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Abstract: Respiratory syncytial virus (RSV) infection is a major cause of severe respiratory disease in infants
and young children worldwide. Two vaccines targeting the elderly and pregnant women have been recently
approved employing the prefusion form of the RSV-fusion protein (F). However, there are currently no
vaccines for infants. Studies have shown a fusion-inactive prefusogenic F form is significantly more
immunogenic and produces higher antibody titers to both the prefusion and postfusion structures of the F
protein. Here we have developed RSV virus-like particles (RSV-VLPs) consisting of prefusogenic F, RSV
glycoprotein and matrix proteins, produced them using the baculovirus expression system, and studied their
protective efficacy in Balb/c mice. Morphology and successful assembly of VLPs were confirmed by
transmission electron microscopy and western blot. Mice immunized with VLPs developed high levels of
serum IgG and neutralizing antibodies as compared with mice immunized with inactivated virus. The VLP
vaccine also induced higher levels of IFNy and IL4, elicited limited proliferation of CD4+ and CD8+ T cells but
higher cytotoxic-T-lymphocyte responses. VLP immunization abolished lung pathology in the mice after RSV
challenge. Overall, our results indicate that RSV-VLPs consisting of prefusogenic F, glycoprotein and matrix
proteins are a potential vaccine candidate against RSV.

Keywords: respiratory syncytial virus (RSV); virus-like particles (VLPs); prefusogenic F;
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1. Introduction

Human respiratory syncytial virus (RSV) is a negative-strand, enveloped RNA virus of the
Prneumoviridae family and is one of the leading causes of lower respiratory tract infection (LRTI) in
young children and older adult populations. The disease burden is particularly high in developing
countries with between 2.95 to 3.35 million hospitalizations and 50,000-70,000 deaths in young
children [1,2]. Children under 5 years of age are most susceptible for RSV-related deaths, with the
vast majority (>90%) in developing countries [3,4]. The RSV disease burden is also substantial in older
adults with over 1 million infections, 300,000 hospitalizations, and over 10,000 in-hospital deaths
worldwide [3,5]. Palivizumab and nirsevimab are the only licensed prophylaxis for prevention of
RSV in high-risk newborns [6]. However, in many countries these monoclonal antibodies are not yet
available. Prohibitive costs and need for multiple doses in the first few months of life limit their use
in the high-risk populations and make them unaffordable for use in low- and middle-income
countries [7,8].

The RSV genome contains more than 15,000 nucleotides coding for 11 known proteins: 2 non-
structural and 9 structural proteins, with glycoprotein (G), fusion protein (F) and small hydrophobic
(SH) protein being the surface proteins [9]. The F protein is a major component of the virus envelope
[10], and is responsible for viral fusion with the membrane of the host cells [11]. The sequence of the
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F protein is highly conserved among RSV isolates, and antibodies to the RSV-A F protein provide
protection against both A and B strains of RSV [12,13]. In contrast, the sequence of the G protein is
variable, and 2 serotypes (A and B strains) showed different antigenicity with strain-specific antibody
responses [14]. The G protein helps in attaching the virus to host cells. Both of these proteins elicit
potent neutralizing antibodies and provide protection against both serotypes [15,16]. Additionally,
the matrix (M) protein serves as the inner envelope protein and plays a central role in viral assembly
[17,18]. The M protein was shown to enhance CD8+ T cell response in mice upon infection [19,20].

Despite the large health impact of RSV infections and extensive efforts for vaccine development,
a safe and effective vaccine remained unavailable for decades. The development was hindered for
many years by safety concerns arising from the first RSV candidate vaccine trial in the 1960s where
two immunized children enrolled in a clinical trial died due to enhanced RSV-associated pneumonia
[21]. The reasons behind the occurrence of enhanced disease were conformation changes in the
protein epitopes because of formalin treatment, activation of innate immune cells that resulted in
induction of a Th2-biased cellular immune response and high titers of non-neutralizing antibodies
[22-24]. Since then, different vaccine strategies have been explored for preventing severe RSV
infection: protein vaccines that use different RSV protein subunits, VLPs, virus vectors expressing
RSV proteins or live vaccines that included attenuated RSV strains [25].

The F protein of RSV is metastable and undergoes significant rearrangements from the prefusion
(preF) to a stable postfusion (postF) structure with neutralizing epitopes on intermediate structures
[26,27]. Many preF-based particulate and non-particulate vaccines are under development. Recently,
the world’s first preF-based vaccine, Arexvy, from GSK, was approved for use in older adults.
Another preF-based RSV vaccine, Abrysvo, from Pfizer, for pregnant women has been approved in
the USA and Europe [28]. The F protein is expressed as a single polypeptide (F0), that is cleaved into
F1 and F2 subunits by furin proteases at two sites. This cleavage is required for fusion of the virus
with the host cell membrane and transformation of the preF to the postF form [29]. Patel et. al. (2019)
developed a stable F protein form that is partially cleaved with mutations in the furin cleavage site II
of the fusion protein, called prefusogenic F (preFg). Inmunogenicity studies using the preFg have
shown it to be more immunogenic than preF and producing higher titers of neutralizing antibodies
than both preF and postF structures to the most potent antigenic sites & and V of the fusion protein
and the p27 domain [30,31].

Often, protein-based vaccines induce limited antibody responses due to their non-particulate
nature. For this reason, we and others have developed VLP-based RSV vaccines. VLPs are complexes
of multiple copies of proteins that assemble to form particles which mimic the virus structure but
lack the viral genetic material. Due to their highly repetitive display of antigenic epitopes, VLPs are
more immunogenic and are processed by antigen presenting cells (APCs) much more efficiently than
purified proteins [32]. Previously, RSV-VLPs were made using F0 or preF with or without G proteins
[33]. More recently, VLPs were developed using M or M2-1 together with preF and G [34-36]. These
preF-based RSV-VLP were immunogenic and protective.

To further improve RSV-specific antibody and cellular immune response, we decided to
combine the highly immunogenic preFg form with the VLP technology. In this study, we describe
the development and characterization of VLPs consisting of preFg together with G and M proteins.
The immunogenicity of these VLPs was assessed in mice with in-depth analysis of the evoked
humoral and cellular immune responses. A challenge study was performed to determine the
protective potential of the vaccine.

2. Materials and Methods

2.1. Cells and Live Virus Stock Preparation

HEp-2 cells (ATCC) were grown and maintained in Minimum Essential Medium (MEM)
containing 10% fetal bovine serum (FBS), and 100 I.U/ml penicillin/streptomycin (all reagents from
Gibco). The RSV-A2 (VR-1540, ATCC) strain was propagated by infecting HEp-2 cells. ExpiSf9 cells
(Gibco) were used to make VLPs. These cells are a non-engineered derivative of the Spodoptera
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frugiperda Sf9 cells (Gibco) and are maintained in suspension employing a shaker platform in serum-
free ExpiSf CD medium (Gibco) in non-baffled, plain bottom conical flasks and incubated at 27 °C
under non-humidified, non-CO:2 cell culture condition.

2.2. Construction and Generation of Recombinant Baculoviruses Expressing RSV PreFg, RSV G and M
Protein

For obtaining plasmids with RSV M and G gene sequences, viral RNA was extracted using a
viral RNA extraction kit (Qiagen). Reverse transcription was performed on extracted viral RNA using
the One-Step RT-PCR kit (Invitrogen) with M or G gene-specific forward oligonucleotide primers,
given in Table 1. The M and G genes were then PCR-amplified from the RSV complementary DNA
(cDNA) by use of the primer pairs indicated in Table 1 and cloned into the transfer vector, pFastBacl
(Gibco) with BamHI/Xhol sites, resulting in plasmids pFastBacl-M and pFastBacl-G. Recombinant
clones were confirmed by restriction digestion and sequencing. For the PreFg gene, a codon-
optimized construct was synthetically cloned into the pFastBacl vector, named pFastBacl-PreFg, by
GeneArt (Thermo Fisher) also with overlapping BamHI and Xhol sites. For the construction of PreFg,
a mutation in the furin cleavage site II (KKQKQQ to KKRKRR) and a 10 amino acid deletion in the
fusion domain (F137 — 5146) of F protein was introduced as described in Patel et. al. 2020 [30]. The
protein-encoding plasmids were amplified employing DH5a E. coli cells (Gibco).

Table 1. Primer sequences of RSV M and G genes used. Sequences of BamHI and Xhol restriction
enzymes are underlined in the forward and reverse primers respectively.

Target Primer Sequence (5’-3")

Forward ~ CGCGGATCCATGGAAACATACGTGAACAAGCTTC
Reverse =~ CCGCTCGAGAGTAACTACTGGCGTGGTGTG
Forward  CGCGGATCCATGCAAACATGTCCAAAAACAAG
Reverse =~ CCGCTCGAGAGTAACTACTGGCGTGGTGTG

M

G

To generate recombinant baculoviruses (rBVs) containing the three genes, the Bac-to-Bac
baculovirus expression system (Gibco) was used as per manufacturer instructions. Briefly, cloned
pFastBacl plasmids were individually transformed into DH10Bac E. coli containing a baculovirus
shuttle vector (bacmid), to create expression bacmids containing the inserted RSV genes. Expression
bacmid clones were screened with blue/white screening. After confirmation, the expression bacmid
DNAs were extracted and used for transfection of ExpiSf9 cells using Cellfectin II reagent (Gibco) to
generate rBVs expressing M, G and PreFg gene as per the manufacturers protocol.

2.3. Protein Expression and Confirmation

Expression and secretion of proteins was confirmed by execution of indirect ELISAs on cell
supernatant. Briefly, cell supernatants from the transfected ExpiSf9 cells were diluted ten-fold in
carbonate-bicarbonate buffer, pH 9.2, and coated on ELISA wells. Coated wells were incubated
overnight at 4 °C and washed five times using phosphate buffer saline (PBS) containing 0.05% tween
20 (Sigma-Aldrich). Plates were blocked for 1 hr at 37 °C using PBS containing 10% FBS after and
washed five times with wash buffer. The washing protocol was kept constant for all further washing
steps. One hundred microliters of mouse anti-RSV immune serum and serum from naive mice were
diluted (1:100 dilution) in sample diluent buffer (PBS containing 10% FBS and 0.1% tween 20) was
added to plates and incubated for 1 hr at 37 °C. RSV positive sera was acquired by infecting mice
intranasally thrice with 40pl of 106 TCID50/ml of RSV-A2 at 2-week intervals. After incubation, wells
were washed, and 100 ul 1:20,000 diluted anti-mouse-IgG-HRP (SouthernBiotech) conjugate in PBS
with 10% FBS and 0.1% Tween 20 was added to the wells. After incubation for 30 min at 37 °C, 100
pl tetramethylbenzidine (TMB) substrate containing hydrogen peroxide (Clinical Science Products
Inc.) was added and the reaction was stopped after 10 min using 50 pl of 2N H2S504 (Sisco Research
Laboratories). Plates were read at 450 nm with a filter of 655 nm.
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2.4. Production and Characterization of RSV-VLPs

For production of RSV-VLPs, ExpiS{9 cells (5 x 10¢ cells/mL, > 90% viability) were cultured in
presence of ExpiSf enhancer as per the manufacturers protocol. After 16-18 hrs, cells were co-
infected with the three rBVs expressing PreFg, G and M proteins at a ratio of 1:1:1 (v/v). Cell culture
supernatant collected on day 5 post-infection was centrifuged at 4000g for 30 minutes at 4 °C for
removal of cell debris. Clarified cell supernatant was layered on 20% sucrose in PBS and centrifuged
in a SW-32Ti rotor for 3 hrs at 150,000g at 4°C. The pellet was resuspended in PBS and further purified
on discontinuous 20%-30%-35%-40%-50%-60% sucrose gradients by centrifugation at 100,000g for 3
hrs at 4 °C in a SW-55Ti rotor. 25 0.2ml fractions were collected from the top and total protein content
by Folin-Lowry assay and RSV specificity by indirect ELISA of each fraction was determined. The
VLP bands between 30%-35% were collected and dialysed against PBS to remove sucrose. The VLPs
were characterized by western blot and transmission electron microscopy (National Institute of
Virology, India). For western blot analysis, mouse anti-RSV serum was used. Phospholipid
determination was conducted using VLPs dialyzed against PBS. Briefly, the standards were made
using a known amount of sodium phosphate. Samples and standard were treated with 70%
perchloric acid (Sigma-Aldrich) for 45 min at 180 °C followed by addition of molybdate reagent
(Sigma-Aldrich). Colour was developed using ascorbic acid and samples were read at 812 nm [37].

2.5. Preparation of Inactivated RSV

Briefly, HEp-2 cells were seeded in 175cm? multilayer flasks using MEM containing 10% FBS,
100 I.U/ml penicillin and streptomycin. After 70% confluency was reached, cells were washed with
PBS (HiMedia) and infected with 0.01 MOI RSV in MEM without FBS. On day 7, the cell supernatant
containing detached cells was collected from the cell culture flasks and centrifuged to remove cell
debris. Beta-propiolactone (BPL) inactivated RSV (BPL-RSV) was prepared by treating RSV-
containing cell supernatant with a final concentration of 0.1% (v/v) BPL (HiMedia) for 24 hrs at 4 °C
under gentle shaking [38]. Formalin-inactivated RSV (FI-RSV) was prepared by incubating RSV-
containing cell supernatant for 3 days with formalin at a final dilution of 1:4000 at 37 °C [23].
Inactivated viruses were purified by ultracentrifugation at 100,000g at 4 °C for 3 hrs and the pellets
were resuspended in PBS. Purity of inactivated RSV preparations were checked by SDS-gel
electrophoresis and protein concentration was determined using the Folin-Lowry assay.

2.6. Immunization and Challenge of Mice

In vivo experiments in mice were conducted after the approval by the institutional animal ethics
committee of Bharati Vidyapeeth Medical College, Bharati Vidyapeeth (Deemed to be University),
Pune. Female Balb/c mice (Advanced Centre for Treatment, Research and Education in Cancer, India)
aged 6-8 weeks were used for immunization studies. All procedures on mice were executed under
isoflurane anesthesia. Mice (6 mice per group) were intramuscularly immunized twice with a 3-week
interval with 5 ug BPL-RSV, 5 ug FI-RSV, or VLPs at a dose of 5 or 10 ug. For intramuscular (i.m.)
immunization, 50 ul solution was administered in the hind limb. Non-immunized or immunized
mice were challenged with 40 pl of 106 TCID50/ml RSV seven days after the second dose. For
challenge, the 40 pl was solution containing RSV was slowly administered equally in both nostrils.
Mice were observed daily for weight loss. Mice were sacrificed 7 days after the second immunization
dose or 4 days after challenge by cervical dislocation under the influence of anesthesia.

2.7. Sample Collection and Processing

Blood samples were collected by retro-orbital puncture 21 days after the first dose and 7 days
after the second dose using capillary tubes. A piece of lung was collected in tissue cassettes to study
pathology induced after the virus challenge. Lungs fixed in 10% formalin were sectioned and stained
using hematoxylin and eosinophil staining (H&E). Lung pathology was scored on alveolar infiltrates,
bronchitis and vasculitis. Spleens were collected individually in complete Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 100 I.U/ml penicillin/streptomycin, 0.1% beta-
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mercaptoethanol (BME) and 10% FBS and stored on ice until processed. Briefly, the spleens were
processed individually by dissociating using sterile syringe plungers and passing the suspension
through a 70 um mesh (Becton Dickinson) employing IMDM complete medium. Subsequently,
erythrocytes were lysed by incubating with 1 ml ACK lysis buffer (Gibco) for 5 min on ice. The cells
were washed with IMDM complete medium, counted and brought to appropriate concentrations.

2.8. ELISA

Antibodies reacting with VLP, F, G or M protein (total IgG titre, IgG1, and IgG2a) were
determined in mouse sera by enzyme-linked immunosorbent assay (ELISA). Briefly, ELISA plates
were coated with 300 ng purified VLP or 150 ng RSV proteins (Sino Biologicals) per well in 100 pl
carbonate-bicarbonate buffer, pH 9.2 overnight at 4 °C. Plates were washed three times using PBS
containing 0.05% tween 20 (PBST). Plates were blocked for 1 hr at 37 °C using PBS containing 5% FBS
and washed three times with wash buffer. The washing protocol was kept constant for all further
washing steps. IgG1 and IgG2a concentrations were determined using calibration curves made by
coating of ELISA plates with 0.1 ug anti IgG (Southern Biotech) at 4 °C, overnight. Following
extensive washing, increasing concentrations of 100 pl of IgG1 or IgG2a (Southern Biotech) were
added to the plates. Diluted serum was added to the plates and incubated for 1 hr at 37 °C. Serum
samples were double diluted for IgG titre determination. Next, wells were washed and conjugated
antibodies were added (anti-mouse-IgG HRP, anti-mouse-IgG2a HRP, or anti-mouse-IgG1 HRP; all
from SouthernBiotech) to the respective wells and the plates were. incubated for 1 hr at 37 °C. After
washing, tetramethylbenzidine (TMB) substrate containing hydrogen peroxide (Clinical Science
Products Inc.) was added and the reaction was stopped after 10 min using 2N H25Os (Sisco Research
Laboratories). Plates were read at 450 nm with a filter of 655 nm using Synergy HTX reader and Genb
software (BioTek).

2.9. Micro Neutralization Test

Mice sera were complement-inactivated at 56 °C for 30 minutes. The serum samples were 1:4
diluted in MEM with 2% FBS and subsequently double diluted in the same medium in 96-well cell
culture plates. Live virus was diluted in 2% MEM with 2% FBS to obtain titer of 100 TCID50/ml and
added to the diluted serum. The virus-serum mixture was incubated at 37 °C for 1 hr. After
incubation, 2x10* HEp-2 cells in MEM with 2% FBS were added followed by incubation for 7 days at
37 °C. Cells were fixed using 3.7% formaldehyde in PBS for 30 min, washed with PBS three times and
stained with 1% crystal violet. Plates were observed for cell detachment and neutralizing 50 (NT50)
antibody titre was calculated by the Reed-Miinch method [39].

2.10. RSV-Specific Antibody-Secreting Cells

To quantitate anti-RSV IgG and IgA antibody-secreting cells (ASCs) elicited by immunization, a
dual colour enzyme-linked immunosorbent spot assay (ELISpot) was performed using splenocytes.
Briefly, MultiScreen-HA filter plates (Millipore) were coated with 1 ug purified VLPs in 100 ul PBS
overnight at 4 °C. Later, plates were blocked using complete IMDM complete medium for two hrs at
37 °C. 1x10¢ splenocyte cells were added and the plates were incubated overnight in IMDM complete
medium. After 24 hrs, cells were discarded, plates were washed with PBST and a mixture of anti-
mouse IgG-HRP and anti-mouse IgA-AP (SouthernBiotech) at dilutions of 1:2000 in PBST was added
to the plates. After incubation at 37 °C, IgG-ASC were developed using amino-ethylcarbazole (AEC)
substrate containing hydrogen peroxide (Sigma) followed by staining for IgA-ASC employing 5-
bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) substrate for detection of
IgA ASC. The reaction was stopped by washing the plates with commercially available mineral
water. Plates were scanned on the S6 Ultra-M2 system (Cellular Technology Ltd.) and spots were
counted using the ImmunoSpot® Double Colour Enzymatic software (v7.0.26).

2.11. IFNy and IL4 ELISpot
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IFNy and IL4 ELISpot was performed on splenocytes using a dual colour ELISpot kit as per
manufacturer instructions (Cellular Technology Ltd.). 1x10¢ splenocytes were added to PVDF plates
coated with anti-mouse IFNy and anti-mouse IL4 antibodies in complete IMDM medium
supplemented with 10% FBS and 0.1% BME. Cells were cultured without stimulant or were
stimulated with 1 ug purified VLPs for 18 hrs. Subsequently, cells were discarded, plates were
washed with PBST and cytokine-specific detection antibodies were added. Blue spots specific for IL4
and red spots specific for IFNy were developed to measure cytokine-specific spot forming cells (SFC).
Plates were scanned on the S6 Ultra-M2 system (Cellular Technology Ltd.) and spots were counted
using the ImmunoSpot® Double Colour Enzymatic software (v7.0.26).

2.12. Cytokine Response after Immunization

Inflammatory (IFNy, TNFa, IL6, IL2, IL17A) and anti-inflammatory cytokines (IL4, IL10)
secreted by splenocytes were determined by cytometric bead array (Becton Dickinson) as per
manufacturer protocol. To this end, 1x10¢ splenocytes from each mouse were cultured in 96 well U-
bottom plates in complete IMDM medium for 72 hrs and either stimulated with 1 pg purified VLPs
or non-stimulated. After incubation, the supernatants were collected and used for cytokine
determination.

2.13. Flow Cytometry

Splenocytes were used to determine the CD4 and CD8 T cell response after immunization. 1x10¢
splenocytes were seeded into U-bottom 96-well plates in complete IMDM media, stimulated with 1
ug purified VLPs and the plates were incubated at 37 °C in a humidified incubator with 5% CO: for
48 hrs. After 48 hrs, cytotoxic T lymphocytes (CTLs) and proliferating T cells were evaluated by flow
cytometry by staining with antibodies (see Table 2). Data from stained cells was acquired on the
CytoFLEX LX system (Beckman Coulter) and analysed using CytExpert software (v2.5).

Table 2. Antibodies used for CTL and T cell proliferation evaluation.

Antibody Clone Source
CTL panel

CD3-FITC 17A2 BioLegend
CD8a-PerCP 53-6.7 BioLegend
CD107a-PE 1D4B BioLegend
Granzyme B-PE/Dazzle594 QA16A02 BioLegend
IFNvy-PECy7 XMG1.2 BioLegend

T cell proliferation panel

CD3-FITC 17A2 BioLegend
CD8a-PerCP 53-6.7 BioLegend
CD4-BV785 RM4-5 BioLegend
CD44-PE/Dazzle594 M7 BioLegend
CD62L-BV421 MEL-14 BioLegend
Ki67-PE 11F6 BioLegend

2.14. Statistical Analysis

Graphpad Prism v10.0.0 (Graphpad Software) was used to perform statistical analysis. Either a
two-tailed t test or one-way ANOVA test was used to compare differences between various groups.
p-values below 0.05 were considered statistically significant. * represents p < 0.05, ** represents p <
0.01, *** represents p < 0.001 and **** represents p < 0.0001.

3. Results
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3.1. Generation of Transfer Vectors, Expression Bacmids and Protein Expression

RSV M and G genes were amplified by PCR with primers containing sites for restriction enzymes
BamHI and Xhol and cloned into pFastBacl transfer vectors. Insertion of the M and G gene into the
vector was confirmed by sequencing of the plasmids. The pFastBacl transfer vector containing the
PreFg gene was constructed by GeneArt and encodes changes in amino acid sequences as mentioned
in Materials and Methods above. All three transfer vectors were confirmed for gene insertion by
restriction digestion with BamHI and Xhol (Figure 1a). Expression bacmids for the three genes were
made by recombination into parent bacmid in DH10Bac E. coli. Production and secretion of PreFg, G
and M proteins by the ExpiSf9 cells transfected with the individual bacmids confirmed by an indirect
ELISA of the cell supernatant (Figure 1b).

3 naive mice sera
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Figure 1. Cloning and expression of preFg, G and M proteins. (a) pFastBacl transfer vectors carrying
the RSV PreFg (lane 1), G (lane 2) and M (lane 3) gene were cut with BamHI and Xhol to confirm
correct insertion of the genes in the vectors. (b) Expression of the PreFg, G and M proteins by ExpiSf9
cells infected with the respective rBVs confirmed by indirect ELISA using sera negative and positive
for anti-RSV antibodies.

3.2. Production and Characterization of VLPs

Cell culture supernatant from infected ExpiSf9 cells was clarified by centrifugation and RSV-
VLPs were purified by sucrose density ultracentrifugation (Figure 2a). 25 fractions from the
discontinuous sucrose gradient were collected from the top of the gradient. Total protein content and
RSV-specific reactivity were measured for each fraction by indirect ELISA using anti-RSV antibody-
positive mice sera. Protein content and ELISA reactivity coincided at fractions 8-10 (30%-35% sucrose)
indicating the presence of an RSV antibody-reactive structures (Figure 2a). A drop in protein content
and ELISA-OD values was observed with in fractions with a sucrose content from 35% to 60%.
Western blot using RSV-reactive mouse sera of the pooled fractions 8-10 confirmed the presence of
PreFg, G and M proteins in the VLPs (Figure 2b). A PreFg protein band at ~63 kDa is consistent with
the size described by Patel et. al. 2020 [31]. The matrix protein band (~28 kDa) and the glycoprotein
band (~70 kDa) produced by baculovirus-infected cells had the expected molecular weights described
previously [40,41]. TEM images of the purified VLPs revealed spherical particles with a size of 70-100
nm (Figure 2c). Western blot analysis and TEM of the purified VLPs confirms the incorporation of
preFg, G and M proteins within the VLP structure. The presence of phosphate indicated that a lipid
membrane is indeed an integral part of the formed VLPs (Figure 2d) [42].
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Figure 2. Purification and characterization of RSV-VLPs. (a) Cell culture supernatant of the ExpiSf9
cells coinfected with PreFg, G and M-encoding rBVs was harvested and RSV-VLPs were purified on
a 20%-60% sucrose gradient by ultracentrifugation at 100,000g for 3 hrs at 4 °C as described in
materials and methods. A total of 25 fractions were collected and total protein content and RSV
reactivity by indirect ELISA of each fraction was determined. (b) Western blot analysis of the dialysed
fractions 8-10, corresponding to 30%-35% sucrose gradient showing purified RSV-VLPs containing
the three proteins, PreFg and G and M. (c) The same pooled fractions were visualized by transmission
electron microscopy to confirm the formation of RSV-VLPs. Scale bar equals 200nm. (d) The
phospholipid content of 5ug purified RSV-VLP and inactivated BPL-RSV was also determined.

3.3. RSV-VLPs Induce Potent Humoral Immune Responses after Immunization

In vivo studies were conducted to determine the immunogenicity of the VLPs. The immune
response elicited by BPL-RSV and FI-RSV were the comparators. Of significance, the mice immunized
with RSV-VLPs (5 or 10 ug) generated significantly higher VLP-specific IgG titers than the mice that
received BPL- or formalin-inactivated RSV (Figure 3a). Similarly, IgG responses against RSV fusion
(RSV-F, Figure 3b) and matrix (RSV-M, Figure 3d) proteins were higher in the VLP-immunized mice.
Surprisingly, the response against glycoprotein, RSV-G, was not enhanced for the VLP vaccine (p
value 0.07 to 0.88) (Figure 3c). B cell ELISpot using splenocytes from immunized mice was conducted
to determine the numbers of antigen-specific ASCs. The VLPs induced similar numbers of ASCs as
the inactivated RSV vaccines (Figure 3e). Determination of neutralizing antibody titers highlighted
that the mice immunized with either 5 or 10 ug VLPs generated significantly higher levels of
neutralizing antibodies than mice immunized with either of the inactivated RSV vaccines (Figure 3f).
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Figure 3. Humoral response after immunization with RSV-VLPs. Mice (n=6) were immunized twice
on days 1 and 21 with 5ug BPL-RSV, FI-RSV or 5 or 10 ug RSV-VLP. Control mice remained
unimmunized. Blood was collected 21 days after the first dose and 7 days after the second dose (day
28) upon sacrifice. Antibody responses after immunization were determined by measuring (a) the
total IgG titre against RSV and ELISA reactivity of the collected sera against (b) RSV-F, (c¢) RSV-G and
(d) RSV-M proteins. (e) ASCs producing RSV-specific IgG or IgA from splenocytes were measured
by ELISpot. HEp-2 cells were used to determine (f) neutralizing antibody levels in sera.

3.4. IgG Subclass Immune Responses after Immunization

Antibody subtype responses against RSV-VLPs, F, and G proteins were characterized by
measuring IgG2a and IgG1 subclass antibodies, the hallmark antibodies for Th1 and Th2 immunity
respectively. VLP-immunized mice produced robust VLP- and F-specific IgG2a (Figure 4a,b) and
IgG1 (Figure 4d,e) antibodies, and these responses were higher than those in mice immunized with
inactivated RSV. However, this increase was not observed for G-specific antibodies. Similar to total
IgG, the use of 10 ug VLPs for immunization did not increase the induction of either of the antibody
subtypes against any of the proteins, as compared to the 5 ug dose (Figure 4a—f). Inmunization with
VLPs elicited an IgGl-dominant response (Figure 4e—f). Calculation of the IgGl/IgG2a ratio
highlighted that VLPs gave rise to a skewed Th2 response but the skewing was less prominent than
observed in the FI-RSV group (Figure 4g—i).
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Figure 4. Antibody subtype response after immunization with RSV-VLP. Mice were vaccinated with
two doses as described previously. Sera obtained from the mice were analysed using for IgG subtypes
using RSV-VLPs, RSV-F and RSV-G for coating. (a-c) IgG2a and (d-f) IgG1 response were evaluated
by ELISA using serum obtained from the blood collected from mice on day 28. The ratios of IgG1 to
IgG2a to (g) RSV-VLPs, (h) RSV-F and (i) RSV-G were calculated for individual mice.

3.5. IFNy- and IL4-Producing T Cells after Immunization

To further characterize the immune response generated after immunization, we quantified Thl
cytokine (IFNy) and Th2 cytokine (IL4) from in vitro stimulated or non-stimulated splenocytes. Spots
in non-stimulated wells highlighted immunization with either of the antigens induced significantly
higher number of IFNY or IL4 SFCs than in naive mice. The number of SFCs was further increased
after overnight stimulation (Figure 5c). Immunization with VLPs induced highest numbers of IFNy
SFCs upon stimulation compared to immunization with inactivated RSV virus or mock
immunization (Figure 5a). The number of IL4 SFCs were similar in all immunized groups after
stimulation (Figure 5b). Similar observations were noticed for secreted IFNy and IL4 in supernatants
of the restimulated and non-stimulated splenocytes (p values 0.11 to 0.90) (Figure 5d,e).
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Figure 5. IFNy and IL4 responses after immunization. Mice were sacrificed 7 days post the second vaccination
(day 28) and spleens were collected. Splenocytes were left untreated or stimulated with RSV-VLPs for 18 hours
to determine (a) IFNy and (b) IL-4 SFC. (c) Representative images of stimulated and non-stimulated wells of
each immunization group are shown for IFNvy/IL-4 dual color ELISpot. Blue and red spots are specific for IL4
and IFNYy, respectively. Similarly, splenocytes were cultured for 72 hrs in the presence or absence of VLPs to
determine the amount of secreted (d) IFNy and (e) IL-4. Open and filled symbols indicate cytokine responses
from the non-stimulated and stimulated splenocytes respectively.

3.6. Inflammatory and Anti-Inflammatory Cytokine Responses after Immunization

We next estimated other cytokines that are shown to modulate the adaptive immune response.
Non-stimulated splenocytes obtained from VLP-immunized mice showed enhanced secretion of
TNFa (Figure 6a) and IL6 (Figure 6b). Only splenocytes from mice immunized with VLP induced
significantly higher secretion of TNFa, IL6 and IL2 compared to the control group upon stimulation.
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Notably, IL2 secretion increased almost five-fold upon stimulation of the splenocytes (Figure 6c).
Secretion of IL17A was similar across the different groups (Figure 6d). Similar to inflammatory
cytokines, immunization with the VLPs showed significantly higher secretion of IL10 compared to
the control group in non-stimulated and stimulated cultures (Figure 6e).
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Figure 6. Inflammatory and non-inflammatory cytokine responses after immunization. Mice were
sacrificed 7 days post second vaccination (day 28) and splenocytes were cultured in the presence or
absence of RSV-VLPs for 72 hours to determine secretion of (a) TNFaq, (b) IL6, (c) IL17A, (d) IL10 and
(e) IL2. Antigen-specific secretion (hollow dots) of cytokines was determined by subtracting values of
the secreted cytokine of non-stimulated wells from the stimulated wells for each mouse. Antigen
mediated response (solid dots) of cytokines was determined from the supernatant of unstimulated
wells. The quantity of cytokines released from the unstimulated splenocytes was subtracted from
cytokines released from the stimulated splenocytes to determine antigen specific cytokine response.
Antigen mediated response which is a measure of in vivo stimulation due to the second immunization
dose was determined by evaluating cytokine levels from unstimulated splenocytes culture.

3.7. Memory T Cell Responses after Immunization

The ability of T cells to proliferate and develop memory T cells after vaccination is essential for
protection and sustainability of the adaptive immune responses. For this assessment, we investigated
the ability of the RSV-VLPs to induce proliferation of total CD4+ and CD8+ T cells as well as effector
memory cells. The proliferation status was assessed by measuring Ki67 expression. Immunization
with either vaccine resulted in the proliferation of CD4+ and CD8+ T cells (Figure 7a,b). Although no
significant differences were observed in the total numbers of CD4+ and CD8+ T cells among the
groups (data not shown), immunization with 10pg VLPs induced proliferation among CD8+ T cells
(CD8+Ki67+, Fig.7b) as compared to the other groups. However, the proliferation of CD4+ T cells
(CD4+Ki67+, Figure 7a) was not enhanced even after immunization with 10ug VLP. The levels of
proliferating CD4+ and CD8+ effector memory T cells (CD4+CD44+CD62L-Ki67+ and
CD8+CD44+CD62L-Ki67+, Figure 7c,d) in mice immunized with RSV-VLPs were similar to the levels
found in other immunized groups. Overall, these results suggest that the performance of RSV-VLPs
in inducing T cell proliferation is similar to that of inactivated RSV but can be enhanced with an
increase in dose.
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Figure 7. Proliferating T cell responses after immunization. The proliferating CD4 and CD8 responses were
evaluated using splenocytes of immunized mice that were sacrificed 7 days after the second vaccination. Ki67
was used as a marker of proliferation. The percentage of total (a) CD4+ and (b) CD8+ proliferating cells as well
as proliferating effector memory (c) CD4+ and (d) CD8+ T cells was determined employing flowcytometry. (e)
Gating strategy to determine levels of proliferating CD4+ and CD8+ T cells is depicted.

3.8. Cytotoxic CD8+ T Cell Response after Immunization

CTLs are known to mediate viral clearance through targeted killing of infected cells by releasing
granzymeB. Increased expression of the degranulation marker CD107a on CD8+ T cells is directly
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proportional to cytotoxic activity. Therefore, we next evaluated the CTL response after immunization.
Immunization with VLPs enhanced the number of granzymeB+CD8+ (Figure 8a) and CD107a+CD8+
T cells (Figure 8b) compared to immunization with inactivated RSV. This enhancement was not
dependent on the VLP dose. An increase in dual granzymeB+CD107a+CD8+ T cells was also seen
only after immunization with the VLPs (Figure 8d) and the increase was significantly higher as
compared to that in the other immunizations groups. Surprisingly, no enhancement of IFNy+CD8+
T cells was observed after immunization with VLPs (Figure 8c).
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Figure 8. Cytotoxic T cell responses after immunization. CTL responses were evaluated using splenocytes of
immunized mice that were sacrificed 7 days after the second immunization. The percentage of (a) granzyme B+,
(b) CD107a+, (c) IFNy+ and (d) CD107a+granzyme B+ -expressing CD8+ T cells was determined employing
flowcytometry. (e) Gating strategy and representative images showing the percentages of granzyme B-, CD107a-
and IFNy-positive cells from the immunized groups.

3.9. Protection from Live RSV after Challenge in Immunized Mice

To further investigate the possibility of enhanced respiratory disease (ERD) in the immunized
mice, we examined lung pathology upon challenge infection (Figure 9a—e). The lungs of mice infected
with live virus had mild congested vascular tissue in the lung parenchyma, mild alveolar
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pathological changes with alveolitis with mononuclear inflammatory cellular infiltration in the
alveolar parenchyma (Figure 9b). Minimal pathology was seen in mice that received BPL-RSV (Figure
9c). However, mice immunized with FI-RSV showed signs of enhanced inflammation such as
alveolitis and infiltrates in both the peribronchial and perivascular areas (Figure 9d). In contrast, the
lungs of the mice that received RSV-VLP (Figure 9e) showed no signs of lung pathology and were
very similar to the lungs of naive mice (Figure 9a). Overall, mice immunized with FI-RSV showed
ERD while immunization with VLPs prevented lung inflammation after RSV challenge (Figure 9f).
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Figure 9. Lung pathology in mice challenged with live RSV after immunization. Mice were
immunized twice and subsequently challenged with live RSV. The lungs were harvested 4 days post
challenge, fixed, sectioned and stained with H&E to evaluate RSV-mediated enhanced respiratory
disease. Representative images of lungs from (a) naive, (b) non-immunized and challenged, (c) BPL-
RSV-, (d) FI-RSV- and (e) RSV-VLP-immunized and challenged mice. (f) Lung pathology score was
calculated after analyzing the lung sections from each mouse.

4. Discussion

In the current study, we aimed to develop RSV-VLPs consisting of PreFg, G and M protein as a
vaccine candidate against RSV and study its protective efficacy in mice. The RSV-VLPs were
produced by coinfection of ExpiSf9 cells with recombinant baculoviruses encoding the respective
proteins. Immunogenicity studies demonstrated that these VLPs induced stronger humoral and
cellular immune responses and provided better protection against lung inflammation upon challenge
than inactivated RSV vaccines.

We wish to emphasize here that the VLPs developed by us contain the preFg and G proteins
which possess most of the neutralizing epitopes of RSV [15]. The reasons for using preFg F protein in
our study are (i) preFg does not get converted to the postF conformation, (ii) consists of the p27
protein and (iii) preFg is shown to be more immunogenic than the preF form [31]. Co-infection with
two or more rBVs for simultaneous expression of three proteins is shown to give rise to VLPs that are
released from cells similar to native RSV [27,36]. Similarly, we employed baculovirus encoding preFg
and co-infected the cells with baculoviruses encoding G and M proteins to obtain the VLPs.

Although it was reported earlier that the M protein of RSV might lead to pleomorphic structures
and may interfere with the formation of VLPs in absence of phosphoprotein [43], using M protein of
RSV we were able to generate VLPs that resemble the structure of native RSV particles. In our study,
we used ExpiSf9 cells, which are a non-engineered, suspension culture derivative of 59 insect cells.
As per our expectations, the VLPs formed after co-infection of ExpiSf9 cells with baculoviruses
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encoding preFg, G and M consisted of all the three proteins. The structure of the VLPs was spherical
having size between 70-100 nm. After co-infection and further downstream purification, we found
substantial yield of approximately 1mg/litre of purified VLP. The VLPs possessed a lipid bilayer as
observed by TEM and phosphate determination. The presence of lipids is adventitious because the
VLPs can be associated with adjuvants that have lipophilic tails viz. MPLA [44,45]. The presence of
lipid bilayer has also been visualized in the TEM images in other studies wherein VLPs were
developed using baculoviruses encoding the preF and G protein [46,47].

Our study also demonstrated that immunization of mice with the VLPs induced robust humoral
and cellular responses after two doses and conferred protective immunity against the virus challenge.
Most importantly, no lung pathology or enhance respiratory disease was recorded. The VLPs showed
higher antibody induction against all the three included proteins than the inactivated-RSV
immunized mice. These results further confirm that the VLPs indeed consisted of the F, G and M
proteins. The number of ASCs induced by the VLPs was comparable to that induced by the
inactivated-RSV immunized mice. However, the higher amount of antibodies produced by a similar
number of ASCs highlights the superior quality of VLP-induced ASCs. The neutralization potential
of antibodies against preF is well known [48]. Additionally, various animal studies have documented
protection by antibodies against G protein [49,50]. Immunization with VLPs induced antibodies
against both F and G proteins indicative of additive neutralization effect [51].

Different immunoglobulin subtypes display differences in their ability to mediate effector
responses [52]. Therefore, the IgG antibody subtypes were studied to understand the influence of the
VLPs on their induction after immunization. In our study, the VLPs induced both IgG2a and IgG1
subtypes, though the response was IgG1l dominated pointing to a Th2 skewed response. Previous
studies employing inactivated RSV or RSV-virosomes have shown induction of balanced IgG2a/IgG1
or skewed Th2 response upon intramuscular immunization [38,53,54]. The induction of IgG2a may
reflect the role of humoral response in assisting the effective virus clearance without inducing
pathology [55,56].

The antibody subtype responses are strongly influenced by the cytokines released by the CD4 T
helper (Th) cells. Th1 cells are shown to promote IgG2a response due to the predominant release of
IFNYy while Th2 cells are shown to induce IgG1 antibody with the help of IL4 [57,58]. In our study,
the secretion of IFNYy and IL4 upon in vitro stimulation of the splenocytes with VLPs were also in line
with the IgG subtype results. Although the VLPs induced higher IFNy than FI-RSV, the number of
IL4-producing cells were higher than IFNy-producing cells which may have resulted in skewing of
antibody response towards IgG1. Along with these cytokines, TNFq, IL10 and IL6 secretion was also
found to be higher in the VLP immunized mice which may have contributed further to enhanced
IgGl1 antibody response [59]. IFNy can promote the production of TNFa and can synergize with this
cytokine in its actions on responder cells. Increased secretion of IL6 and IL2 after in vivo stimulation
in our study suggests that the VLPs might be capable of promoting follicular T helper cells response
leading to memory B cells production [60,61]. The increased IL10 production indicated capability of
VLPs to promote Treg response [62,63]. Overall, the VLPs induced cytokines that are required to
enhance the antigen-specific immune response.

In addition, VLPs induced higher granzymeB+, ~CD107a+ and dual positive
granzymeB+CD107a+ CD8+ T cells than inactivated vaccines. Along with neutralizing antibodies, the
induction of CD8+ T cells-mediated immunity may have promoted rapid virus clearance from the
lungs of mice immunized with VLPs thereby decreasing pathology [64-66]. Similar results were
reported for CD8+ T cell epitope vaccine against RSV [67]. It may be summarized that both CD8+ T
cells together with neutralizing antibodies contributed towards the protection of the VLP-immunized
mice.

Memory CD4+ T cells are the key players in promoting proliferation of memory B cells and
contribute decisively to protection [68]. They also rapidly proliferate during recall response and
facilitate the rapid production of antibodies. RSV vaccine-induced enhanced disease was shown to
be orchestrated by memory CD4+ T cells [69]. Similarly, memory CD8+ T cells proliferate rapidly and
perform their effector function of killing RSV-infected cells [67]. It has been well established that
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CD8+ T cells provide protection during acute RSV infection by mediating viral clearance [70,71]. We
observed that mice immunized with VLPs developed memory CD4 and CD8 T cell responses that
are further enhanced with an increased VLP dose. These observations strongly suggest that the VLPs
developed by us have an intrinsic property of promoting memory T cell response.

Even though RSV has been recognized as an important pathogen of concern for the children, no
vaccine is registered for the use in children. Formalin inactivated RSV vaccine has been abandoned
because of the detrimental outcome of a previous clinical trial [4]. Although, other F protein-based
particulate vaccines are immunogenic, the presence of metastable F makes their usage unadvisable
[49,53,72]. Importantly, preF-based protein subunit RSV-vaccines are approved for use in elderly and
pregnant women and approval may be extended to children. However, purified proteins are inferior
to particulate-based vaccines in eliciting broader immunity [35,73,74]. Our study demonstrates that
VLPs-based on the preFg and preF along with G and M proteins could be an attractive approach.
Head-to-head comparison studies are needed to prove the superiority of these stabilized F protein-
based VLPs over preF, preFg or G proteins-based vaccines. In conclusion, we provide strong evidence
for preFg VLPs as to be a vaccine candidate that needs to be explored further. The presence of a lipid
bilayer might allow to further improve the immunogenicity of the VLPs by inclusion of adjuvants
with lipophilic tails and thereby enabling stimulation of a single APC with both adjuvant and antigen.
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