYCLLWSFQTSAGHFPRA; GenBank accession
#AH003020) at the N-terminus (VV-WR-RSVF) driven by
VACV mH5 promoter (28) was synthesized by BioBasic
(Toronto, Canada). This RSVF gene was fused between the
right and left flanking regions containing the poxvirus K3L
ortholog taterapox virus 037 (TATV037) using overlapping
PCR with Phusion High-Fidelity DNA Polymerase (Life
Technologies) and the following primers - 5’-TACGCTAC
TATACCGGCATT-3’, 5’-GGATCAGCATCTGGTACAAT-3’.
A corresponding Empty viral vector backbone was also
included (VV-WR-Empty).

Recombinant VACV was generated as previously described
(19). Briefly, the recombinant shuttle vector DNA was
transfected (Attractene, QIAGEN) into the parental virus
(VACVDE3LDK3L)-infected HeLa/PKRko cells. Following 48
hours of incubation, the virus was harvested and passaged
twice in BHK21 cells. Since the parental VACVDE3LDK3L
carries EGFP gene and the mCherry gene in the E3L and K3L
locus respectively; and insertion site for the RSVF gene was the
K3L locus, the stable recombinant virus was plaque purified by
selecting plaques expressing only EGFP.

The selected recombinant VACV expressing RSVF was
amplified in BHK21 cells, partially purified through 35%
sucrose cushion, and the titre was determined on RK13 cells
using standard plaque assay. For titration, serial dilutions of the
virus were incubated on RK13 cells for 2 hours at 37°C. A 1:1
overlay of 2× DMEM media with 4% FBS and 0.8% agarose was
added. Following 3 days of incubation, the overlay was removed
and the cell monolayer was stained with crystal violet before
counting plaques.
Frontiers in Immunology | www.frontiersin.org 3
Immunization and Infection
For challenge studies, on day 0, VV-WR-RSVF, VV-WR-Empty,
VV-MVA-RSVF, VV-MVA-Empty at 1 × 107 PFU or PBS as an
additional control were injected intramuscularly into the cotton
rats at a volume of 100µl, with 5 cotton rats per treatment group.
On day 21, all animals were challenged intranasally with RSV-A2
at 1 × 106 PFU. Five days post-challenge, the animals were
sacrificed (Figure 3B). Lungs from the same animal were used
for viral titration as well as histology. To accomplish this, the
right lobe was used for virus titration and the left lobe was fixed
in 10% neutral buffered formalin (Sigma) under 25 cm of water
pressure. The blood was obtained via abdominal aorta bleed. The
nose was aseptically removed into 300µl HEp-2 growth media
and snap frozen in liquid N2 for viral load determination.

For safety assessment, on day 0, VV-WR-Luc, was
administered intranasally into Balb/c mice at 1 × 106 PFU in
25µl volume, divided evenly between nares. On day 2, day 7, day
14, and day 21, mice were sacrificed (Figure 1B) at 5 animals per
time point and the lungs, trachea, and brain were collected. The
lungs from the same animal were used for transgene expression
evaluation as well as histopathology assessment. To accomplish
this, the right lobe was used for transgene expression evaluation
and the left lobe was fixed in 10% neutral buffered formalin
(Sigma) under 25 cm of water pressure. The right lung lobe,
trachea, and brain were snap frozen in liquid N2 for transgene
expression determination.

Histopathology
For the challenge study in cotton rats, five days post RSV
challenge, the left lobe of the lung was collected as described
above and fixed in 10% neutral buffered formalin. Four
transverse sections at different levels of the lobe were trimmed,
processed, embedded into paraffin blocks, and microtomed to
produce four-micron sections, which were stained with
Hematoxylin and Eosin (H&E) for evaluation. Scoring was
done by a certified veterinary pathologist who was blinded to
the experimental design. A numeric scale (0-5) was employed to
grade lung lesion severity where 0 means lesion not present;
1 means minimal; 2 means mild; 3 means moderate; 4 means
marked; and 5 means severe. Total pathological score was
calculated as the average of the individual scores. Bronchiolar
epithelial hyperplasia denotes thickening of the epithelium by
multiple layers of cells and follows loss of the epithelium.

For the safety assessment in mice, the same procedure as
above was used at each necropsy time point outlined in
Figure 1B. Samples were processed and scored in a similar
manner as well.

Lung and Nose Viral Titration
Tissue for lung viral titration was obtained as described above and
performed as previously described (25). Briefly, half the lung was
weighed, homogenized and serial dilutions were performed on
HEp-2 cells in 6-well plates for 2 h at 37°C. The virus inoculum
was removed and the monolayer was overlaid with a 1:1 mixture
of HEp-2 growth medium and 0.8% SeaKem ME agarose (Lonza
RocklandME). After incubation for 7 days at 37°C, 5%CO2, plates
September 2021 | Volume 12 | Article 747866
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were stained with crystal violet (Sigma-Aldrich) and plaques
were quantified.

Tissue for nose viral titration was obtained as described
above. The nasal tissue was homogenized using a chilled tissue
grinder in the HEp-2 growth media it was frozen in and then
plaque assayed as above.

Enzyme Linked Immunosorbent
Assay (ELISA)
Serum from immunized and challenged cotton rats were
collected for determination of IgG levels as previously
described (25) with modifications. Ninety six-well plates were
coated with 0.5ug/ml recombinant F protein (Sino #11049-
V08B) overnight at 4°C in carbonate buffer. Next day, the
plates were washed and blocked with 3% BSA in PBS
containing 0.05% Tween 20 for 1 h at 37°C. Serial dilutions of
the cotton rat serum in blocking buffer were then added for 1 h at
37°C. After washing, HRP-conjugated goat anti-mouse IgG HRP
(Southern Biotech Cat#1030-05) diluted in blocking buffer at
1:5,000 was added for 1 h at 37°C. Following a subsequent wash,
Tetramethylbenzidine substrate (Cell Signaling Technology) was
added and the reaction was then stopped with 0.16 M sulfuric
acid. The plates were read spectrophotometrically at 450 nm.

RSV Microneutralization and ADCC Assay
RSV-neutralizing ability of the serum from immunized and
challenged Cotton Rats was determined as previously described
(25, 29). Briefly, serial dilutions of the serum were incubated with
Frontiers in Immunology | www.frontiersin.org 4
RSV-A2 for 1 hour at 37°C and 5% CO2. The diluted serum were
added to HEp-2 cells, which were seeded the previous day and
incubated at 37°C. Three days later, the cells were fixed with ice-
cold methanol and blocked with 5% non-fat dry milk in PBS
containing 0.1% Tween 20 for 2 hours at 37°C. Then, the plates
were washed and a HRP-conjugated anti-RSV antibody (Meridian
Life Science) was added for 1 hour at 37°C. After a subsequent
wash, Tetramethylbenzidine substrate (Cell Signaling Technology)
was added and the reaction was stopped with 0.16M sulfuric acid.
The plates were read spectrophotometrically at 450 nm.

The ADCC activities of the serum Abs were measured with
the Promega ADCC Reporter Bioassay (Promega, G7102,
Madison, WI, USA) according to the manufacturer’s
instructions. It has been shown that the mouse FcgRIV
receptor is closely related to hamster FcgRIV receptor (30).
Given that hamsters and cotton rats are within the Cricetidae
family, we postulated that cotton rat serum antibodies would be
able to bind and activate the FcgRIV receptor on the mouse
reporter cells used in this bioassay.

Briefly, 20,000 HEp-2 cells were seeded in a white clear
bottom 96-well plate. The next day, the cells were infected with
RSV-A2 at a multiplicity of 5 and incubated for 15-20 hours at
37°C, 5% CO2. The following day, the serum was heat-
inactivated at 56°C for 30min and serially diluted in a 96-well
round bottom plate. The reporter cells were then added to the
diluted serum at 100,000 cells/well. The media was removed
from the infected HEp-2 cells and the serum/reporter cell
mixture was added to the RSV infected HEp-2 cells. This was
A

B

C D

FIGURE 1 | Vaccinia vectored construct and intranasal inoculation regimen for virulence assessment. (A) Schematic representation of the WR vaccinia virus
construct VV-WR-Luc expressing the firefly luciferase gene. The luciferase protein transgene is under the control of the mH5 promoter, mH5.P. This sequence is
flanked by the K3L ortholog regions. (B) Schematic diagram of the intranasal inoculation and necropsy timeline. (C, D) Intranasal administration of VV-WR-Luc results
in minor transient weight loss and localized transgene expression. Balb/c mice were intranasally administered 106 PFU of the VV-WR-Luc construct or sham and
daily bodyweights were measured. Mice were necropsied at day 2, day 7, day, 14, and day 21 with n = 5 mice per timepoint per group. (C) % change in body weight
compared to day 0 and (D) Transgene expression in the lungs expressed as Relative Luminescence Units (RLU)/mg of tissue is shown. Brain and trachea not shown.
September 2021 | Volume 12 | Article 747866
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incubated for 4 hours and 45 minutes at 37°C, 5% CO2 at which
time the plate was moved to room temperature for 15 minutes to
acclimate before adding the Bio-Glo luciferase buffer. After
2 minutes, the luminescence reading was measured.

Quantification of Transgene Expression
in Organs
Transgene expression was evaluated in the lungs, trachea, and
brain of mice. 1ml of GLO lysis buffer (Promega E2661) was added
for every 50mg tissue to organs that were snap frozen at necropsy.
After homogenization, and incubation at room temperature for
10 minutes, lysates were frozen again for downstream processing.
Frozen lysates were thawed and clarified by centrifugation.
Cleared lysates were then mixed 1:1 with GLO lysis reagent in
white plates. Luminescence was read after 5 mins and expressed as
Relative Luciferase Units (RLU)/mg of tissue.

Statistical Analysis
Analysis was conducted using non-parametric unpaired t-test
where appropriate. Tests were done at a 5% significance level. All
statistical analyses were performed using GraphPad Prism
7 software.
RESULTS

Novel Vaccinia WR Backbone Is Avirulent
in Mice
We first investigated the safety and biodistribution of the
modified virus. To this end, the attenuation or abolishing of
the virulence of the virus were evaluated in BALB/c mice using a
dose that is known to be lethal to the animals when wild type
(unmodified Western Reserve strain, WT-WR) is injected
intranasally. Specifically, intranasal infection of Wild Type
(WT) WR virus is highly lethal with a 50% lethal dose of 104.5

pfu/mouse in Balb/c mice (31–34). It causes severe acute disease
with high replication titers in the lungs resulting in systemic
spread of the virus to various organs including the brain.
Additionally, WT-WR virus also causes severe weight loss and
pathology in lungs. Therefore, we first assessed the virulence of
the novel WR Vaccinia virus backbone used in this study by
assessing body weight loss, lung histopathology and bio-
distribution in Balb/c mice. For this purpose, a VACVDE3L/
TATV037 virus expressing a luciferase gene was constructed
(VV-WR-Luc) (Figure 1A). The mice were inoculated
intranasally with VV-WR-Luc virus at a dosage of 106 PFU/
mouse, a dose that is normally lethal with WT-WR via intranasal
administration. Body weight was measured every day until 21
days post infection (dpi) and groups of mice were necropsied at
days 2, 7, 14 and 21 post infection in order to assess lung
pathology and tissue distribution (Figure 1B). The mice
experienced minor transient weight loss of less than 5% and
recovered quickly after 5 dpi attaining a weight similar to the
control uninfected mice on day 21 (Figure 1C). Next, to assess
the bio-distribution of the recombinant WR vector in the target
organs of the lungs, trachea and brain, we assessed the expression
levels of luciferase in these organs from mice necropsied at
Frontiers in Immunology | www.frontiersin.org 5
various time points (Figure 1D). Luciferase transgene
expression was transiently observed on day 2 post infection in
the lungs, and was not detected thereafter at later time points.
Additionally, no luciferase expression was observed in the brain
and trachea at any of the days tested. Histopathological analysis
of lungs showed moderate to minimal severity in the vasculature
(Figure 2A), mild to minimal severity in the bronchioles
(Figure 2B) and minimal severity in the alveoli (Figure 2C)
on 2 days post infection at the 106 PFU dosage. The pathological
severity was highest on day 2 post infection and steadily
decreased thereafter. Notably, the lung pathology was similar
to the uninfected control on days 14 and 21. While a standard
full toxicological assessment was not conducted, these
preliminary results suggest that the modified WR-VACV is
substantially attenuated.

WR-RSVF Induced Robust Antibody
Responses in Cotton Rats
We first assessed the WR-RSVF-induced RSV-F-specific antibody
responses. To this end, four recombinant VACVwere used for this
purpose: VACVDE3L/TATV037 (VV-WR-Empty), VACVDE3L/
TATV037/RSVF (VV-WR-RSVF), MVA (VV-MVA-Empty), and
MVA/RSVF (VV-MVA-RSVF) (Figure 3A). As described in
Figure 3B, the protection study in cotton rats involved a single
intramuscular vaccination regimen, with intranasal challenge of
RSV-A2 virus 3 weeks after vaccination and necropsy for tissue
collection performed 5 days post viral challenge.

Antibody-mediated immune responses play a vital role in
protection against RSV infection (35, 36). Therefore, we first
evaluated antibody responses using serum collected at necropsy,
5 days post challenge with RSV-A2. As shown in Figure 4A, both
WR-RSVF and MVA-RSVF vaccines induced similar levels of
robust RSV-F specific total IgG in the serum of vaccinated
animals, when compared to WR-Empty and MVA-Empty
vaccine vectors. Additionally, the levels of neutralizing
antibodies elicited by vaccination and challenge were also
similar in the case of both the RSVF vaccines, while the
antibodies from the sera of animals vaccinated with vector
alone had no detectable neutralizing activity (Figure 4B).
Moreover, as antibody dependent cellular cytotoxicity (ADCC)
is a critical component of the immune response during viral
infections and RSV-specific Immunoglobulin (Ig) G antibodies
have been shown to induce ADCC on RSV-infected cells (37, 38),
we determined the ADCC activity induced by our vaccines. Since
Fcg receptors (FcgR) are the predominant receptors mediating
ADCC, we utilized a bio-luminescent reporter assay to assess the
FcgR binding ability of serum antibodies generated in response to
vaccination and challenge. As shown in Figure 4C, serum
antibodies elicited from both WR and MVA VACV vectored
RSVF vaccines demonstrated comparable ADCC activity at a
level significantly higher than the empty vector group.

WR-RSVF Induced Effective Protection
Against RSV Infection
RSV is known to replicate efficiently in both upper and lower
respiratory tracts of cotton rats (39). We tested whether WR-
RSV vaccination protected against RSV infection by evaluating
September 2021 | Volume 12 | Article 747866
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lung and nasal viral loads in RSV-infected animals. Both WR-
RSVF and MVA-RSVF vaccinations significantly reduced viral
loads in lungs and nose when compared to PBS treated and
empty vector vaccinated animals (Figure 5). Additionally, both
vaccines reduced viral load to a similar level in RSV-infected
animals. While bronchiolitis was minimal to non-existent, RSV
infection did cause very mild alveolitis and moderate epithelial
hyperplasia in cotton rats. Although vaccination did not have
any effect on bronchiolitis and alveolitis, both WR-RSVF and
Frontiers in Immunology | www.frontiersin.org 6
MVA-RSVF were effective in completely abrogating RSV-
induced epithelial hyperplasia (Figure 6).
DISCUSSION

Vaccinia, best known for its role in the vaccination campaign to
eradicate smallpox, is a widely used viral vector for expression of
foreign genes. Due to its excellent safety profile, MVA is the most
A

B

C

FIGURE 2 | Intranasal administration of VV-WR-Luc causes transient and mild pathology in the lungs. Balb/c mice were intranasally administered 106 PFU of the
VV-WR-Luc construct or sham and necropsied at day 2, day 7, day, 14, and day 21 with n = 5 mice per time point per group. The left lobe of the lung was
evaluated for histopathological changes. The Pathological scoring of the vasculature (A), bronchiolar (B), and alveolar (C) compartments of the lungs are shown.
A

B

FIGURE 3 | Vaccinia vectored constructs and vaccination regimen. (A) Schematic representation of the WR and MVA vaccinia virus constructs. Both VV-WR-RSVF
and VV-MVA-RSVF express the full length RSV F protein. The VV-WR-RSVF F protein transgene is preceded by a secretion signal, S and is under the control of the
mH5 promoter, mH5.P. This sequence is flanked by the K3L ortholog regions. The VV-MVA-RSVF contains the RSV F gene under the control of mH5.P promoter
inserted by homologous recombination in the del II region of VACV genome, as described by Wyatt et al. (26). VV-WR-Empty and VV-MVA-Empty do not encode for
RSV F (B) Schematic diagram of the immunization, RSV challenge and necropsy timeline.
September 2021 | Volume 12 | Article 747866

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Russell et al. Novel Vectored Vaccine Against RSV
popular VACV used for development of recombinant vaccines
for several important infectious diseases, such as for AIDS, TB,
Malaria and influenza (10). However, MVA has its drawbacks, as
the replication incompetent vector is not as efficient as
Frontiers in Immunology | www.frontiersin.org 7
replication competent vectors in certain cases. For example, in
case of a VACV-vectored rabies vaccine study, higher doses of
MVA-vectored vaccines were necessary when compared to
replication competent VACV-vectored vaccines in order to
A B

C

FIGURE 4 | VV-WR-RSVF induces robust humoral response to RSV-A2 challenge in Cotton Rats. Cotton rats were intramuscularly immunized with one dose of 107

PFU of the indicated VV-WR or VV-MVA constructs and intranasally challenged with 106 PFU of RSV-A2 and necropsied 5 days later with n = 5 cotton rats per
treatment group. Serum was collected and (A) F-specific total IgG in the serum of vaccinated cotton rats 5 days post-challenge was determined using ELISA (n = 5).
(B) RSV neutralizing ability and (C) RSV Antibody-dependent cell-mediated cytotoxicity (ADCC) ability of the cotton rat serum collected 5 days post-challenge (n = 5
each) were also evaluated. *p < 0.05, **p < 0.01 (non-parametric t-test Mann-Whitney). ns, not significant.
A B

FIGURE 5 | Immunization with VV-WR-RSVF augments RSV clearance in the lower and upper respiratory tract. Cotton rats were intramuscularly immunized with
one dose of 107 PFU of the indicated VV-WR or VV-MVA constructs and intranasally challenged with 106 PFU of RSV-A2 and necropsied 5 days later with n = 5
cotton rats per treatment group. (A) Lung viral titre and (B) nose viral titre (n = 5 each) were evaluated to determine viral load in the lower and upper respiratory tract
respectively. **p < 0.01 (non-parametric t-test Mann-Whitney). ns, not significant.
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evoke equivalent immune responses (14). Additionally, the MVA
vectored vaccines failed to induce memory responses in
previously immunized animals when administered orally.
Thus, further development of VACV as a safe and effective
vaccine vector is warranted.

While efforts to develop a vaccine for RSV have been ongoing
since the 1960s, we still do not have a safe and effective
prophylactic against the disease, which is responsible for up to
22% of all severe acute lower respiratory tract infections in
children (1). One of the challenges in RSV vaccine development
is designing a vaccine that elicits a robust immune response
accompanied with viral clearance, yet does not cause the
Enhanced Respiratory Disease (ERD) first observed with
Formalin-inactivated RSV vaccines (40, 41). Several advanced
platforms such as protein subunit vaccines, live attenuated
Frontiers in Immunology | www.frontiersin.org 8
vaccines and vector-based vaccines have been tested and are
being actively developed for RSV (42). Even with major
advances in RSV vaccine research and development, there is no
vaccine approved for market authorization (21, 42). Therefore,
further research on vaccine platforms is necessary to develop a safe
and effective vaccine against RSV.

Early studies on recombinant vaccinia for RSV vaccine
development utilized the WR strain, which is the widely
studied virulent laboratory vaccinia strain. These studies
showed that the vaccinia vector encoding different RSV
proteins were protective in various animal models such as
mice, cotton rats, monkeys and chimpanzees (43–47). The WR
strain of RSV is the most commonly utilized VACV research
strain and shares its origin with the New York City Board of
Health Strain (NYCBH), which was used in the widely deployed
A B

FIGURE 6 | Immunization with VV-WR-RSVF does not cause ERD in cotton rats. Cotton rats were intramuscularly immunized with one dose of 107 PFU of the
indicated VV-WR or VV-MVA constructs and intranasally challenged with 106 PFU of RSV-A2 and necropsied 5 days later with n = 5 cotton rats per treatment group.
The left lobe of the lung was evaluated for histopathological changes. (A) Representative images of H&E stained immunized cotton rat lungs post challenge at 40x
magnification. (B) Pathological scoring of lung tissue for bronchiolitis, alveolitis, and epithelial hyperplasia (n = 5).
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smallpox vaccine Dryvax ® from Wyeth Laboratories (48). The
WR strain was derived by repeatedly passaging the NYCBH
strain first in rabbits, then in mice and more recently in diverse
cell cultures. This rendered them neuropathogenic in mice and
highly efficient in replicating in mammalian cultures (49). The
neuropathogenic and replicating nature of the virus raised
concerns regarding safety of such standard strains and
hindered further development. Thus, MVA became the
preferred vaccinia vector for vaccine development due to its
severely attenuated nature and excellent safety profile. MVA
based RSV vaccines have been tested in animal models and are
protective against RSV infection (26, 50). Therefore, in this study
we used the immune response elicited by the MVA-RSVF
vaccine as a reference to compare the immune response
elicited by our novel recombinant vaccinia based RSV vaccine.

Previously, we have developed a rapid, highly efficient and
cost-effective method to construct recombinant VACV by
deletion of a host range gene E3L and swap of another host
range gene K3L (19). Since E3L gene is an important gene for
vaccinia virus virulence and inhibition of innate immune
responses, deletion of this gene would render the virus highly
attenuated and more potent at inducing innate immune
response. However, deletion of the E3L gene would also render
the virus highly restricted in its host range, e.g. replication
incompetent in most of human cells (51), thus limiting its
potential application as a vector for vaccines. To improve
VACVDE3L host range, we swapped another host range gene
K3L with a poxvirus ortholog TATV037. Consequently,
VACVDE3L with TATV037 are replication competent in both
rodent and human cells. Therefore, we believe this platform is
promising for application as a vector for vaccine development. In
this study, we employed this method to construct a WR vaccinia
construct expressing the RSV F gene and assessed its efficacy to
protect against RSV infection in cotton rats. In order to assess the
effectiveness of the WR construct we compared correlates of
immunogenicity and protection with the MVA-RSVF vaccine.
From our experiments, we observed that upon a single dose
administration of the vaccine, WR-RSVF vaccine evokes levels of
immunogenicity and protection similar to the MVA-RSVF
vaccine (Figures 4–6). Additionally, we also tested the
virulence of the recombinant WR backbone in mice by
infecting the animals at a high dosage that would be lethal
with the administration of WT WR virus. While WT WR is
known to induce significant weight loss and complete lethality at
an intranasal dose of 106 PFU/mouse (52, 53), we did not observe
such weight loss or lethality with the recombinant WR
VACVDE3L vector (Figure 2). WT WR virus also replicates
efficiently in the respiratory tract and in the brain (31–33).
Therefore, we assessed the pathology in the lungs and viral
transgene expression in respiratory tract and brain after
intranasal administration of the recombinant virus (Figures 1
and 2). We observed minimal pathology and very low transient
transgene expression in the lungs. Moreover, viral transgene
expression was undetectable in the brain and trachea of infected
mice. This denotes that the limited replication of the VACVDE3L
vector is restricted to the lungs and the neurotropic risk
Frontiers in Immunology | www.frontiersin.org 9
associated with the WT WR virus is considerably diminished
in the case of the recombinant vector that we have designed.
Moreover, vaccination withWR-RSVF and subsequent challenge
with RSV-A2 virus did not cause ERD as observed from the
reduced lung pathological severity and viral load in WR-RSVF
vaccinated and challenged animals (Figures 5 and 6). Thus, these
observations show that the recombinant WR virus used in our
study exhibits a promising safety profile for use as a vaccine
vector and the protective effects of our WR-RSVF vaccine is
comparable to the MVA-RSVF vaccine against RSV infection.

Some of the advantages of using this platform is that it utilizes
a cost effective, highly efficient and rapid method to construct
recombinant vaccinia viruses. Moreover, the usage of K3L
orthologs in a DE3L background provides a means to adapt the
recombinant viruses to be infective in specific hosts and not
others (19). Therefore, another advantage of using this platform
is the potential for construction of species-restricted vaccines,
which may enhance the safety profile of the vaccine vector.
Moreover, prime-boost vaccinations with heterologous vaccine
vector backbones have been shown to be advantageous in certain
situations especially when high levels of cellular immunity is
needed to afford protection (54–56). Thus, the availability of a
safe and effective WR vector backbone could be used in
combination with other poxvirus vector backbones in
heterologous prime-boost strategies to enhance immune
response to certain antigens.

As peak of the incidence and severity of RSV disease occurs in
infants aged <6 months in humans, it is important to vaccinate
infants very early after birth. However, the Newborn immune
system presents unique challenges in eliciting an effective
immune response to infections and vaccinations (57), such as
interference from maternal antibodies preventing generation of
neutralizing antibodies and an immature immune system that is
skewed towards developing a Th2 response. The inhibition of
seroconversion after vaccination in the presence of maternal
antibodies is not limited to RSV vaccines and has been well
established for measles and pertussis vaccines (58–60). A variety
of mechanisms appear to be at play in mediating maternal
antibody interference, including: a) neutralization of live
vaccines, b) antibody epitope masking and c) B-cell inhibition
through cross-link of B-cell receptor (BCR) and FcgIIB receptor
(61). However, several studies have shown that vectored and live-
attenuated vaccines can be effective even in the presence of
maternal antibodies and the efficacy may depend on the degree of
attenuation of the vectored vaccine (62–66). Additionally,
maternal antibody interference can also be overcome by
employing Type I IFN stimulation and immunization with
small polypeptides that are unable to cross-link BCR and
FcgIIBR (67, 68). The other challenge with neonatal
immunization involves the inherent immature nature of the
innate immune system, which manifests as suboptimal type I
and II interferon responses, reduced activation and IgG class
switching of B-cells and increased Th2 and anti-inflammatory
cytokine production (69). Studies showing the ability of several
TLR 7/8, TLR9 adjuvants and VLPs to improve immune
responses in neonatal animal models and cells demonstrate
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that effective adjuvants can potentially be employed to overcome
the limitations of the newborn immune system (57, 69). While
we tested the protective effects of WR-RSVF vaccine in adult
cotton rats, the ability of the vaccine in overcoming maternal
antibody interference and stimulating an effective protective
response in the immature neonatal immune system is
unknown. Therefore, our ongoing studies will focus on
studying the ability of the WR vector and novel adjuvants in
eliciting an effective immune response against RSV in infant
animal models.

In summary, we constructed a VACVDE3L based
recombinant virus expressing RSVF as the antigen and
TATV037 as the selection marker enabling the virus
replication in both human and rodent cells. As a proof of
concept, the novel platform used in this study is comparable to
MVA with respect to the immunogenicity profile and protection.
Our preliminary safety study suggests that the virulence of the
vector has been substantially abolished compared with the WT
WR virus. Nonetheless, systematic evaluation of long-term
protection and safety is still needed, which is ongoing in our
laboratories. Moreover, while we have conducted a
comprehensive analyses of safety and efficacy of the vector,
more mechanistic studies could be considered to include
systematic analyses of cytokines profiles and immune cell
phenotypes, which is understandably a challenge, given the
scarcity of the reagents for cotton rats.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Immunology | www.frontiersin.org 10
ETHICS STATEMENT

The animal study was reviewed and approved by Health
Canada’s Institutional Animal Health Care Committee.
AUTHOR CONTRIBUTIONS

MR, ST, WC, GD, DS, MJ, SS, LW, MR-M, JC, and XL were
involved in conceptualization of the project. MR, ST, CG, WZ,
and AP were involved in conducting the experiments and
generation of data. MR, ST, CG, WZ, AP, WC, GD, DS, MJ,
SS, LW, MR-M, JC, and XL were in involved in data
interpretation and writing of the manuscript. WC, GD, DS,
MJ, SS, MR-M, and XL were responsible for the acquisition of
the research funding. All authors contributed to the article and
approved the submitted version.
FUNDING

The work is funded by Genomics Research and Development
Initiative from the Government of Canada.
ACKNOWLEDGMENTS

We wish to thank Dr. Bernard Moss for providing MVA vectors.
Dr. Roger Tam and Dr. Huixin Lu for reviewing the manuscript.
Dr. Martha Navarro and Dr. Don Caldwell and other colleagues
at Health Canada’s Animal Resource Division for the support of
the animal studies.
REFERENCES
1. Shi T, McAllister DA, O’Brien KL, Simoes EAF, Madhi SA, Gessner BD, et al.

Global, Regional, and National Disease Burden Estimates of Acute Lower
Respiratory Infections Due to Respiratory Syncytial Virus in Young Children
in 2015: A Systematic Review and Modelling Study. Lancet (2017) 390:946–
58. doi: 10.1016/S0140-6736(17)30938-8

2. Verardi PH, Titong A, Hagen CJ. A Vaccinia Virus Renaissance: New Vaccine
and Immunotherapeutic Uses After Smallpox Eradication. Hum Vaccin
Immunother (2012) 8:961–70. doi: 10.4161/hv.21080

3. Casey CG, Iskander JK, Roper MH, Mast EE, Wen XJ, Torok TJ, et al. Adverse
Events Associated With Smallpox Vaccination in the United States, January-
October 2003. JAMA (2005) 294:2734–43. doi: 10.1001/jama.294.21.2734

4. Fulginiti VA, Papier A, Lane JM, Neff JM, Henderson DA. Smallpox
Vaccination: A Review, Part II. Adverse Events. Clin Infect Dis (2003)
37:251–71. doi: 10.1086/375825

5. Lane JM, Goldstein J. Evaluation of 21st-Century Risks of Smallpox
Vaccination and Policy Options. Ann Intern Med (2003) 138:488–93. doi:
10.7326/0003-4819-138-6-200303180-00014

6. Ura T, Okuda K, Shimada M. Developments in Viral Vector-Based Vaccines.
Vaccines (Basel) (2014) 2:624–41. doi: 10.3390/vaccines2030624

7. Stickl H, Hochstein-Mintzel V. Intracutaneous Smallpox Vaccination With a
Weak Pathogenic Vaccinia Virus (“MVA Virus”). Munch Med Wochenschr
(1971) 113:1149–53.

8. Sutter G, Staib C. Vaccinia Vectors as Candidate Vaccines: The Development
of Modified Vaccinia Virus Ankara for Antigen Delivery. Curr Drug Targets
Infect Disord (2003) 3:263–71. doi: 10.2174/1568005033481123
9. Guo ZS, Lu B, Guo Z, Giehl E, Feist M, Dai E, et al. Vaccinia Virus-Mediated
Cancer Immunotherapy: Cancer Vaccines and Oncolytics. J Immunother
Cancer (2019) 7:6–018-0495-7. doi: 10.1186/s40425-018-0495-7

10. Volz A, Sutter G. Modified Vaccinia Virus Ankara: History, Value in Basic
Research, and Current Perspectives for Vaccine Development. Adv Virus Res
(2017) 97:187–243. doi: 10.1016/bs.aivir.2016.07.001

11. Ferrier-Rembert A, Drillien R, Meignier B, Garin D, Crance JM. Safety,
Immunogenicity and Protective Efficacy in Mice of a New Cell-Cultured
Lister Smallpox Vaccine Candidate. Vaccine (2007) 25:8290–7. doi: 10.1016/
j.vaccine.2007.09.050

12. Karkhanis LU, Ross TM. Mucosal Vaccine Vectors: Replication-Competent
Versus Replication-Deficient Poxviruses. Curr Pharm Des (2007) 13:2015–23.
doi: 10.2174/138161207781039832

13. Dai K, Liu Y, Liu M, Xu J, Huang W, Huang X, et al. Pathogenicity and
Immunogenicity of Recombinant Tiantan Vaccinia VirusWith Deleted C12L and
A53R Genes. Vaccine (2008) 26:5062–71. doi: 10.1016/j.vaccine.2008.06.011

14. Weyer J, Rupprecht CE, Mans J, Viljoen GJ, Nel LH. Generation and
Evaluation of a Recombinant Modified Vaccinia Virus Ankara Vaccine for
Rabies. Vaccine (2007) 25:4213–22. doi: 10.1016/j.vaccine.2007.02.084

15. Dai P, Wang W, Cao H, Avogadri F, Dai L, Drexler I, et al. Modified Vaccinia
Virus Ankara Triggers Type I IFN Production in Murine Conventional
Dendritic Cells via a Cgas/STING-Mediated Cytosolic DNA-Sensing
Pathway. PloS Pathog (2014) 10:e1003989. doi: 10.1371/journal.ppat.1003989

16. Vijaysri S, Jentarra G, Heck MC, Mercer AA, McInnes CJ, Jacobs BL. Vaccinia
Viruses With Mutations in the E3L Gene as Potential Replication-Competent,
Attenuated Vaccines: Intra-Nasal Vaccination. Vaccine (2008) 26:664–76. doi:
10.1016/j.vaccine.2007.11.045
September 2021 | Volume 12 | Article 747866

https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.4161/hv.21080
https://doi.org/10.1001/jama.294.21.2734
https://doi.org/10.1086/375825
https://doi.org/10.7326/0003-4819-138-6-200303180-00014
https://doi.org/10.3390/vaccines2030624
https://doi.org/10.2174/1568005033481123
https://doi.org/10.1186/s40425-018-0495-7
https://doi.org/10.1016/bs.aivir.2016.07.001
https://doi.org/10.1016/j.vaccine.2007.09.050
https://doi.org/10.1016/j.vaccine.2007.09.050
https://doi.org/10.2174/138161207781039832
https://doi.org/10.1016/j.vaccine.2008.06.011
https://doi.org/10.1016/j.vaccine.2007.02.084
https://doi.org/10.1371/journal.ppat.1003989
https://doi.org/10.1016/j.vaccine.2007.11.045
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Russell et al. Novel Vectored Vaccine Against RSV
17. Myskiw C, Arsenio J, Hammett C, van Bruggen R, Deschambault Y, Beausoleil
N, et al. Comparative Analysis of Poxvirus Orthologues of the Vaccinia Virus
E3 Protein: Modulation of Protein Kinase R Activity, Cytokine Responses, and
Virus Pathogenicity. J Virol (2011) 85:12280–91. doi: 10.1128/JVI.05505-11

18. Rice AD, Turner PC, Embury JE, Moldawer LL, Baker HV, Moyer RW. Roles
of Vaccinia Virus Genes E3L and K3L and Host Genes PKR and Rnase L
During Intratracheal Infection of C57BL/6 Mice. J Virol (2011) 85:550–67.
doi: 10.1128/JVI.00254-10

19. Cao J, Layne C, Varga J, Deschambault Y. Application of Poxvirus K3
Ortholog as a Positive Selection Marker for Constructing Recombinant
Vaccinia Viruses With Modified Host Range. MethodsX (2020) 7:100918.
doi: 10.1016/j.mex.2020.100918

20. Borchers AT, Chang C, Gershwin ME, Gershwin LJ. Respiratory Syncytial
Virus–A Comprehensive Review. Clin Rev Allergy Immunol (2013) 45:331–79.
doi: 10.1007/s12016-013-8368-9

21. Mazur NI, Higgins D, Nunes MC, Melero JA, Langedijk AC, Horsley N, et al.
The Respiratory Syncytial Virus Vaccine Landscape: Lessons From the
Graveyard and Promising Candidates. Lancet Infect Dis (2018) 18:e295–311.
doi: 10.1016/S1473-3099(18)30292-5

22. McLellan JS, Ray WC, Peeples ME. Structure and Function of Respiratory
Syncytial Virus Surface Glycoproteins. Curr Top Microbiol Immunol (2013)
372:83–104. doi: 10.1007/978-3-642-38919-1_4

23. Feltes TF, Cabalka AK, Meissner HC, Piazza FM, Carlin DA, Top F, et al.
Palivizumab Prophylaxis Reduces Hospitalization Due to Respiratory
Syncytial Virus in Young Children With Hemodynamically Significant
Congenital Heart Disease. J Pediatr (2003) 143:532–40. doi: 10.1067/S0022-
3476(03)00454-2

24. The IMpact-RSV Study Group. Anonymous Palivizumab, A Humanized
Respiratory Syncytial Virus Monoclonal Antibody, Reduces Hospitalization
From Respiratory Syncytial Virus Infection in High-Risk Infants. The Impact-
RSV Study Group. Pediatrics (1998) 102:531–7. doi: 10.1542/peds.102.3.531

25. Russell MS, Creskey M, Muralidharan A, Li C, Gao J, ChenW, et al. Unveiling
Integrated Functional Pathways Leading to Enhanced Respiratory Disease
Associated With Inactivated Respiratory Syncytial Viral Vaccine. Front
Immunol (2019) 10:597. doi: 10.3389/fimmu.2019.00597

26. Wyatt LS, Whitehead SS, Venanzi KA, Murphy BR, Moss B. Priming and
Boosting Immunity to Respiratory Syncytial Virus by Recombinant
Replication-Defective Vaccinia Virus MVA. Vaccine (1999) 18:392–7. doi:
10.1016/S0264-410X(99)00257-1

27. Cotter CA, Earl PL, Wyatt LS, Moss B. Preparation of Cell Cultures and
Vaccinia Virus Stocks. Curr Protoc Microbiol (2015) 39:14A.3.1–18.
doi: 10.1002/9780471729259.mc14a03s39

28. Wyatt LS, Shors ST, Murphy BR, Moss B. Development of a Replication-
Deficient Recombinant Vaccinia Virus Vaccine Effective Against
Parainfluenza Virus 3 Infection in an Animal Model. Vaccine (1996)
14:1451–8. doi: 10.1016/S0264-410X(96)00072-2

29. Muralidharan A, Russell M, Larocque L, Gravel C, Li C, Chen W, et al.
Targeting CD40 Enhances Antibody- and CD8-Mediated Protection Against
Respiratory Syncytial Virus Infection. Sci Rep (2018) 8:16648–018-34999-z.
doi: 10.1038/s41598-018-34999-z

30. Hirano M, Davis RS, Fine WD, Nakamura S, Shimizu K, Yagi H, et al. Igeb
Immune Complexes Activate Macrophages Through Fcgammariv Binding.
Nat Immunol (2007) 8:762–71. doi: 10.1038/ni1477

31. Smee DF, Bailey KW, Sidwell RW. Treatment of Lethal Vaccinia Virus
Respiratory Infections in Mice With Cidofovir. Antivir Chem Chemother
(2001) 12:71–6. doi: 10.1177/095632020101200105

32. Reading PC, Smith GL. A Kinetic Analysis of Immune Mediators in the Lungs
of Mice Infected With Vaccinia Virus and Comparison With Intradermal
Infection. J Gen Virol (2003) 84:1973–83. doi: 10.1099/vir.0.19285-0

33. Hayasaka D, Ennis FA, Terajima M. Pathogeneses of Respiratory Infections
With Virulent and Attenuated Vaccinia Viruses. Virol J (2007) 4:22–422X-4-
22. doi: 10.1186/1743-422X-4-22

34. Goulding J, Bogue R, Tahiliani V, Croft M, Salek-Ardakani S. CD8 T Cells Are
Essential for Recovery From a Respiratory Vaccinia Virus Infection.
J Immunol (2012) 189:2432–40. doi: 10.4049/jimmunol.1200799

35. van Erp EA, Luytjes W, Ferwerda G, van Kasteren PB. Fc-Mediated Antibody
Effector Functions During Respiratory Syncytial Virus Infection and Disease.
Front Immunol (2019) 10:548. doi: 10.3389/fimmu.2019.00548
Frontiers in Immunology | www.frontiersin.org 11
36. Soto JA, Galvez NMS, Pacheco GA, Bueno SM, Kalergis AM. Antibody
Development for Preventing the Human Respiratory Syncytial Virus
Pathology. Mol Med (2020) 26:35–020-00162-6. doi: 10.1186/s10020-020-
00162-6

37. Meguro H, Kervina M, Wright PF. Antibody-Dependent Cell-Mediated
Cytotoxicity Against Cells Infected With Respiratory Syncytial Virus:
Characterization of In Vitro and In Vivo Properties. J Immunol (1979)
122:2521–6.

38. Scott R, de Landazuri MO, Gardner PS, Owen JJ. Human Antibody-
Dependent Cell-Mediated Cytotoxicity Against Target Cells Infected With
Respiratory Syncytial Virus. Clin Exp Immunol (1977) 28:19–26.

39. Prince GA, Jenson AB, Horswood RL, Camargo E, Chanock RM. The
Pathogenesis of Respiratory Syncytial Virus Infection in Cotton Rats. Am J
Pathol (1978) 93:771–91.

40. Kapikian AZ, Mitchell RH, Chanock RM, Shvedoff RA, Stewart CE. An
Epidemiologic Study of Altered Clinical Reactivity to Respiratory Syncytial
(RS) Virus Infection in Children Previously Vaccinated With an Inactivated
RS Virus Vaccine. Am J Epidemiol (1969) 89:405–21. doi: 10.1093/
oxfordjournals.aje.a120954

41. Kim HW, Canchola JG, Brandt CD, Pyles G, Chanock RM, Jensen K, et al.
Respiratory Syncytial Virus Disease in Infants Despite Prior Administration of
Antigenic Inactivated Vaccine. Am J Epidemiol (1969) 89:422–34.
doi: 10.1093/oxfordjournals.aje.a120955

42. Biagi C, Dondi A, Scarpini S, Rocca A, Vandini S, Poletti G, et al. Current State
and Challenges in Developing Respiratory Syncytial Virus Vaccines. Vaccines
(Basel) (2020) 8(4):672–705. doi: 10.3390/vaccines8040672

43. Crowe J, Collins PL, London WT, Chanock RM, Murphy BR. A Comparison
in Chimpanzees of the Immunogenicity and Efficacy of Live Attenuated
Respiratory Syncytial Virus (RSV) Temperature-Sensitive Mutant Vaccines
and Vaccinia Virus Recombinants That Express the Surface Glycoproteins of
RSV. Vaccine (1993) 11:1395–404. doi: 10.1016/0264-410X(93)90168-W

44. Stott EJ, Ball LA, Young KK, Furze J, Wertz GW. Human Respiratory
Syncytial Virus Glycoprotein G Expressed From a Recombinant Vaccinia
Virus Vector Protects Mice Against Live-Virus Challenge. J Virol (1986)
60:607–13. doi: 10.1128/JVI.60.2.607-613.1986

45. Wertz GW, Stott EJ, Young KK, Anderson K, Ball LA. Expression of the
Fusion Protein of Human Respiratory Syncytial Virus From Recombinant
Vaccinia Virus Vectors and Protection of Vaccinated Mice. J Virol (1987)
61:293–301. doi: 10.1128/JVI.61.2.293-301.1987

46. Olmsted RA, Buller RM, Collins PL, London WT, Beeler JA, Prince GA, et al.
Evaluation in Non-Human Primates of the Safety, Immunogenicity and
Efficacy of Recombinant Vaccinia Viruses Expressing the F or G
Glycoprotein of Respiratory Syncytial Virus. Vaccine (1988) 6:519–24. doi:
10.1016/0264-410X(88)90104-1

47. Olmsted RA, Elango N, Prince GA, Murphy BR, Johnson PR, Moss B, et al.
Expression of the F Glycoprotein of Respiratory Syncytial Virus by a
Recombinant Vaccinia Virus: Comparison of the Individual Contributions
of the F and G Glycoproteins to Host Immunity. Proc Natl Acad Sci USA
(1986) 83:7462–6. doi: 10.1073/pnas.83.19.7462

48. Osborne JD, Da Silva M, Frace AM, Sammons SA, Olsen-Rasmussen M,
Upton C, et al. Genomic Differences of Vaccinia Virus Clones From Dryvax
Smallpox Vaccine: The Dryvax-Like ACAM2000 and the Mouse
Neurovirulent Clone-3. Vaccine (2007) 25:8807–32. doi: 10.1016/
j.vaccine.2007.10.040

49. Jacobs BL, Langland JO, Kibler KV, Denzler KL, White SD, Holechek SA, et al.
Vaccinia Virus Vaccines: Past, Present and Future. Antiviral Res (2009) 84:1–
13. doi: 10.1016/j.antiviral.2009.06.006

50. Pierantoni A, Esposito ML, Ammendola V, Napolitano F, Grazioli F, Abbate
A, et al. Mucosal Delivery of a Vectored RSV Vaccine Is Safe and Elicits
Protective Immunity in Rodents and Nonhuman Primates.Mol Ther Methods
Clin Dev (2015) 2:15018. doi: 10.1038/mtm.2015.18

51. Langland JO, Jacobs BL. The Role of the PKR-Inhibitory Genes, E3L and K3L,
in Determining Vaccinia Virus Host Range. Virology (2002) 299:133–41. doi:
10.1006/viro.2002.1479

52. Lee MS, Roos JM, McGuigan LC, Smith KA, Cormier N, Cohen LK, et al.
Molecular Attenuation of Vaccinia Virus: Mutant Generation and Animal
Characterization. J Virol (1992) 66:2617–30. doi: 10.1128/JVI.66.5.2617-
2630.1992
September 2021 | Volume 12 | Article 747866

https://doi.org/10.1128/JVI.05505-11
https://doi.org/10.1128/JVI.00254-10
https://doi.org/10.1016/j.mex.2020.100918
https://doi.org/10.1007/s12016-013-8368-9
https://doi.org/10.1016/S1473-3099(18)30292-5
https://doi.org/10.1007/978-3-642-38919-1_4
https://doi.org/10.1067/S0022-3476(03)00454-2
https://doi.org/10.1067/S0022-3476(03)00454-2
https://doi.org/10.1542/peds.102.3.531
https://doi.org/10.3389/fimmu.2019.00597
https://doi.org/10.1016/S0264-410X(99)00257-1
https://doi.org/10.1002/9780471729259.mc14a03s39
https://doi.org/10.1016/S0264-410X(96)00072-2
https://doi.org/10.1038/s41598-018-34999-z
https://doi.org/10.1038/ni1477
https://doi.org/10.1177/095632020101200105
https://doi.org/10.1099/vir.0.19285-0
https://doi.org/10.1186/1743-422X-4-22
https://doi.org/10.4049/jimmunol.1200799
https://doi.org/10.3389/fimmu.2019.00548
https://doi.org/10.1186/s10020-020-00162-6
https://doi.org/10.1186/s10020-020-00162-6
https://doi.org/10.1093/oxfordjournals.aje.a120954
https://doi.org/10.1093/oxfordjournals.aje.a120954
https://doi.org/10.1093/oxfordjournals.aje.a120955
https://doi.org/10.3390/vaccines8040672
https://doi.org/10.1016/0264-410X(93)90168-W
https://doi.org/10.1128/JVI.60.2.607-613.1986
https://doi.org/10.1128/JVI.61.2.293-301.1987
https://doi.org/10.1016/0264-410X(88)90104-1
https://doi.org/10.1073/pnas.83.19.7462
https://doi.org/10.1016/j.vaccine.2007.10.040
https://doi.org/10.1016/j.vaccine.2007.10.040
https://doi.org/10.1016/j.antiviral.2009.06.006
https://doi.org/10.1038/mtm.2015.18
https://doi.org/10.1006/viro.2002.1479
https://doi.org/10.1128/JVI.66.5.2617-2630.1992
https://doi.org/10.1128/JVI.66.5.2617-2630.1992
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Russell et al. Novel Vectored Vaccine Against RSV
53. Ferreira JM, Drumond BP, Guedes MI, Pascoal-Xavier MA, Almeida-Leite
CM, Arantes RM, et al. Virulence in Murine Model Shows the Existence of
Two Distinct Populations of Brazilian Vaccinia Virus Strains. PloS One (2008)
3:e3043. doi: 10.1371/journal.pone.0003043

54. Gomez CE, Najera JL, Jimenez V, Bieler K, Wild J, Kostic L, et al. Generation
and Immunogenicity of Novel HIV/AIDS Vaccine Candidates Targeting
HIV-1 Env/Gag-Pol-Nef Antigens of Clade C. Vaccine (2007) 25:1969–92.
doi: 10.1016/j.vaccine.2006.11.051

55. Woodland DL. Jump-Starting the Immune System: Prime-Boosting Comes of
Age. Trends Immunol (2004) 25:98–104. doi: 10.1016/j.it.2003.11.009

56. Webster DP, Dunachie S, Vuola JM, Berthoud T, Keating S, Laidlaw SM, et al.
Enhanced T Cell-Mediated Protection Against Malaria in Human Challenges
by Using the Recombinant Poxviruses FP9 and Modified Vaccinia Virus
Ankara. Proc Natl Acad Sci USA (2005) 102:4836–41. doi: 10.1073/
pnas.0406381102

57. Crofts KF, Alexander-Miller MA. Challenges for the Newborn Immune
Response to Respiratory Virus Infection and Vaccination. Vaccines (Basel)
(2020) 8(4):558–84. doi: 10.3390/vaccines8040558

58. Samb B, Aaby P, Whittle HC, Seck AM, Rahman S, Bennett J, et al. Serologic
Status and Measles Attack Rates Among Vaccinated and Unvaccinated
Children in Rural Senegal. Pediatr Infect Dis J (1995) 14:203–9.
doi: 10.1097/00006454-199503000-00007

59. Aaby P, Martins CL, Garly ML, Andersen A, Fisker AB, Claesson MH, et al.
Measles Vaccination in the Presence or Absence of Maternal Measles
Antibody: Impact on Child Survival. Clin Infect Dis (2014) 59:484–92.
doi: 10.1093/cid/ciu354

60. Mooi FR, de Greeff SC. The Case for Maternal Vaccination Against Pertussis.
Lancet Infect Dis (2007) 7:614–24. doi: 10.1016/S1473-3099(07)70113-5

61. Niewiesk S. Maternal Antibodies: Clinical Significance, Mechanism of
Interference With Immune Responses, and Possible Vaccination Strategies.
Front Immunol (2014) 5:446. doi: 10.3389/fimmu.2014.00446

62. Karron RA, Buchholz UJ, Collins PL. Live-Attenuated Respiratory Syncytial
Virus Vaccines. Curr Top Microbiol Immunol (2013) 372:259–84.
doi: 10.1007/978-3-642-38919-1_13

63. Schlereth B, Buonocore L, Tietz A, Meulen VT, Rose JK, Niewiesk S. Successful
Mucosal Immunization of Cotton Rats in the Presence of Measles Virus-
Specific Antibodies Depends on Degree of Attenuation of Vaccine Vector and
Virus Dose. J Gen Virol (2003) 84:2145–51. doi: 10.1099/vir.0.19050-0

64. Blasco E, Lambot M, Barrat J, Cliquet F, Brochier B, Renders C, et al. Kinetics
of Humoral Immune Response After Rabies VR-G Oral Vaccination of
Captive Fox Cubs (Vulpes Vulpes) With or Without Maternally Derived
Frontiers in Immunology | www.frontiersin.org 12
Antibodies Against the Vaccine. Vaccine (2001) 19:4805–15. doi: 10.1016/
S0264-410X(01)00211-0

65. Vincent AL, Ma W, Lager KM, Richt JA, Janke BH, Sandbulte MR, et al. Live
Attenuated Influenza Vaccine Provides Superior Protection From
Heterologous Infection in Pigs With Maternal Antibodies Without
Inducing Vaccine-Associated Enhanced Respiratory Disease. J Virol (2012)
86:10597–605. doi: 10.1128/JVI.01439-12

66. Sharma A, Wendland R, Sung B, Wu W, Grunwald T, Worgall S. Maternal
Immunization With Chimpanzee Adenovirus Expressing RSV Fusion Protein
Protects Against Neonatal RSV Pulmonary Infection. Vaccine (2014)
32:5761–8. doi: 10.1016/j.vaccine.2014.08.049

67. Siegrist CA, Plotnicky-Gilquin H, Cordova M, Berney M, Bonnefoy JY,
Nguyen TN, et al. Protective Efficacy Against Respiratory Syncytial Virus
Following Murine Neonatal Immunization With BBG2Na Vaccine: Influence
of Adjuvants and Maternal Antibodies. J Infect Dis (1999) 179:1326–33. doi:
10.1086/314778

68. KimD, Niewiesk S. Synergistic Induction of Interferon Alpha Through TLR-3 and
TLR-9 Agonists Identifies CD21 as Interferon Alpha Receptor for the B Cell
Response. PloS Pathog (2013) 9:e1003233. doi: 10.1371/journal.ppat.1003233

69. Eichinger KM, Kosanovich JL, Lipp M, Empey KM, Petrovsky N. Strategies
for Active and Passive Pediatric RSV Immunization. Ther Adv Vaccines
Immunother (2021) 9:2515135520981516. doi: 10.1177/2515135520981516

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Russell, Thulasi Raman, Gravel, Zhang, Pfeifle, Chen, Van
Domselaar, Safronetz, Johnston, Sauve, Wang, Rosu-Myles, Cao and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
September 2021 | Volume 12 | Article 747866

https://doi.org/10.1371/journal.pone.0003043
https://doi.org/10.1016/j.vaccine.2006.11.051
https://doi.org/10.1016/j.it.2003.11.009
https://doi.org/10.1073/pnas.0406381102
https://doi.org/10.1073/pnas.0406381102
https://doi.org/10.3390/vaccines8040558
https://doi.org/10.1097/00006454-199503000-00007
https://doi.org/10.1093/cid/ciu354
https://doi.org/10.1016/S1473-3099(07)70113-5
https://doi.org/10.3389/fimmu.2014.00446
https://doi.org/10.1007/978-3-642-38919-1_13
https://doi.org/10.1099/vir.0.19050-0
https://doi.org/10.1016/S0264-410X(01)00211-0
https://doi.org/10.1016/S0264-410X(01)00211-0
https://doi.org/10.1128/JVI.01439-12
https://doi.org/10.1016/j.vaccine.2014.08.049
https://doi.org/10.1086/314778
https://doi.org/10.1371/journal.ppat.1003233
https://doi.org/10.1177/2515135520981516
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Single Immunization of a Vaccine Vectored by a Novel Recombinant Vaccinia Virus Affords Effective Protection Against Respiratory Syncytial Virus Infection in Cotton Rats
	Introduction
	Materials and Methods
	Animals and Ethics Statement
	Cells and Viruses
	Generation of Recombinant Vaccinia Virus
	Immunization and Infection
	Histopathology
	Lung and Nose Viral Titration
	Enzyme Linked Immunosorbent Assay (ELISA)
	RSV Microneutralization and ADCC Assay
	Quantification of Transgene Expression in Organs
	Statistical Analysis

	Results
	Novel Vaccinia WR Backbone Is Avirulent in Mice
	WR-RSVF Induced Robust Antibody Responses in Cotton Rats
	WR-RSVF Induced Effective Protection Against RSV Infection

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


