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Introduction
RSV infection is of public health concern worldwide because it is a key cause of severe lower 

respiratory illness in infants and premature babies. According to the CDC, RSV is the “most 
common cause of bronchiolitis and pneumonia in children under 1 year of age in the United States”. 
Outbreaks of disease occur every year. In children under five years worldwide, the estimated RSV 
disease burden is over 30 million lower respiratory tract infections, some 3 million hospitalizations, 
and 160,000 deaths every year [1]. In the USA alone, between 85,000 and 144,000 infants are 
hospitalized annually [2]. RSV is a major cause of Lower Respiratory Tract Illness (LRI) in infants 
and children and older adults; ~150,000 hospitalizations/year in US. It produces considerable 
morbidity in the elderly, and the at-risk adults such as the immunocompromised or those with 
cardiopulmonary disease. There is no effective treatment or prevention for RSV disease at present, 
and the use of passive immunoprophylaxis is limited to high risk infants.

The necessity for a vaccine for this virus has been recognized for many decades and many RSV 
vaccine strategies have been explored. Among them are live attenuated virus vaccines [3], subunit 
vaccines [4,5], replication competent as well replication defective viral vector vaccines carrying genes 
of interest [6,7], DNA vaccines, virosomes [8,9], nanoparticle vaccines [10,11] and others. Many 
Virus-like Particles (VLPs) have also been evaluated as vaccine for RSV. VLPs are recombinantly 
generated particles composed of multiple copies of selected proteins. Since they are composed of 
proteins only, do not contain the viral genome and so can’t replicate, these particles are also safe. 
Protective efficacy of baculovirus-expressed RSV VLPs composed of RSV G or F protein, and matrix 
protein of influenza virus [12] and avian cell-expressed chimeric Newcastle Disease Virus (NDV) 
VLPs carrying the ectodomain of RSV G protein, or RSV G and F proteins have also been tested 
[13,14]. However in spite of concentrated efforts of so many investigators over decades, there is no 
licensed vaccine.

RSV vaccine development has been challenging for many reasons, among them, the young 
age at first infection [2], the ability of the virus to prevent the activation of a long-term adaptive 
immunity by the host [15,16], and the ability of RSV to evade/suppress innate immunity in multiple 
ways [17]. Particularly challenging has been the memory of the failed Formalin Inactivated RSV 
Vaccine (FI-RSV) evaluated in clinical trials in the 1960s: Tragically, the vaccinated infants who 
were subsequently exposed to RSV ended up developing enhanced disease rather than protection, 
many had to be hospitalized, and two died [18,19]. This impaired vaccine has had a negative impact 
on subsequent RSV vaccine development. Safety concerns rightfully persist to date [20]. 

Several studies have been undertaken to recognize that FI-RSV-induced immunity that triggered 
the enhanced disease. Studies in mice showed that the FI-RSV vaccine induced high titer but low 
avidity RSV-specific antibodies that failed to neutralize the virus effectively [21] and induced 
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Abstract

Respiratory Syncytial Virus (RSV) infection is of public health concern worldwide. Globally, it is a common 
cause of bronchiolitis and pneumonia in childhood, outbreaks occurs every year depending on the locale. 
Worldwide, it is estimated that 30 million Lower Respiratory Tract Infections (LRI), 3 million hospitalization 
and 160,000 deaths occur annually. It also causes morbidity/mortality in the elderly/at risk adults. In spite of 
concentrated efforts of many over more than five decades, vaccine or therapy for this virus has remained elusive. 
Many conventional and newer vaccine strategies have been evaluated but none have been licensed to date. We 
are exploring mammalian cell-derived Virus-like Particles (VLPs) composed of the two surface glycoproteins 
G and prefusion F (RSV fVLPs) and M as vaccine. In prefusion F there is a neutralizing epitope at site zero 
that induces significantly higher Neutralizing Antibody (NtAb) titers. In preliminary studies, we have shown by 
Electron Microscopy (EM) that our fVLPs are functional and immunoreactive. We have done western blot with 
two conformation dependent antibodies AM14, and D25, and Motavizumab which is conformation independent. 
We have shown also that MPLA-adjuvanted fVLPs induced 8.2Log2±1.13 NtAb titers. With regular F (instead of 
prefusion F) lower NtAb titers are seen in cotton rats and in mice. On challenge lung virus titers in the homogenate 
was almost clear.
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Th2 type cytokine pattern that prepared for heightened pulmonary 
inflammatory response on later exposure to wild type virus, [22,23]. 
This result was reinforced by depletion of Th2 cytokines IL-4 and IL-
10 and eroded lung histopathology [24]. It has been shown since then 
that other non-replicating/inactivated vaccines also have the property 
to induce a Th2 biased response [22,25,26].

A clear understanding of the importance of appropriate Toll-
like Receptor (TLR) activation [27], with reference to the FI-RSV 
vaccine-associated impaired immunity came more recently [28].
This study showed that poor TLR signaling resulted in low avidity 
antibodies and the Th2 cytokine associated enhanced disease. A UV-
inactivated RSV vaccine produced a similar response. These findings 
were supported by the fact that in both these cases, addition of a TLR 
ligand such as Monophosphoryl Lipid A (MPLA) which is known to 
induce a Th1-biased immune response was found to alleviate these 
defects; both induced high affinity Neutralizing Antibody (NtAb) 
tiers and prevented Th2 cytokine-associated lung immunopathology. 
In one other study, FI-RSV vaccine formulated with MPLA resulted 
in mitigation of immunopathology of the lung [29]. In additional 
support of the importance of TLR activation, protective efficacy 
and absence of immunopathology has been shown in numerous 
non-replicating experimental RSV vaccines when they contain TLR 
ligands as adjuvants [8,30,31]. These findings indicate that a non-
replicating/inactivated viral vaccine formulated with an appropriate 
TLR ligand that skews the immune response to a Th1 phenotype [32-
34], would prevent immunopathology of the lung, and prove to be 
safe and protective.

We have used mammalian cells to make RSV fVLPs to ensure 
structurally authentic mammalian N- and O-glycosylation [35]. We 
have made the VLPs composed of two surface glycoproteins Prefusion 
F and G, and the matrix protein M, all retaining their native property 
(RSV fVLPs). We have used monoclonal antibodies AM14 and D25 
that are conformation dependent antigens and Motavisumab which 
is conformation independent to identify the prefusion F in VLPs.

Prefusion F RSV VLPs (RSV fVLPS) 

In human serum samples, most NtAb response is against prefusion 
F conformation. However, prefusion F has the tendency to quickly 
fold into a stable post-fusion form prematurely. The stabilization is 
achieved by modification of several residues as reported by McLellan, 
et al [36,37]. Prefusion F peptide induces a NtAb response and 
provides protection against challenge [38-40]. 

In a previous study in cotton rats [42] native RSV VLPs were 
produced with M, G and regular F, not prefusion F. MPLA/alum 
adjuvanted RSV VLP induced NtAb titers of around 6.5Log2 and 
protected the lung and nose. Protection of the nose is an important 
consideration because infants <6 months are obligate nose breathers; 
if the nose is congested, this is not a good outcome! 

Materials and Methods 
RSV FVLP Production

Suspension adapted HEK 293 cells (~108 cells per T75 flask) were 
transiently transfected with the three expression plasmids (RSV G, 
M and prefusion F plasmid) using Lipofectamine 2000 transfection 
reagent according to the manufacturer’s guidelines (Invitrogen). The 
VLPs were harvested from the cell supernatant (SUP) at 48 hours 
post-transfection and were then purified as described below.

RSV fVLPs are harvested from the cell supernatant by 
centrifugation at 3,500 rpm for 30 minutes at 4 °C to remove cell 
debris and other cellular materials, and concentrated by sucrose 
density gradient by centrifugation. Briefly, the clarified SUPs are 
concentrated by ultracentrifugation through 20% sucrose cushion 
in endotoxin free TN buffer (0.1 M NaCl; 0.05 M Tris-HCL, pH 
7.4) at 27,000 rpm (Beckman SW28 rotor) for 2-4 hours at 4 °C. The 
resulting VLP pellet was diluted in TN buffer, and then purified on a 
discontinuous sucrose gradient formed by layering 65%, 50%, 20% 
and 10% sucrose in TN buffer. After centrifugation at 30,000 rpm 
(Beckman SW41 rotor) for ~2 hours, the VLP-containing band at 
the interface between the 20% and 50% sucrose layers was collected, 
diluted in TN buffer and concentrated by ultracentrifugation for ~1 
hour through a 20% sucrose cushion using SW41 rotor. The resulting 
pellet of purified VLPs were re-suspended in ~5% sucrose solution in 
TN buffer and stored at 4 °C for subsequent analysis. Cells transfected 
with empty pcDNA plasmid and processed similarly (referred to as 
“mock” particles) served as a negative control when needed.

Transmission Electron Microscopy (TEM)

In Figure 1(a), arrow points to RSV fVLP containing band in 
the sucrose gradient. To verify that gold-particles are functionally 
assembled and immune-reactive, unfixed purified VLPs were 
adsorbed on to glow-discharged formvar coated nickel grids (EM 
Sciences), stained overnight with RSV-specific polyclonal, or RSV 
F-specific primary antibodies diluted in buffer (1% BSA in PBS), 
rinsed in wash buffer (0.1% BSA in PBS), stained with appropriate 
colloidal gold-labeled secondary antibody (EM Sciences), washed, 
and then negatively stained with 2% uranyl acetate: Figure 1(b and c) 
shows gold-labelled particles.

Western Blot Analysis

VLP composition was determined by western blot analysis. The 
purified VLPs were loaded into Bolt 4-12% Bis-Tris Plus gels (Life 
Technologies) using 1x Bolt LDS sample buffer (Life Technologies) 
and were run for approximately 45min at 200V. The proteins were 
transferred to PVDF membrane (Life Technologies) for 3hr at 60V 
in 4 ºC. Blots were blocked in Odyssey blocking buffer (Li-cor) for 
1hr at room temperature, followed by an overnight incubation at 4 
ºC with anti-RSV Fusion protein monoclonal antibody (Millipore), 
AM14 and D25 and Motavisumab diluted 1:350 in Odyssey blocking 
buffer. Blots were washed four times for 5 min with PBST and then 
incubated for 1hr at room temperature with IR Dye 800CW Goat 

Figure 1: Show VLP containing band and immuno-reactivity of gold-labelled 
particles. (a) VLP-containing band in the sucrose density gradient. (b) and 
(c) Gold-labelled particles show that VLPs were functionally assembled and 
immuno-reactive.
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anti-mouse IgG or Goat anti-Human IgG (Li-cor) diluted 1:15,000 in 
Odyssey blocking buffer. After washing, the proteins were visualized 
by scanning on Odyssey infrared imager.

Microplaque Reduction and Neutralization Assay

Vero cells were seeded into a 96-well plate at 2×104 cells per well 
and incubated overnight at 37 ºC /5% CO2. 2-fold serial dilutions of 
mouse sera were prepared in DMEM. Forty plaque forming units 
of RSV/A2 were added to each dilution and allowed to incubate at 
room temperature for 1 hour. The media was removed and cells were 
infected with RSV neutralization reactions. After one hour, the virus 
was removed and the cells were rinsed with PBS. 150ul of DMEM was 
added to each well prior to incubation at 37 °C/5% CO2 for 48 hours. 
Plates were fixed with 2% Paraformaldehyde and permeabilized with 

0.2% Triton. Dried plates were stored at 4 ºC until ready for assay. 
Immuno-staining was done as stated in plaque assay method.

Lung Virus Titers (PFU/gm lung)

Plaques assays were performed on Vero cells (8×105 cells/well) 
in 6-well plates. The lung homogenates were tested in duplicate 
using 0.2ml per well. The samples were allowed to absorb for 1 hour 
before adding a 0.4% agarose/MEM overlay. After 7 day incubation 
at 37 °C, the overlay was removed and the cell layer was fixed with 
2% paraformaldehyde followed by permeabilization with 0.2% 
TritonX. Plates were blocked with Odyssey Blocking buffer (LI-
COR Biosciences) prior to an overnight incubation at 4 °C with goat 
anti-RSV polyclonal antibody (Millipore) diluted 1:500 in Odyssey 
blocking buffer. The plates were washed five times with 1x PBS/0.1% 
Tween 20, followed by a 1 hour incubation at room temperature with 
donkey anti goat IR Dye 800CW antibody (Li-cor) diluted 1:800 
in Odyssey blocking buffer. Plates were then washed as above and 
scanned using an Odyssey Imager.

Immunization and Challenge

Six week old female BALB/c mice from Charles River Laboratories 
were housed at John A Burns School of Medicine, Honolulu HI. All 
mouse studies were approved by the Institutional Animal Care and 
Use Committee of the University of Hawaii. Vaccinations were given 
intramuscularly on day 0 and day 21. Five mice per group: Group 1 
(negative control) received a diluent injection and Group 3 received 
25µg of RSV fVLPs + 15µg MPLA. Group 2 (gold standard): RSV A2 
at 106 PFU was Intra-Nasally (IN) inoculated on day 0. Day 42 was 
the challenge day; RSV A2 at 106 PFU was instilled IN for group 1 and 
Group 3. Harvest was day 46. Blood was collected by submandibular 
bleeding before vaccinations on day 0, and on days 21, 42 and 46; 
Lungs were also collected. 

Results
In Figure 1(a), VLP-containing band in the sucrose density 

gradient is shown. In Figure 1(b and c), gold-labelled particles show 
that VLPs are functionally assembled and immuno-reactive. Western 

Figure 2: Western blot analysis of RSV fVLPs. Western blot analysis 
stained with three monoclonal antibodies, two are AM14 and D25 that are 
conformation (no bands) dependent and Motavizumab that is conformation 
independent and bands seen, F1 and F0.

Figure 3: Neutralizing antibody response after vaccination. NtAb titers were 
generated after vaccination. Results: Y axis shows virus titers as Log2. X 
axis shows day collected.  NtAb response after immunizations with two 
doses- On day 42 MPLA adjuvanted RSV fVLPs induced 8.2Log2. On 
the same day RSV titer was 5.8Log2.  For RSV fVLPs +MPLA standard 
deviations for days 18, 25 and 42 were ±0.53, ±0.56 and ±1.03 respectively.

Figure 4: The effect of RSV fVLPs Vaccine on the Lung Homogenate Titers. 
The Y axis show mean virus titer 6log10 PFU/gram lung. The X axis is the 
challenge dose, diluent, D0 RSV/A2 virus, RSV fVLPs + MPLA. Results show 
that RSV fVLPs + MPLA; the challenge was reduced from 6log10 to near 
zero.
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blot of RSV fVLPS are shown in Figure 2. Monoclonal antibodies 
AM14 and D25 show no bands because they are conformational 
dependent. However, Motavisumab is conformational independent 
and do show bands F0 and F1, indicating that the prefusion F is 
included in the VLPs.

After vaccination, NtAb antibody response was determined 
as described in Materials and Methods, NtAb response after two 
dose immunization (Figure 3). On day 42 MPLA adjuvanted RSV 
fVLPs induced 8.2Log2. On the same day RSV/A2 generated titer 
was 5.8Log2 much lower than that generated by adjuvanted VLPs. 
The effect of RSV fVLPs Vaccine on the Lung Homogenate Titers 
is shown in Figure 4. After RSV/A2 virus challenge, RSV fVLPs + 
MPLA immunized mice show that the challenged virus was reduced 
from 6log10 to near zero.

Discussion
The RSV fVLPs are composed of G, prefusion F, and M proteins. 

Prefusion F has neutralizing epitope at site zero that induces higher 
NtAb than the regular F protein. We have included both the G and 
prefusion F proteins in our VLPs. for optimal immune response since 
together they have many T cell epitopes and all antibody neutralizing 
epitopes between them [42,16]. Clearly the presence of F fragment 
is crucial for vaccine development. We have shown by immuno-
gold labelling that the RSV fVLPs were functionally assembled 
and immuno-reactive. We have shown western blot analysis also. 
Monoclonal antibodies AM14 and D25 are conformational dependent 
and show no bands. However, Motavisumab is conformational 
independent and do show bands indicating that prefusion F is present 
in the VLPs. We have also shown that RSV fVLPs induce significantly 
higher NtAb titers of 8.2Log2±1.3 and provide better protection 
than some of the previous studies using regular F as in RSV VLPs: 
NtAb titers were much lower in cotton rats ~6.5Log2±0.5 [42]and 
in mice ~6Log2 [14]. We have also done virus titers in homogenized 
lung. Challenge titer was 6Log10, whereas titer of MPLA adjuvanted 
RSV fVLPs was reduced to near zero, indicating the lung was fully 
protected.

We have chosen a TLR 4 ligand MPLA by design, because it 
induces a Th1 biased response [33]. TLR-4 is the only TLR that can use 
all the four TIR-containing adaptor molecules, namely TRIF, TIRAP, 
MyD88, and TRAM, leading to two different downstream signaling 
pathways, (a) TRIF-dependent, MyD88 independent pathway that 
leads to the activation of transacting factor IRF-3 with delayed NFkB 
production, and (b) MyD88-dependent pathway which results in early 
robust activation of NFkB [43,44]. Importance of TLR-4 activation is 
further emphasized by the fact that co-administration of inactivated 
vaccines like FI-RSV with MPLA is known to result in mitigation of 
Th2 cytokine-associated ERD [29]. Furthermore, ERD is not seen in 
non-replicating vaccines formulated with MPLA [8,41]. 

In conclusion we have shown in this preliminary study, that high 
NtAb titer of 8.2Log2 reduced the lung challenge from 6Log10 to near 
zero; in other words the lung was almost clear of the virus. We will 
continue to evaluate RSV fVLPs by studying histopathology of the 
lung in animals and Th1/Th2 biased response. 

Acknowledgment
Our thanks go to Dr. Barney Graham of NIAID Vaccine Research 

Center for Providing VRC prefusion F plasmid.

References

1.	 Nair H, DJ Nokes, BD Gessner, M Dherani, SA Madhi, RJ Singleton, et al. 
Global burden of acute lower respiratory infections due to respiratory syncytial 
virus in young children: a systematic review and meta-analysis. Lancet. 2010; 
375: 1545-1555.

2.	 Hall CB, GA Weinberg, MK Iwane, AK Blumkin, KM Edwards, MA Staat, et al. 
The burden of respiratory syncytial virus infection in young children. N Engl J 
Med. 2009; 360: 588-598.

3.	 Collins PL, SS Whitehead, A Bukreyev, R Fearns, MN Teng, K Juhasz, et 
al. Rational design of live-attenuated recombinant vaccine virus for human 
respiratory syncytial virus by reverse genetics. Advances in Virus Research. 
1999; 5454: 423-451.

4.	 Piedra PA. Clinical experience with respiratory syncytial virus vaccines. 
Pediatr Infect Dis J. 2003; 22: 94-99.

5.	 Borchers AT, C Chang, ME Gershwin and LJ Gershwin. Respiratory syncytial 
virus--a comprehensive review. Clin Rev Allergy Immunol. 2013; 45: 331-379.

6.	 Schmidt AC. Progress in respiratory virus vaccine development. Semin 
Respir Crit Care Med. 2011; 32: 527-540.

7.	 Johnson TR, D Rangel, BS Graham, DE Brough and JG Gall. Genetic 
vaccine for respiratory syncytial virus provides protection without disease 
potentiation. Mol Ther. 2014; 22: 196-205.

8.	 Kamphuis T, T Stegmann, T Meijerhof, J Wilschut and A de Haan. A virosomal 
respiratory syncytial virus vaccine adjuvanted with monophosphoryl lipid 
A provides protection against viral challenge without priming for enhanced 
disease in cotton rats. Influenza Other Respir Viruses. 2013; 7: 1227-1236.

9.	 Shafique M, T Meijerhof, J Wilschut and A de Haan. Evaluation of an 
intranasal virosomal vaccine against respiratory syncytial virus in mice: effect 
of TLR2 and NOD2 ligands on induction of systemic and mucosal immune 
responses. PLoS One. 2013; 8: e61287.

10.	Jorquera PA, Y Choi, KE Oakley, TJ Powell, JG Boyd, N Palath, et al. 
Nanoparticle vaccines encompassing the Respiratory Syncytial Virus (RSV) 
G protein CX3C chemokine motif induce robust immunity protecting from 
challenge and disease. PLoS One. 2013; 8: e74905.

11.	Stone JW, NJ Thornburg, DL Blum, SJ Kuhn, DW Wright and JE Crowe Jr. 
Gold nanorod vaccine for respiratory syncytial virus. Nanotechnology. 2013; 
24: 295102.

12.	Quan FS, Y Kim, S Lee, H Yi, SM Kang, J Bozja, et al. Virus-like particle 
vaccine induces protection against respiratory syncytial virus infection in 
mice. J Infect Dis. 2011; 204: 987-995.

13.	Murawski MR, LW McGinnes, RW Finberg, EA Kurt-Jones, MJ Massare, G 
Smith, et al. Newcastle Disease Virus-Like Particles Containing Respiratory 
Syncytial Virus G Protein Induced Protection in BALB/c Mice, with No 
Evidence of Immunopathology. Journal of Virology. 2010; 84: 1110-1123.

14.	McGinnes LW, KA Gravel, RW Finberg, EA Kurt-Jones, MJ Massare, G 
Smith, et al. Assembly and immunological properties of Newcastle disease 
virus-like particles containing the respiratory syncytial virus F and G proteins. 
J Virol. 2011; 85: 366-377.

15.	Singleton R, N Etchart, S Hou and L Hyland. Inability to evoke a long-lasting 
protective immune response to respiratory syncytial virus infection in mice 
correlates with ineffective nasal antibody responses. J Virol. 2003; 77: 11303-
11311.

16.	Graham BS. Biological challenges and technological opportunities for 
respiratory syncytial virus vaccine development. Immunol Rev. 2011; 239: 
149-166.

17.	Oshansky CM, W Zhang, E Moore and RA Tripp. The host response and 
molecular pathogenesis associated with respiratory syncytial virus infection. 
Future Microbiol. 2009; 4: 279-297.

18.	Kim HW, JG Canchola, CD Brandt, G Pyles, RM Chanock, K Jensen, et al. 
Respiratory syncytial virus disease in infants despite prior administration of 
antigenic inactivated vaccine. Am J Epidemiol. 1969; 89: 422-434.

http://www.ncbi.nlm.nih.gov/pubmed/20399493
http://www.ncbi.nlm.nih.gov/pubmed/20399493
http://www.ncbi.nlm.nih.gov/pubmed/20399493
http://www.ncbi.nlm.nih.gov/pubmed/20399493
http://www.ncbi.nlm.nih.gov/pubmed/19196675
http://www.ncbi.nlm.nih.gov/pubmed/19196675
http://www.ncbi.nlm.nih.gov/pubmed/19196675
http://www.ncbi.nlm.nih.gov/pubmed/10547682
http://www.ncbi.nlm.nih.gov/pubmed/10547682
http://www.ncbi.nlm.nih.gov/pubmed/10547682
http://www.ncbi.nlm.nih.gov/pubmed/10547682
http://www.ncbi.nlm.nih.gov/pubmed/12671459
http://www.ncbi.nlm.nih.gov/pubmed/12671459
http://www.ncbi.nlm.nih.gov/pubmed/23575961
http://www.ncbi.nlm.nih.gov/pubmed/23575961
http://www.ncbi.nlm.nih.gov/pubmed/21858754
http://www.ncbi.nlm.nih.gov/pubmed/21858754
http://www.ncbi.nlm.nih.gov/pubmed/23752342
http://www.ncbi.nlm.nih.gov/pubmed/23752342
http://www.ncbi.nlm.nih.gov/pubmed/23752342
http://www.ncbi.nlm.nih.gov/pubmed/23575113
http://www.ncbi.nlm.nih.gov/pubmed/23575113
http://www.ncbi.nlm.nih.gov/pubmed/23575113
http://www.ncbi.nlm.nih.gov/pubmed/23575113
http://www.ncbi.nlm.nih.gov/pubmed/23593453
http://www.ncbi.nlm.nih.gov/pubmed/23593453
http://www.ncbi.nlm.nih.gov/pubmed/23593453
http://www.ncbi.nlm.nih.gov/pubmed/23593453
http://www.ncbi.nlm.nih.gov/pubmed/24040360
http://www.ncbi.nlm.nih.gov/pubmed/24040360
http://www.ncbi.nlm.nih.gov/pubmed/24040360
http://www.ncbi.nlm.nih.gov/pubmed/24040360
http://www.ncbi.nlm.nih.gov/pubmed/23799651
http://www.ncbi.nlm.nih.gov/pubmed/23799651
http://www.ncbi.nlm.nih.gov/pubmed/23799651
http://www.ncbi.nlm.nih.gov/pubmed/21881112
http://www.ncbi.nlm.nih.gov/pubmed/21881112
http://www.ncbi.nlm.nih.gov/pubmed/21881112
http://www.ncbi.nlm.nih.gov/pubmed/19889768
http://www.ncbi.nlm.nih.gov/pubmed/19889768
http://www.ncbi.nlm.nih.gov/pubmed/19889768
http://www.ncbi.nlm.nih.gov/pubmed/19889768
http://www.ncbi.nlm.nih.gov/pubmed/20980510
http://www.ncbi.nlm.nih.gov/pubmed/20980510
http://www.ncbi.nlm.nih.gov/pubmed/20980510
http://www.ncbi.nlm.nih.gov/pubmed/20980510
http://www.ncbi.nlm.nih.gov/pubmed/14557616
http://www.ncbi.nlm.nih.gov/pubmed/14557616
http://www.ncbi.nlm.nih.gov/pubmed/14557616
http://www.ncbi.nlm.nih.gov/pubmed/14557616
http://www.ncbi.nlm.nih.gov/pubmed/21198670
http://www.ncbi.nlm.nih.gov/pubmed/21198670
http://www.ncbi.nlm.nih.gov/pubmed/21198670
http://www.ncbi.nlm.nih.gov/pubmed/19327115
http://www.ncbi.nlm.nih.gov/pubmed/19327115
http://www.ncbi.nlm.nih.gov/pubmed/19327115
http://www.ncbi.nlm.nih.gov/pubmed/4305198
http://www.ncbi.nlm.nih.gov/pubmed/4305198
http://www.ncbi.nlm.nih.gov/pubmed/4305198


Citation: Walpita P and Johns LM. Respiratory Syncytial Virus-like Particles Consisting of M, G and Prefusion F. SM Trop Med J. 2016; 1(2): 1008.
https://dx.doi.org/10.36876/smtmj.1008

Page 5/5

Gr   upSM Copyright  Walpita P

19.	Kapikian AZ, RH Mitchell, RM Chanock, RA Shvedoff and CE Stewart. 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: 405-421.

20.	Collins PL and JE Crowe Jr. Respiratory syncytial virus and metapneumovirus. 
Fields Virology. Philadelphia, PA, Lippincott, Williams and Wilkins. 2007.

21.	Murphy BR, GA Prince, EE Walsh, HW Kim, RH Parrott, VG Hemming, 
et al. Dissociation between serum neutralizing and glycoprotein antibody 
responses of infants and children who received inactivated respiratory 
syncytial virus vaccine. J Clin Microbiol. 1986; 24: 197-202.

22.	Graham BS, GS Henderson, YW Tang, XT Lu, KM Neuzil and DG Colley. 
Priming Immunization Determines T-Helper Cytokine Messenger-Rna 
Expression Patterns in Lungs of Mice Challenged with Respiratory Syncytial 
Virus. Journal of Immunology. 1993; 151: 2032-2040.

23.	Waris ME, C Tsou, DD Erdman, SR Zaki and LJ Anderson. Respiratory 
synctial virus infection in BALB/c mice previously immunized with formalin-
inactivated virus induces enhanced pulmonary inflammatory response with a 
predominant Th2-like cytokine pattern. J Virol. 1996; 70: 2852-2860.

24.	Connors M, NA Giese, AB Kulkarni, CY Firestone, HC Morse and BR Murphy. 
Enhanced Pulmonary Histopathology Induced by Respiratory Syncytial Virus 
(Rsv) Challenge of Formalin Inactivated Rsv-Immunized Balb/C Mice is 
Abrogated by Depletion of Interleukin-4 (Il-4) and Il-10. Journal of Virology. 
1994; 68: 5321-5325.

25.	Connors M, PL Collins, CY Firestone, AV Sotnikov, A Waitze, AR Davis, et 
al. Cotton rats previously immunized with a chimeric RSV FG glycoprotein 
develop enhanced pulmonary pathology when infected with RSV, a 
phenomenon not encountered following immunization with vaccinia--RSV 
recombinants or RSV. Vaccine. 1992; 10: 475-484.

26.	Murphy BR, AV Sotnikov, LA Lawrence, SM Banks and GA Prince. Enhanced 
pulmonary histopathology is observed in cotton rats immunized with formalin-
inactivated respiratory syncytial virus (RSV) or purified F glycoprotein and 
challenged with RSV 3-6 months after immunization. Vaccine. 1990; 8: 497-
502.

27.	Iwasaki A and R Medzhitov. Toll-like receptor control of the adaptive immune 
responses. Nat Immunol. 2004; 5: 987-995.

28.	Delgado MF, S Coviello, AC Monsalvo, GA Melendi, JZ Hernandez, JP 
Batalle, et al. Lack of antibody affinity maturation due to poor Toll-like 
receptor stimulation leads to enhanced respiratory syncytial virus disease. 
Nat Med. 2009; 15: 34-41.

29.	Boukhvalova MS, GA Prince, L Soroush, DC Harrigan, SN Vogel and JC 
Blanco. The TLR4 agonist, monophosphoryl lipid A, attenuates the cytokine 
storm associated with respiratory syncytial virus vaccine-enhanced disease. 
Vaccine. 2006; 24: 5027-5035.

30.	Prince GA, JJ Mond, DD Porter, KC Yim, SJ Lan and DM Klinman. 
Immunoprotective activity and safety of a respiratory syncytial virus vaccine: 
mucosal delivery of fusion glycoprotein with a CpG oligodeoxynucleotide 
adjuvant. J Virol. 2003; 77: 13156-13160.

31.	Shafique M, J Wilschut and A de Haan. Induction of mucosal and systemic 
immunity against respiratory syncytial virus by inactivated virus supplemented 
with TLR9 and NOD2 ligands. Vaccine. 2012; 30: 597-606.

32.	Coffman RL, A Sher and RA Seder. Vaccine adjuvants: putting innate 
immunity to work. Immunity. 2010; 33: 492-503.

33.	Casella CR and TC Mitchell. Putting endotoxin to work for us: monophosphoryl 
lipid A as a safe and effective vaccine adjuvant. Cell Mol Life Sci. 2008; 65: 
3231-3240.

34.	Awate S, LA Babiuk and G Mutwiri. Mechanisms of action of adjuvants. Front 
Immunol. 2013; 4: 114.

35.	Liu F, X Wu, L Li, Z Liu and Z Wang. Use of baculovirus expression system 
for generation of virus-like particles: successes and challenges. Protein Expr 
Purif. 2013; 90: 104-116.

36.	McLellan JS, M Chen, MG Joyce, M Sastry, GB Stewart-Jones, Y Yang, et 
al. Structure-based design of a fusion glycoprotein vaccine for respiratory 
syncytial virus. Science. 2013; 342: 592-598.

37.	Graham BS, K Modjarrad and JS McLellan. Novel antigens for RSV vaccines. 
Curr Opin Immunol. 2015; 35: 30-38.

38.	Krarup A, D Truan, P Furmanova-Hollenstein, L Bogaert, P Bouchier, IJ 
Bisschop, et al. A highly stable prefusion RSV F vaccine derived from 
structural analysis of the fusion mechanism. Nat Commun. 2015; 6: 8143.

39.	Ngwuta JO, M Chen, K Modjarrad, MG Joyce, M Kanekiyo, A Kumar, et al. 
Prefusion F-specific antibodies determine the magnitude of RSV neutralizing 
activity in human sera. Sci Transl Med. 2015; 7: 309ra162.

40.	McGinnes Cullen L, MR Schmidt, SA Kenward, RT Woodland and TG 
Morrison. Murine immune responses to virus-like particle-associated pre- and 
postfusion forms of the respiratory syncytial virus F protein. J Virol. 2015; 89: 
6835-6847.

41.	Walpita P, LM Johns, R Tandon and ML Moore. Mammalian Cell-Derived 
Respiratory Syncytial Virus-Like Particles Protect the Lower as well as the 
Upper Respiratory Tract. PLoS One. 2015; 10: e0130755.

42.	Anderson R, Y Huang and JM Langley. Prospects for defined epitope 
vaccines for respiratory syncytial virus. Future Microbiol. 2010; 5: 585-602.

43.	Blanco JCG, MS Boukhvalova, KA Shirey, GA Prince and SN Vogel. New 
insights for development of a safe and protective RSV vaccine. Human 
Vaccines. 2010; 6: 482-492.

44.	Kamphuis T, T Meijerhof, T Stegmann, J Lederhofer, J Wilschut and A de 
Haan. Immunogenicity and Protective Capacity of a Virosomal Respiratory 
Syncytial Virus Vaccine Adjuvanted with Monophosphoryl Lipid A in Mice. 
Plos One. 2012; 7: e36812.

http://www.ncbi.nlm.nih.gov/pubmed/4305197
http://www.ncbi.nlm.nih.gov/pubmed/4305197
http://www.ncbi.nlm.nih.gov/pubmed/4305197
http://www.ncbi.nlm.nih.gov/pubmed/4305197
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC268874/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC268874/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC268874/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC268874/
http://www.ncbi.nlm.nih.gov/pubmed/8345194
http://www.ncbi.nlm.nih.gov/pubmed/8345194
http://www.ncbi.nlm.nih.gov/pubmed/8345194
http://www.ncbi.nlm.nih.gov/pubmed/8345194
http://www.ncbi.nlm.nih.gov/pubmed/8627759
http://www.ncbi.nlm.nih.gov/pubmed/8627759
http://www.ncbi.nlm.nih.gov/pubmed/8627759
http://www.ncbi.nlm.nih.gov/pubmed/8627759
http://www.ncbi.nlm.nih.gov/pubmed/8035532
http://www.ncbi.nlm.nih.gov/pubmed/8035532
http://www.ncbi.nlm.nih.gov/pubmed/8035532
http://www.ncbi.nlm.nih.gov/pubmed/8035532
http://www.ncbi.nlm.nih.gov/pubmed/8035532
http://www.ncbi.nlm.nih.gov/pubmed/1609551
http://www.ncbi.nlm.nih.gov/pubmed/1609551
http://www.ncbi.nlm.nih.gov/pubmed/1609551
http://www.ncbi.nlm.nih.gov/pubmed/1609551
http://www.ncbi.nlm.nih.gov/pubmed/1609551
http://www.ncbi.nlm.nih.gov/pubmed/2251875
http://www.ncbi.nlm.nih.gov/pubmed/2251875
http://www.ncbi.nlm.nih.gov/pubmed/2251875
http://www.ncbi.nlm.nih.gov/pubmed/2251875
http://www.ncbi.nlm.nih.gov/pubmed/2251875
http://www.ncbi.nlm.nih.gov/pubmed/15454922
http://www.ncbi.nlm.nih.gov/pubmed/15454922
http://www.ncbi.nlm.nih.gov/pubmed/19079256
http://www.ncbi.nlm.nih.gov/pubmed/19079256
http://www.ncbi.nlm.nih.gov/pubmed/19079256
http://www.ncbi.nlm.nih.gov/pubmed/19079256
http://www.ncbi.nlm.nih.gov/pubmed/16675071
http://www.ncbi.nlm.nih.gov/pubmed/16675071
http://www.ncbi.nlm.nih.gov/pubmed/16675071
http://www.ncbi.nlm.nih.gov/pubmed/16675071
http://www.ncbi.nlm.nih.gov/pubmed/14645572
http://www.ncbi.nlm.nih.gov/pubmed/14645572
http://www.ncbi.nlm.nih.gov/pubmed/14645572
http://www.ncbi.nlm.nih.gov/pubmed/14645572
http://www.ncbi.nlm.nih.gov/pubmed/22120195
http://www.ncbi.nlm.nih.gov/pubmed/22120195
http://www.ncbi.nlm.nih.gov/pubmed/22120195
http://www.ncbi.nlm.nih.gov/pubmed/21029960
http://www.ncbi.nlm.nih.gov/pubmed/21029960
http://www.ncbi.nlm.nih.gov/pubmed/18668203
http://www.ncbi.nlm.nih.gov/pubmed/18668203
http://www.ncbi.nlm.nih.gov/pubmed/18668203
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3655441/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3655441/
http://www.ncbi.nlm.nih.gov/pubmed/23742819
http://www.ncbi.nlm.nih.gov/pubmed/23742819
http://www.ncbi.nlm.nih.gov/pubmed/23742819
http://www.ncbi.nlm.nih.gov/pubmed/24179220
http://www.ncbi.nlm.nih.gov/pubmed/24179220
http://www.ncbi.nlm.nih.gov/pubmed/24179220
http://www.ncbi.nlm.nih.gov/pubmed/26070108
http://www.ncbi.nlm.nih.gov/pubmed/26070108
http://www.ncbi.nlm.nih.gov/pubmed/26333350
http://www.ncbi.nlm.nih.gov/pubmed/26333350
http://www.ncbi.nlm.nih.gov/pubmed/26333350
http://www.ncbi.nlm.nih.gov/pubmed/26468324
http://www.ncbi.nlm.nih.gov/pubmed/26468324
http://www.ncbi.nlm.nih.gov/pubmed/26468324
http://www.ncbi.nlm.nih.gov/pubmed/25903340
http://www.ncbi.nlm.nih.gov/pubmed/25903340
http://www.ncbi.nlm.nih.gov/pubmed/25903340
http://www.ncbi.nlm.nih.gov/pubmed/25903340
http://www.ncbi.nlm.nih.gov/pubmed/26172453
http://www.ncbi.nlm.nih.gov/pubmed/26172453
http://www.ncbi.nlm.nih.gov/pubmed/26172453
http://www.ncbi.nlm.nih.gov/pubmed/20353300
http://www.ncbi.nlm.nih.gov/pubmed/20353300
http://www.ncbi.nlm.nih.gov/pubmed/20671419
http://www.ncbi.nlm.nih.gov/pubmed/20671419
http://www.ncbi.nlm.nih.gov/pubmed/20671419
http://www.ncbi.nlm.nih.gov/pubmed/22590614
http://www.ncbi.nlm.nih.gov/pubmed/22590614
http://www.ncbi.nlm.nih.gov/pubmed/22590614
http://www.ncbi.nlm.nih.gov/pubmed/22590614

