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Respiratory syncytial virus (RSV) is the most common cause of lower respiratory disease in young children,
elderly and immunocompromised adults. There is no licensed vaccine against RSV although development of an
effective and safe RSV vaccine has been a high priority for several decades. Among the various vaccine plat-
forms, the viral-vectored RSV vaccines based on licensed cold-adapted live attenuated influenza vaccine (LAIV)
might offer an advantage of inducing adequate mucosal CD8 T cell immunity at the infection site of respiratory

pathogens. We constructed two recombinant LAIV viruses expressing immunodominant T-cell epitopes of RSV
M2-1 protein. The results in this study provide evidence that RSV CD8 T cell epitopes delivered by LAIV viral
vector could confer protection against RSV infection without causing pulmonary eosinophilia and inflammatory
RSV disease in mice. In addition, these chimeric LAIV-RSV vaccines retained their attenuated phenotype and
ability to protect against virulent influenza virus, thus providing a unique approach to fight against two dan-
gerous respiratory viral pathogens using a single vaccine preparation.

1. Introduction

Respiratory syncytial virus (RSV) is the most common cause of
lower respiratory disease in infants and young children. Globally, each
year RSV results in over 30 million episodes of acute lower respiratory
tract infections among children younger than 5 years, with over
100,000 deaths (Shi et al., 2017). Besides this vulnerable young age
group, RSV infection also presents substantial health burden for the
elderly and high-risk adults (Falsey et al., 2005; Griffiths et al., 2017).
The development of RSV vaccine has been challenging due to the
concerns of enhanced respiratory disease (ERD) associated with alum-
adjuvanted formalin inactivated RSV (FI-RSV) vaccine. FI-RSV vaccine
administered to infants and toddlers in 1960s failed with catastrophic
outcomes: 80% FI-RSV vaccinated children who were subsequently
infected with natural RSV needed hospitalizations, resulting in two fatal
cases (Kim et al., 1969).

FI-RSV vaccination was shown to induce T helper type 2 (Th2)-
biased CD4 T cells with low levels of cytotoxic CD8 T cells and less
protective antibodies, causing ERD in animal models after RSV chal-
lenge (Collins et al., 2013). Previous studies of FI-RSV vaccine-induced
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ERD demonstrated an abundance of Th2 (IL-4, IL-5) cytokines and high
pulmonary eosinophilic infiltrates in FI-RSV-immunized mice after RSV
challenge, compared with intranasal administration of live-attenuated
RSV (Graham et al., 1993; Knudson et al., 2015). It was also demon-
strated that mice immunized with recombinant vaccinia virus expres-
sing RSV G protein (vvG) exhibited severe pulmonary eosinophilia si-
milar to FI-RSV vaccine post-RSV challenge, whereas vv expressing F
protein along with T cell epitope from RSV M2 protein (M2g,_.9¢) did not
(Srikiatkhachorn and Braciale, 1997). Further studies demonstrated
that RSV M2-specific CD8 T cells inhibited pulmonary eosinophilia by
reducing the number of Th2 CD4 T cells in the lungs after RSV chal-
lenge (Olson and Varga, 2007). These studies provide a rationale for
designing safe and efficacious CD8 T cell-based RSV vaccines. However,
effective generation of RSV-specific cytotoxic T lymphocyte (CTL) may
require internalization and processing of viral proteins leading to class I
MHC-driven antigen presentation. Live-attenuated vaccines and vec-
tored RSV products would undergo cytoplasmic processing, leading to
MHC I presentation and an immune response resembling natural in-
fection (FDA, 2017).

Live attenuated influenza vaccine (LAIV) viruses might serve as an
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attractive vector delivery system for the immunogenic epitopes of re-
spiratory pathogens, such as RSV (Isakova-Sivak et al., 2016a). LAIVs
are an effective inducer of cross-reactive CTL responses (Korenkov
et al., 2018; Mohn et al., 2017) by promoting MHC I-driven presenta-
tion of the inserted RSV-specific CD8 T-cell epitopes. In a previous
proof-of-concept study, we generated two LAIV-RSV chimeric vaccines
expressing H2-Kd-restricted T-cell epitopes of RSV M2-1 protein and
demonstrated the establishment of strong, fully functional RSV M2-
specific CD8 T-cell responses in BALB/c mice (Kotomina et al., 2018).
Here we investigated whether the recombinant LAIV-RSV vectored
vaccines would be safe and afford dual protection against virulent in-
fluenza virus and RSV without developing inflammatory disease post-
RSV challenge in mice.

2. Materials and methods
2.1. Cells, peptides and viruses

Cells: Hep-2 cells were obtained from the American Type Culture
Collection (ATCC CCL-23). The cells were maintained in Dulbecco's
Modified Eagle Medium (DMED) supplemented with 5% fetal bovine
serum (FBS) and penicillin-streptomycin solution.

Peptides: RSV M2g5 o9 (SYIGSINNI) peptide, an epitope for CD8 T
cells was obtained from GenScript (Piscataway, NJ, USA).

Viruses: RSV A2 strain virus was grown in Hep-2 cells cultured in
DMEM supplemented with 1% FBS and penicillin-streptomycin solution
at 37 °C in 5% CO, atmosphere. After 3 days of incubation the virus
solution was harvested, sonicated and clarified at 2000 rpm at 4 °C. The
resulted RSV stock was aliquoted and stored at —70 °C.

To obtain FI-RSV stocks, 37% formalin was added to RSV solution to
a final dilution 1:4000 v/v. Inactivation was carried out for 3 days at
37 °C with shaking, followed by ultracentrifugation at 30,000 rpm for
1h at 4°C to remove the remaining formalin from the supernatant. The
pellet was resuspended in sterile Dulbecco's phosphate-buffered saline
(DPBS) and stored at —70 °C in aliquots. The standard Bradford method
was used to determine protein concentration in FI-RSV stocks.

Recombinant LAIV-RSV viruses were previously generated by the
means of reverse genetics and contained HA and NA genes of A/Anhui/
1/2013 (H7N9) virus and the remaining six genes from A/Leningrad/
134/17/57 (H2N2) master donor virus (Kotomina et al., 2018). These
viruses expressed the RSV cassette containing human RSV A2 strain M2-
1 fragment (amino acids 70 to 101 and 114 to 146) in the C-terminal
NA [LAIV + NA/RSV] or NS1 truncated to 126 amino acids
[LAIV + NS1/RSV] open reading frames (Fig. 1A). The RSV cassette
also contained porcine teschovirus-1 P2A auto cleavage site at the N-
terminus (Kim et al., 2011) and stop-codon at the C-terminus (Fig. 1A).
The P2A peptide was inserted between influenza and RSV genes to fa-
cilitate the T-cell epitope-presenting pathway upon translation in in-
fected cells, as well as to prevent possible negative effects of the RSV
fragment on the influenza protein functions during the life cycle of
recombinant LAIV. An H7N9 LAIV reassortant virus was also generated
by the means of reverse genetics (Stepanova et al., 2019) and was used
as a vector control in this study.

Reassortant influenza virus A/Shanghai/2/2013(H7N9)-PR8-
IDCDC-RG32A bearing HA and NA from A/Shanghai/2/2013 (H7N9),
and the remaining six genes from egg-adapted donor virus A/PR/8/34
(HIN1) was obtained from the Centers for Disease control and
Prevention (CDC, Atlanta, USA). Influenza viruses were propagated in
10-11 days old chicken embryos and stored at —70 °C in aliquots. The
infectious virus titer was determined in eggs by the method of Reed and
Muench and expressed as log;oEIDso/ml.

2.2. In vitro RSV titer determination

An aliquot of RSV was 10-fold diluted in DMEM and 6-well plates
seeded with Hep-2cells were inoculated with each dilution and
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incubated for 2 h at 37 °C and 5% CO,. Four days after inoculation, the
cells were fixed in 1% formaldehyde in phosphate-buffered saline (PBS)
and plates were stored at 4 °C overnight. The final titer of RSV was
determined by immunostaining plaque assay using primary anti-RSV F
monoclonal antibody (MAB 8599, EMD Millipore Corp., USA) and
secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG antibody (Southern Biotech) as described (Hwang et al., 2017; Lee
et al.,, 2017). The plaques were visualized using HRP-sensitive DAB
colored substrate (Sigma-Aldrich). The RSV viral titer was expressed as
plaque forming units (PFU) per ml.

2.3. Mouse immunization and challenge

All study procedures were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee of
Georgia State University. The vaccination, blood collection and virus
challenge were conducted under isoflurane anesthesia.

Groups of thirteen 6-8 weeks old female BALB/c mice were in-
tranasally (i.n.) inoculated with two doses of LAIV-RSV constructs and
LAIV vector at a dose of 10° EIDs, in a volume of 50 pl three weeks
apart (Fig. 1B). Control mice (Mock) received PBS. In a formalin-in-
activated alum-precipitated group (FI-RSV + alum) five mice were
intramuscularly injected with 100 pl of FI-RSV vaccine at a 2 pug dose
emulsified in aluminum hydroxide adjuvant (2 mg/ml, Sigma), twice
with a 2-week interval. Three days after immunization, four mice from
LAIV and LAIV-RSV groups were sacrificed and lung and nasal turbinate
tissues were collected for virus titration.

Immunized mice were challenged i.n. either with RSV A2 strain at a
dose of 2 x 10° PFU per mouse (n = 5) or with virulent influenza virus
H7N9-PR8 at a dose of 1 x 10° EIDs, (n = 4). Influenza-challenged
mice were sacrificed on day 3 post infection to determine viral load in
lungs and nasal turbinates. RSV-challenged mice were sacrificed on day
five post-infection and bronchoalveolar lavage fluid (BAL) and lung
tissues were collected for virological, immunological, and histo-
pathology analyzes (Fig. 1B).

2.4. Anti-influenza antibody responses

Blood samples were collected from six mice in each group on day 14
after the second dose. Antibody immune responses to influenza virus
were assessed by hemagglutination inhibition assay (HAI) and enzyme-
linked immunosorbent assay (ELISA) as previously described (Isakova-
Sivak et al., 2014). For HAI, the sera were treated with receptor de-
stroying enzyme (RDE) (Denka Seiken, Tokyo, Japan) to remove non-
specific inhibitors and quantitated against four HA units of H7N9 LAIV
virus. The ELISA was performed by using H7N9 LAIV (50 ng per well of
sucrose purified virus) as a coating antigen on high-sorbent 96-well
plates (Greiner, Germany). Ten-fold dilutions of the sera were prepared
starting from 1:10 and added to the coated wells, followed by incuba-
tion with HRP-conjugated goat anti-mouse IgG antibody (Sigma). The
detection of antibody binding was performed with 3,3’, 5,5’; -tetra-
methylbenzidine substrate (1-Step Ultra TMB-ELISA Substrate Solution,
Thermo). The antibody levels were presented as the mean optical
density (ODys0) values for each serum dilution.

2.5. RSV load in mouse lungs

Lung sections from individual mice were weighed and tissue
homogenates were prepared for virus load analyses. The Hep-2 cells
seeded on 48 well plates a day earlier were infected with 2-fold dilu-
tions of the homogenates in incomplete DMEM starting from 1:5.
Plaque assay for RSV was performed as described above. RSV viral load
was calculated and expressed as PFU per gram lung tissue.
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Fig. 1. (A) Schematic design of native and recombinant viral proteins. Self-cleavage site P2A promotes the cleavage of foreign RSV epitopes upon translation in an

infected cell. (B) Overview of study design and procedures.

2.6. Influenza virus load in mouse tissues

The influenza viral load in the upper and lower respiratory tract was
determined on day 3 after inoculation or on day 3 post influenza
challenge. Nasal turbinates and lungs were collected at indicated time
points and stored at —70°C until used for homogenization. Tissue
homogenates were prepared using a small TissueLyzer LT (QIAGEN,
Germany) bead mill in 1ml of sterile PBS containing antibiotic-anti-
mycotic (Invitrogen, UK) and clarified supernatants were used to de-
termine virus titers in eggs as described above. The limit of detection
was 1.2 log;oEIDs5o/ml.

2.7. Cytokine levels after RSV challenge

The BAL fluid was collected from RSV-challenged mice by infusing
1 ml of sterile PBS into lungs via trachea using an 18-gauge catheter
(Exelint International Co., USA). After separation of BAL fluid and cells
by centrifugation, BAL cells were used for cellular analysis by flow
cytometry. The levels of cytokines in BAL fluid were determined by
following the manufacturer protocol ELISA Ready-SET-Go® Kit
(eBioscience, USA) as previously described (Lee et al., 2017).

2.8. Flow cytometry

On day 5 post- RSV challenge, lung tissues were homogenized
completely through a 70 um cell strainer. Lung lymphocytes separation
from other population by the centrifugation through layered 44%/67%
Percoll was performed at 2800 rpm for 15min. Layered cells were
harvested, washed with PBS. BAL and lung cells were stained with
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phenotypic marker monoclonal antibodies (eBioscience or BD
Pharmingen) specific for CD11b (clone M1/70), CD11c (clone N418),
Siglec F (clone E50-2440) in the presence of anti-mouse CD16/32
(clone 93). For intracellular cytokine staining, BAL and lung cells were
in vitro stimulated with M2gy.99 CD8 " T cell peptide (5 pg/ml) for 5h.
Cytokine secreting lymphocytes were fixed/permeabilized using BD
Cytofix/Cytoperm™ Plus kit after staining of surface markers with CD3
(clone 17A2) and CD8 (clone 53-6.7, eBioscience) and then stained
with cytokine antibodies including IFNy (clone XMG1.2) and TNFa
(clone MP6-XT22). The results were obtained using Becton-Dickinson
LSR-II/Fortessa flow cytometer (BD Pharmingen) and analyzed by
Flowjo software (Tree Star Inc., USA).

2.9. Lung histopathology

For the histological analysis, mice were sacrificed under the iso-
flurane anesthesia at 5 days after RSV A2 infection. The superior lobe of
right lung was harvested individually and fixed in 10% neutral buffered
formalin for 48 h, dehydrated in 70% ethanol for 2 h before embedding
in paraffin blocks. To assess the histopathology associated with RSV-
infection 5 pm longitudinal sections were stained in Hematoxylin and
Eosin (H&E), hematoxylin-congo red (H&CR) and Periodic acid-Schiff
(PAS) as previously described (Hwang et al., 2017; Lee et al., 2017). In
brief, stained slides were digitally scanned with light microscope. For
the histopathology blind scoring system, histology photographs with at
least 10 sections per lung tissue from individual mouse were assessed
for severity in inflammation and focal aggregates of infiltrating cells on
a scale of 0-5 as similarly described in previous studies (Derscheid
et al., 2013; Klopfleisch, 2013). The pathologist scored the pneumonia
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Fig. 2. Characterization of LAIV-RSV constructs in vivo. (A) Weight loss during the immunization phase. (B) Replication of the vaccine viruses in the respiratory tract
of BALB/c mice at day 3 after inoculation. (*) indicates a significant difference with Mock control group (p < 0.05, Mann-Whitney U test).

conditions in lung tissues in peribronchiolar, perivascular, interstitial,
and alveolar spaces. Goblet cell hyperplasia expressing PAS + mucin
was examined in 50 randomly selected lung airways from the PAS
stained slides and scored as percentages of positive from 5 individual
lung sections of each mouse.

2.10. Statistical analysis

Data were analyzed with the GraphPad Prism 6.0 software
(GraphPad Software Inc). Statistical significance of group measures was
determined by nonparametric Mann-Whitney U test. The differences
were considered significant with p < 0.05.

3. Results

3.1. The recombinant LAIV-RSV constructs maintain attenuated and protect
mice against influenza infection

Mice immunized with two doses of recombinant LAIV-RSV viruses
did not display signs of disease, such as weight loss during immuniza-
tion (Fig. 2A). In addition, recombinant vaccine viruses did not re-
plicate in mouse lungs, suggesting attenuated phenotypes characteristic
of a cold-adapted influenza virus (Fig. 2B). Interestingly, the
LAIV + NS1/RSV virus was not detected in mouse upper respiratory
tract, whereas recombinant LAIV + NA/RSV virus with the insertion in
NA gene was observed at comparable titers as the control LAIV vector
virus in this regard (Fig. 2B). These findings are consistent with pre-
vious studies reporting that truncation of NS1 protein to 126 amino
acids significantly reduced viral titers of replication in mouse tissues
(Ferko et al., 2001; Zhou et al., 2010).

Despite the differences in the ability to replicate in mouse re-
spiratory tracts, both engineered LAIV-RSV vaccines were similarly
immunogenic in mice. Prime boost vaccination with recombinant LAIV-
RSV induced high levels of HAI and serum IgG antibody which were
comparable to the LAIV viral vector (Fig. 3A and B). As a result, all
immunized mice were fully protected from replication of homologous
mouse-adapted H7N9-PR8 challenge virus, whereas the virus replicated
to high titers in Mock-immunized mice (Fig. 3C).

3.2. The recombinant LAIV-RSV constructs efficiently protect mice against
RSV infection

For the experiments of protective efficacy of the LAIV-RSV vaccine
candidates, we included one additional control group of mice im-
munized with FI-RSV vaccine. To determine the efficacy of protection
against RSV, the groups of mice that were prime boost immunized with
LAIV, recombinant LAIV-RSV, or FI-RSV were challenged with RSV.
RSV infection is not lethal in immune competent wild type mice as
reported in previous studies (Hwang et al., 2014; Stokes et al., 2011; Yu
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et al., 2008). Five days after RSV challenge, high viral loads were de-
tected in the Mock-immunized group, as well as in mice administered
LAIV vector virus. No live virus was detected in FI-RSV vaccine group,
and few RSV plaques were displayed in the titer culture plates from the
LAIV-RSV vaccine groups. The three latter RSV vaccine groups showed
lung RSV replication at significantly lower titers compared to the
control Mock and LAIV groups (Fig. 4A). Mice from all test groups
slightly lost weight on days 2-4 after RSV infection, however all ani-
mals recovered by day 5 post-challenge, suggesting that the selected
RSV dose (2 x 10° PFU) was not lethal (Fig. 4B). The data of body
weight changes and RSV titers suggest that there is no correlation be-
tween body weight loss and lung RSV replication in mice. The secretion
of IFNy, a pro-inflammatory cytokine, was significantly reduced in two
groups immunized with LAIV-RSV vectored vaccines, whereas the le-
vels of IFNy were similar between the LAIV, FI-RSV and Mock-im-
munized groups (Fig. 4C). Similar results of reduced IFNy levels upon
RSV challenge were observed for murine cytomegalovirus expressing
the RSV M protein: the IFNy level peaked on days 2-3 post-challenge
and significantly dropped by day 4, which correlated with the RSV viral
load in the lungs (Morabito et al., 2017).

3.3. The recombinant LAIV-RSV vaccines prime RSV M2g5 gp-specific CD8
T cells and induce the robust recall responses following RSV challenge

CD8 T cells play an important role in viral clearance from the in-
fected individual. Previously we demonstrated that the LAIV + NA/
RSV and LAIV + NS1/RSV viral vectored vaccines efficiently induced
RSV M2g; go-specific CD8 T cells after vaccination, and that these T
cells possessed in vivo cytotoxic activity as measured by a CTL in vivo
assay (Kotomina et al., 2018). In the present study, we determined the
level of effector M2g, go-specific CD8 T cells producing IFNy and TNFa
in the BAL and lungs of immunized mice at five days post-RSV chal-
lenge. As shown in Fig. 5, when stimulating BAL cells with M2g, 99
peptide, the IFNy- and TNFa-producing CD8 T cells were detected at
similarly high levels in mice immunized with LAIV + NA/RSV and
LAIV + NS1/RSV vaccines, whereas only few M2g5 g9-specific CD8 T
cells were seen in the groups immunized with FI-RSV and LAIV vector
(Fig. 5, upper panel). Although the RSV M2g, go-specific CD8 T cells
could also be detected in the lung cells from both LAIV-RSV-immunized
groups, the LAIV + NS1/RSV candidate induced more robust recall
responses, compared to the LAIV + NA/RSV group, both for IFNy- and
TNFa-producing CD8 T cell subsets (Fig. 5, lower panel). These data
suggest that the LAIV 4+ NS1/RSV vaccine might be more effective in
inducing M2-specific tissue-resident memory (Try;) population, which
responds rapidly on RSV challenge. Nevertheless, both LAIV-RSV con-
structs were equally efficacious against RSV as measured by the re-
duction of virus titers in lungs (Fig. 4A).
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3.4. Vaccination with the recombinant LAIV-RSV constructs does not
induce eosinophil infiltration and IL-5 cytokines after RSV challenge

Consistent with previous studies, FI-RSV vaccination of mice pro-
moted massive infiltration of eosinophils into the airways of mice at day
5 after RSV challenge. Large quantities of infiltrating cells positive for
eosinophil-specific surface marker CD11¢~ CD11b *Siglec F* (Stevens
et al., 2007), were observed in BAL and lungs of the FI-RSV immunized
mice, whereas the LAIV, LAIV-RSV and the Mock groups did not show
significant increases in this cell population after RSV challenge
(Fig. 6A).

In addition, we measured the levels of inflammatory cytokine IL-5 in
BAL and lung tissues of immunized mice post-RSV challenge. We found
that only FI-RSV vaccine promoted a pronounced secretion of IL-5 at
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day 5 after RSV infection, whereas the remaining vaccine groups in-
cluding LAIV-RSV displayed a background level of IL-5 similar to the
Mock-immunized group (Fig. 6B). These data clearly indicate that only
FI-RSV vaccine induced Th2-polarized immune responses, whereas
none of the live attenuated vaccines administered intranasally induced
such eosinophilic infiltration and allergic Th2 cytokine IL-5 in the lung
after RSV challenge.

3.5. Recombinant LAIV-RSV vaccination does not cause lung
histopathology after RSV challenge

We also performed histological examination of lung tissues collected
at 5 days after RSV challenge using a panel of dyes. One feature of lung
histopathology associated with RSV infection includes overabundance
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Fig. 4. Protective efficacy of the vaccine viruses against RSV A2 strain. (A) RSV A2 virus titers in lungs as determined by plaque assay in Hep2 cells. (B) Body weight
loss following RSV challenge. (C) IFNy concentration in the lungs and BAL of immunized mice post-RSV challenge. (*) indicates a significant difference between

indicated groups (p < 0.05, Mann-Whitney U test).

13



T. Kotomina, et al.

LAIV LAIV+NA/RSV LAIV+N51/RSV FI-RSV Mock
37.7 5.88 |:| 13.2
> -
£ 7
BAL
17.1 15.7 3.46 4.40
£ :
14.6 233
=
4
L)
Lung
3.52 15.9 2.74 4.37
b
2
-
CcD8

Antiviral Research 168 (2019) 9-17

BAL
50000

= LAV

Hl LAIV+NARSV
=3 LAIV+NS1/RSV
B3 FI-RSV

mm Mock

40000 -

30000 +

20000

M2g, go-specific
CD8" T cells

10000 4

TNFq

Lung
150000+

= LAV

Hl LAIV+NA/RSV
3 LAIV+NS1RSV
B3 FIRSV

Hm Mock

CD8" T cells
8

M2g, oo-specific
S

IFN;

TNF,

Fig. 5. RSV M2g, go-specific CD8 T-cell recall responses in immunized mice at 5 days post-RSV challenge. IFNy and TNFa-producing CD8 T cells were determined
after stimulating BAL (upper panel) and lung (lower panel) cells with RSV M2g, 9o peptide, followed by intracellular cytokine staining and flow cytometry.
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of airway mucus production. The mucus is mainly composed of mucous
glycoproteins, which can be assessed using PAS, staining mucins in
magenta. Vaccine-exacerbated disease is accompanied by a sig-
nificantly increased eosinophil release, as well as airway edema, the
death of respiratory epithelial cells, as evidenced by the thickness of the
epithelium and abundant infiltration of immune cells, including the
prevalence of neutrophil infiltrates (Openshaw and Chiu, 2013; Peebles
and Graham, 2005). H&E staining, commonly used to check the func-
tional state of cells, shows the overall effect of the inflammatory pro-
cess, which results in infiltrates consisting of macrophages, poly-
morphs, eosinophils, lymphocytes and multinucleate giant cells
(Ponnuraj et al., 2001). In addition to routine H&E techniques, Congo-
Red staining also shows sensitivity when staining eosinophils
(Meyerholz et al., 2009). Since the secretion of eosinophilic proteins in
a state of RSV infection involves an eosinophilic cationic protein and an
eosinophil-derived neurotoxin that binds amyloid diagnostic dyes,
therefore eosinophil granules appear in red-orange colors (Acharya and
Ackerman, 2014).

Histologic examination of the lung tissues demonstrated that live
RSV infection in the Mock group caused moderate pathological signs
affecting the lung structure to some extent (Fig. 7). The increased level
of pulmonary pathology was displayed for the FI-RSV group, including
airway obstruction, accompanied by narrowing of the peripheral air-
ways and exudates of inflammatory cells and abundance of mucus
covering the alveolar, bronchiole surfaces and around the blood vessels
(Fig. 7). Less histopathology scores were assigned to the Mock infection
group and the LAIV groups, suggesting that vector alone did not cause
enhanced disease. In contrast to others, recombinant vector LAIV-RSV
vaccine groups displayed the lowest level of histopathology scores.

4. Discussion

Currently there are experimental RSV vaccines and antibodies under
pre-clinical and clinical development (Griffiths et al., 2017; Mazur
et al., 2018; Neuzil, 2016). Early studies identified the RSV M2-1 pro-
tein as a target for the development of CTL-based RSV vaccines since
M2-specific immunodominant CD8 T cells can inhibit vaccine-enhanced
Th2-driven immunopathology after RSV challenge (Derscheid et al.,
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2013; Srikiatkhachorn and Braciale, 1997). Several viral vectors have
been utilized for the delivery of RSV M2-1 protein to target cells (along
or in combination with other RSV proteins), such as modified vaccinia
Ankara (Pierantoni et al., 2015), genetically modified chimpanzee de-
rived adenoviruses (Mazur et al., 2018; Taylor et al., 2015), baculo-
viruses (Lee and Chang, 2017), and murine cytomegalovirus (MCMV)
(Morabito et al., 2017). Some of these vaccines are already in clinical
development (Mazur et al., 2018). However, it was shown that the
excessive induction of systemic RSV-specific memory CD8 T cells can
result in the exacerbated morbidity and mortality following RSV in-
fection, indicating that designing T cell-based RSV vaccines must be
considered with caution (Schmidt et al., 2018). Importantly, Schmidt
et al. demonstrated that local prime-boost immunization generated
RSV-specific resident memory CD8 T cells, thus preventing fatal im-
munopathology following RSV challenge (Schmidt et al., 2018).

The use of an attenuated influenza virus as a viral vector for deli-
vering RSV-specific CD8 T cell epitopes can be advantageous to other
viral vectors for several reasons. Licensed LAIVs are clinically relevant
and enable delivery of the desired foreign epitopes to the upper re-
spiratory tract, thus inducing mucosal and cell-mediated immunity
without the use of any adjuvant (Korenkov et al., 2018; Mohn et al.,
2017). Intranasal administration of LAIVs is an easy, needle-free and
painless way of vaccine delivery and does not require qualified medical
personnel. There is no DNA synthesis during the life cycle of LAIV,
implicating that viral genetic material would not be integrated into the
cell genome. LAIVs are able to generate lung-localized virus-specific
CD8 tissue-resident memory T cells, similar to those generated by in-
fluenza virus infection (Zens et al., 2016). There is no need to avoid
anti-vector immunity in using influenza virus as a viral vector. In this
study, we demonstrated that LAIV-RSV recombinant vaccines also
protected mice against virulent influenza virus, as evidenced by the
absence of virus replication in the upper and lower respiratory tracts of
immunized mice after challenge.

It is likely that airway epithelial cells are primary target cells highly
susceptible to RSV infection. Killing of RSV-infected cells is considered
a primary immune protective mechanism via RSV M2-specific CD8 T
cells in mice immunized with LAIV + NA/RSV or LAIV + NS1/RSV.
We found that significantly higher cell numbers of CD8 T cells secreting
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Fig. 6. Evaluation of vaccine-induced lung pathology after RSV challenge by measuring (A) the levels of eosinophils and (B) IL-5 in BAL and lungs of immunized mice

post-RSV challenge. *p < 0.05; **p < 0.01 (Mann-Whitney U test).

IFN-y and TNF-a cytokines were induced in the BAL and lung samples
from the LAIV + NA/RSV or LAIV + NS1/RSV group upon challenge.
There was a correlation between high levels of RSV M2 specific CD8
cytotoxic T cell responses and effective control of lung viral replication
of RSV, preventing the secretion of RSV replication-induced in-
flammatory cytokines including IFN-y. These CD8 T cell infiltrates
might be contributing to very minor histopathology in these groups,
which is slightly higher than naive mice without RSV infection. In
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contrast, RSV infection and high lung viral loads lead to the induction
of acute inflammatory IFN-y cytokines at high levels, as observed in the
naive mice with RSV infection or LAIV control mice with RSV infection.
Although we did not measure the magnitude of RSV M2-specific CD8
Trm response prior to RSV challenge, there were significant levels of
RSV epitope-specific effector CD8 T cells in BAL and lungs at day 5 after
infection, along with expedited virus clearance and absence of lung
immunopathology in mice vaccinated with LAIV-RSV vaccines. These



T. Kotomina, et al.

LAIV+NA/RSV

A

Antiviral Research 168 (2019) 9-17

LAIV+NS1/R

H&E
H&CR
PAS
B e
4 -
f = - 01 Nae 3 [ Naive
H LAIV B g LAV g =
S . = wvsiarsy g @’° 2 Ry g A NAIRSY
w = @D LAIV+NS1T/RSV a8 @ AVASTRSY 2 iyl
52 m FRSVsAm 22 - RRSVAUm pe i
< = Mock s 8 & Mock = = Mok
g 5 = £
= = g
£ = Z
Group
c " D o [ Naive
=t % T/ B3 LAV
g 3:5 NARRSV 3 E3 LAIV+NARRSV
+
D LAIV+NST/RSV g I:D-II 'L:/i\:g\tlf;:fv
B Fi-RSV+Alum 5 -
B Mock = oc
=20
0
Group

Fig. 7. Lung pathology in immunized mice after RSV challenge. (A) Representative photomicrographs of lung tissue sections stained with H&E, H&CR, and PAS. Scale
bars indicate 100 pm. The arrows indicate representative spot area displaying severe H&E and PAS staining. The inserted boxes indicate the enlarged photos on H&CR
stained eosinophilic cells The arrows mark representative inflamed area. (B) The histopathology was scored for inflammation blindly using a 1-5 scoring system. (C)
The eosinophil infiltration in H&CR stained sections of individual lung tissue of the immunized mice. The infiltrated eosinophils per field were quantified in the lung
airways. (D) The percentage of PAS stained lung section area with PAS positive expression from individual mouse. *p < 0.05; ***P < 0.001 Mann-Whitney test).

data in this study suggest that the LAIV-vectored vaccines indeed in-
duced local RSV-specific protective CTL immune responses.

The potential limitation of using influenza viruses as general viral
vectors is the capacity of the viral genome which does not allow in-
corporation of large foreign antigens (Li et al., 2013). However, this
obstacle is not so significant when the designed vaccines are targeted to
the T-cell epitopes, as this does not require the incorporation of full
viral proteins. Thus, in our LAIV-RSV constructs we inserted only se-
lected epitopes of RSV M2-1 protein with the surrounding amino acids,
65 residues in total (Isakova-Sivak et al., 2016b; Kotomina et al., 2018),
and this insertion had no negative effect on anti-influenza protective
immunity, while inducing strong RSV-specific CTL immune response.

As a conclusion, here we demonstrate that new dual LAIV-RSV
vaccines are safe and protect mice against influenza and RSV. Such
vaccines provide a unique opportunity to fight the two most dangerous
respiratory viral infections using a single vaccine preparation.
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