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Respiratory syncytial virus (RSV) is a major pathogen causing lower respiratory 
tract infections and viral bronchiolitis, not only in infants but also in the elderly 
and immunocompromised individuals. Despite intensive research, an effective 
vaccine against RSV is still lacking. As viral entry is dependent on the fusion (F) 
glycoprotein, particularly in its metastable prefusion conformational state (preF), 
this protein is a major target for neutralizing antibodies. Candidate RSV vaccines, 
like the RSV virosomal vaccine with incorporated synthetic MPLA, i.e. 3-deacyl-
phosphorylated hexa-acyl disaccharide (3D-PHAD®), as described by us previously, 
should therefore ideally contain sufficient levels of preF in order to induce potent 
neutralizing antibodies. Here, we specifically compared 3D-PHAD®-containing RSV 
virosomal vaccines derived from RSV A2 and two thermostable strains (RSV A2 
L19F and L19F I557V) that differ in their preF stability. We analyzed the capacity of 
these vaccines to induce neutralizing antibodies upon immunization of mice and 
also tested the dependence of the potentiation of antibody induction on the levels 
of virosome-incorporated 3D-PHAD®. Our data show that L19F and L19F I557V 
virosomes induced significant higher levels of RSV-specific IgG antibodies as well 
as RSV-neutralizing antibodies compared to levels induced by RSV A2 virosomes. 
Remarkably, L19F and L19F I557V virosomes did not induce higher levels of 
preF-specific antibodies compared to levels induced by A2 virosomes. However, 
levels of postfusion F-specific antibodies induced by L19F virosomes were higher 
compared to the levels induced by A2 virosomes. Immunization with all virosomal 
vaccines conferred protection of the mice against infection. Importantly, we found 
that a reduction in levels of 3D-PHAD® incorporated in the virosomes - up to 7-fold 
- did not affect the virosomes’ capacity to induce virus-neutralizing antibodies 
and RSV-specific Th1-signature antibodies, i.e. IgG2a. Taken together, these data 
demonstrate that virosomes derived from the thermostable RSV A2 strains L19F or 
L19F I557V, carrying low levels of 3D-PHAD®, represent suitable vaccine candidates 
for use among, for example, the elderly or pregnant women.
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Introduction

Respiratory Syncytial virus (RSV) is one of the main causes of upper and lower respiratory tract 
infections (URTI and LRTI, respectively), including pneumonia and bronchiolitis, particularly 
among young children and the elderly [1]. RSV is a negative-sense single-stranded RNA 
virus that belongs to the family Pneumoviridae. Infections with RSV occur worldwide, with 
seasonal outbreaks primarily during the winter months in regions with a temperate climate 
[2]. Natural infection results in incomplete immunity, which leads to recurrent infection in 
childhood as well as infections among adults and the elderly [3].
RSV contains two major targets for virus-neutralizing antibodies: the G and F surface 
envelope glycoproteins [4]. The G protein mediates binding of the virus to host cells. 
The protein is variable in sequence and highly glycosylated. The F protein is responsible 
for fusion of the viral membrane with the host cell membrane and, consequently, viral 
genome deposition and infection. RSV-F is conserved between virus strains: this makes the 
F glycoprotein attractive as a target for eliciting highly neutralizing antibodies [5]. 

We have used RSV G and F reconstituted in lipid membranes, virosomes, in an approach 
to develop effective RSV vaccines. To enhance antibody responses, we incorporated a 
synthetic variant of monophosphoryl lipid A (MPLA), i.e. 3-desacyl-phosphorylated hexa-acyl 
disaccharide (3D-PHAD®), in the virosomal membrane (manuscript submitted for publication). 
MPLA and its variants, like 3D-PHAD®, are effective ligands for Toll-like-receptor 4 (TLR4) [6,7]. 
The virosome-incorporated RSV F is derived from bulk-produced whole viral particles.

With respect to the latter, it is important to note that RSV-F in viral particles is displayed 
in different conformations: the metastable prefusion and the highly stable postfusion forms 
[5,8]. An irreversible change from the prefusion to postfusion form of RSV-F occurs upon 
interaction of the protein with the host cell target membrane. However, the metastable 
prefusion F also readily flips to the stable postfusion F state without interaction with target 
membranes, this - for example - as a result of elevated temperature or formaldehyde 
treatment of virus [9,10]. Consequently, both the prefusion and postfusion forms of F are 
simultaneously present on RSV particles in varying ratios [11]. 

Prefusion F (preF) and postfusion F (postF) differ in display of neutralizing epitopes. 
McLellan and coworkers unraveled the protein structure of preF by X-ray crystallography 
and discovered the antigenic site Ø, which is present only on preF and not on postF. A 
subset of highly neutralizing monoclonal antibodies (5C4, AM22 and D25) have been 
described which bind specifically to the antigenic site Ø of preF. Different investigators have 
demonstrated that human serum contains preF-specific antibodies with a high capacity to 
neutralize RSV in vitro [12–14]. Notably, the antigenic site recognized by the monoclonal 
antibody Palivizumab, currently the only prophylactic treatment against RSV infection for 
high-risk infants, is displayed by both postF and preF. This means that a vaccine candidate, 
like RSV virosomes adjuvanted with 3D-PHAD®, should contain RSV-F in both prefusion and 
postfusion conformational state.
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In this study, we evaluated RSV virosomal vaccines derived from three different RSV A2 
strains that differ in their preF stability. The use of such strains for RSV virosome production 
would ideally yield virosomes with enhanced proportions of preF in their membranes 
in comparison with virosomes generated from native RSV A2. One strain, the L19F, was 
derived from a clinically sick infant at the University of Michigan in 1967 [15]. This L19F 
virus displays a higher thermostability and higher levels of preF compared to RSV A2 [16]. 
The other strain we used is a mutated version of L19F, L19F I557V, which carries a point 
mutation in the F protein at position 557 which lead to a substitution of isoleucine for 
valine in the membrane anchor sequence [17]. As a comparison the RSV A2 strain was 
used: this strain was previously used for production of RSV virosomes [18,19].

Here, we were specifically interested if L19F and L19F I557V were suitable to produce 
virosomes. We tested the virosomes in vivo in mice and evaluated their capacity to 
induce preF- and postF-specific antibodies and virus-neutralizing antibodies. Finally, we 
determined whether the virosome-incorporated 3D-PHAD®, at different doses, would 
stimulate the induction of Th1-type antibodies and virus-neutralizing antibodies.

Material and Methods

Ethical statement
Animal experiments were evaluated and approved by the Committee for Animal 
Experimentation (DEC) of the University Medical Center Groningen, according to the 
guidelines provided by the Dutch Animal Protection Act (permit numbers DEC5662 and 
DEC6647). Immunizations and challenges were conducted under isoflurane anesthesia, 
and every effort was made to minimize suffering.

Virus and Cell culture
CCL-81 Vero cells (ATCC, Wesel, Germany) were grown on Cytodex-1 beads (GE Healthcare, 
Eindhoven, The Netherlands) in 500mL disposable spinner flasks (100mm top cap and 
2 angled sidearms, Corning, Wiesbaden, Germany) with serum-free culture medium 
Optipro-SFM supplemented with Pen/Strep and L-Glutamine (Westburg, Leusden, 
The Netherlands). The cells were infected with RSV strain A2 (American Type Culture 
Collection, ATCC VR1540), RSV strain A2 L19F (Emory, Atlanta, US) [20] or RSV strain A2 
L19F I557V (Emory, Atlanta, US) [17], with a multiplicity of infection (MOI) of 0.001, at a 
nuclei count of 8x105 cells/ml.

The virus was harvested at 50-80% of cytopathic effect (CPE). Cytodex-1 beads and 
cell debris were removed by filtration through a mini profile filter capsule with a pore 
diameter of 10 µm (Pall, Amsterdam, The Netherlands), residual cellular DNA was digested 
by treatment with benzonase (Novagus, Merck, Schwalbach am Taunus, Germany), and 
the supernatant was clarified through Sartopure PP2 filters with a pore size of 1.2 and 0.65 



RSV-3D-PHAD® virosomes derived from thermostable RSV

121

SI
X

μm (Sartorius, Goettingen, Germany) to remove further particle debris. The material was 
concentrated by tangential flow ultrafiltration on a Midikros (molecular weight cut off 
(MWCO)/pore size 0.05 μm polysulfone (PS)) filter (Spectrum labs and the medium was 
exchanged for PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 
pH 7.4) by diafiltration. The virus was purified from the concentrate by gel filtration (size 
exclusion) chromatography. The purified and concentrated virus was rapidly frozen with 
cryoprotectant (10% sucrose (w/v)) and stored at -80°C until further use.

Virosome production
RSV virosome formulation and production were adapted from Stegmann et al. 
(2010). Briefly, purified RSV A2 virus, RSV A2 L19F virus or RSV A2 L19F I557V virus was 
concentrated by 30 kDa PS hollow fiber (GE Healthcare), the cryprotectant was exchanged 
for HNE buffer (5 mM Hepes, 145 mM NaCl, 1 mM EDTA, pH 7.4) by diafiltration, and 
concentrated virus was dissolved in 50 mM 1,2 dihexanoyl-sn-glycero-3-phosphocholine 
(DCPC) (Avanti Polar Lipids, Alabaster, AL, USA) in HNE buffer. The viral nucleocapsid was 
removed by ultracentrifugation in a table-top ultracentrifuge, S100 AT4 rotor, at 50krpm 
for 30 min, and the protein concentration in the supernatant was measured the Bradford 
method. Subsequently, per mg of protein in the supernatant, 850 nmol of a 2:1 molar 
mixture of 1,2-dioleoyl-sn-glycero-3- phosphatidylethanolamine (DOPE), and 1,2-dioleoyl-
sn-glycero-3-phosphatidylcholine (DOPC), dissolved in 100mM DCPC, plus 255 nmol 
cholesterol, dissolved in ethanol, and various quantities of 3D-PHAD® dissolved in 500 
mM DCPC were added. All lipids and adjuvants were from Avanti Polar lipids (Birmingham, 
Alabama) The mixture was incubated for 15 min on ice, filtered through a 0.22 μm filter 
(Whatman, Sigma Aldrich, Zwijndrecht, The Netherlands) and dialyzed in a gamma-
irradiated slide-A-lyzer cassette (10K MWCO; Thermo Scientific, Geel, Belgium) against 6 
x 2 litres of PBS (pH 7.4) and 1 x 2 L of HNE for 48 hr in total. After dialysis, virosomes were 
stored at 4°C until further use. 3D-PHAD® concentrations were determined by Avanti Polar 
Lipids using proprietary methods based on HPLC followed by mass spectrometry.

Animals and immunizations
Female Balb/c mice (OlaHsd, specific pathogen-free [SPF]), 6-8 weeks old, were supplied 
by Harlan (Zeist, The Netherlands). The animals were injected IM with the different vaccine 
formulations on Day 0 (primary immunization) and Day 13 (booster immunization), into 
both calf muscles at 25 μl per leg. Study animals were anesthetized with 3-4.5% isoflurane/
O2 for the administrations. Protein concentrations were adjusted to the appropriate 
antigen dose (1 or 5 µg viral protein) per 50 µl with HNE. 
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Immunological assays
IgG antibody ELISA. Assays were performed as described before [18]. Briefly, 96-well 
plates were coated overnight with beta-propiolactone (BPL)-inactivated RSV. Separate 
plates were coated overnight with goat anti-mouse IgG, (Southern Biotech, Uden, The 
Netherlands). After coating, plates were blocked with 2.5% milk powder in coating buffer. 
After washing, the RSV-coated plates were incubated for 90 min with two-fold serial 
dilutions of serum starting at dilutions of 1:200. Goat-anti-mouse IgG-coated plates were 
incubated with increasing concentrations of IgG1 isotype antibody (Southern Biotech) or 
IgG2a isotype antibody (Southern Biotech) and served to generate standard curves for 
each respective isotype. After washing, RSV-coated plates were incubated for 1 hr with 
a 1:5000 dilution of horseradish-peroxidase-coupled goat anti-mouse IgG, (Southern 
Biotech) for detection of serum IgG antibody levels. For detection of levels of IgG1 or 
IgG2a isotype antibodies, RSV-coated plates and separate goat-anti-mouse IgG-coated 
plates (for IgG1 or IgG2a isotype standard curves) were incubated for 1 hr with a 1:5000 
dilution of horseradish-peroxidase-coupled goat anti-mouse IgG1, (Southern Biotech) or 
goat anti-mouse IgG2a (Southern Biotech). After washing, the plates were stained with 
o-phenylenediamine (OPD; Sigma-Aldrich, St Louis, MO, USA). After 30 min the staining 
was stopped by addition of 2 M H2SO4 per well. The absorbances were read in a ELISA plate 
reader at 492 nm. The serum IgG titer was determined as the reciprocal of the highest 
dilution with an optical density (OD) reading of at least 0.2, after subtraction of the OD of 
the blank. For assessment of IgG1 and IgG2a antibody levels, blank OD values were first 
subtracted from serum OD readings. Determination of IgG1 and IgG2a concentrations 
were done by plotting concentrations from the IgG1 or IgG2a standard curves, using 
an excel macro (plotted at OD 0.2 for low isotype concentration sera or OD 0.5 for high 
isotype concentration sera).

PreF- and postF-specific ELISA. Plates were coated overnight at 4 °C with either stabilized 
preF (DsCav-1 , Barney Grahams lab, NIH/VRC, Bethesda, US) or postF (Barney Grahams 
lab) diluted in 1x PBS. Stabilized PreF (DS-Cav1) and postF plasmids were kindly donated 
by Dr. Barney Grahams lab (NIH/NIAID, VRC, Bethesda, MD, US). Briefly, DS-Cav1 or PostF 
were expressed by transient transfection in HEK293T (ATCC) cells using Lipofectamine 
2000 (Invitrogen, Geel, Belgium). The culture supernatants were harvested 5 days post 
transfection and centrifuged at 1,800 g to remove cell debris. The culture supernatants 
were sterile-filtered through a 0.22µm Whatman filter and RSV F glycoproteins were His-
tag purified with a HisTrap HP Ni column (GE Healthcare) on a Äkta avant machine (GE 
healthcare). Relevant fractions containing the RSV F were pooled, protein was determined 
and protein size was checked by SDS-Gel. After coating, plates were blocked with 2% BSA 
Fraction V (Roche, Almere, The Netherlands) in 1x PBS. After washing, coated plates were 
incubated for 1 hour with two-fold serial dilutions of serum starting at dilutions of 1:20. 
After washing, protein F-coated plates were incubated for 1 hr with a 1:5000 dilution of 
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horseradish-peroxidase-coupled goat anti-mouse IgG, (ITK Diagnostics, Uithoorn, The 
Netherlands) for detection of serum IgG antibody levels specific for preF or postF. After 
washing, the plates were stained with o-Phenylenediamine (OPD; Sigma-Aldrich). After 
30 min the staining was stopped by addition of 2 M H2SO4 per well. The absorbances were 
read in a ELISA plate reader at 492 nm.

Virus titration and microneutralization assay
Virus titration. Virus titers in the lungs were determined by titration of the median tissue 
culture infectious dose (TCID50) as described earlier by [18]. Lung homogenates were 
centrifuged at 1400 rpm for 10 min at 4°C, and supernatants, diluted to a 1:5 starting 
dilution, were used to determine viral titers using the TCID50 method. For this, serial 
twofold dilutions of the samples were made in 96-well plates in quadruplicate using HEp-
2 medium without FBS. Then, 20,000 HEp2 cells were added to the virus dilutions and 
plates were incubated for five days at 37°C in 5% CO2. The cells were washed with PBS 
and fixed with 1% paraformaldehyde in PBS for 45 min, blocked with 2% milk powder 
(Protifar plus, Nutricia, Zoetermeer, The Netherlands) in PBS for 1 hr and stained with 50 μl 
1:400 fluorescein isothiocyanate (FITC)- labeled goat anti-RSV antibody per well (Meridian 
Life Science Inc, Saco, ME, USA) at 37°C overnight. The next day, plates were washed with 
PBS and analyzed under a fluorescence microscope. Wells were considered positive for 
infection if one or more fluorescent syncytium was present. Titers were calculated using 
the Reed & Muench method.

Microneutralization assay. The neutralization titers were determined as described 
below. In brief, neutralization titers were determined by incubation of twofold serially 
diluted decomplemented serum with TCID50 of RSV for 2 hr and subsequent titration 
of this mixture on HEp-2 cells as described by Kamphuis et al (2012). In brief, volumes 
of 100 μl of serum were heat-inactivated for 30 min at 56°C and subsequently diluted 
with 150 μl serum-free HEp2 medium. Wells of 96-well plates were filled with 50 μl of 
serum free HEp2 medium. 50 μl of diluted serum was applied to the first row of wells 
in quadruplicate and serial twofold dilutions were made. Subsequently, 70 TCID50 of 
RSV-A2 was added in 50 μl of serum free HEp2 medium and incubated at 37°C for 2 hr. 
After incubation, 20,000 HEp2 cells were added per well in 100 μl of HEp2 medium with 
4% FBS. After five days of incubation, wells were washed with PBS and then fixed with 1% 
paraformaldehyde in PBS for 45 min, blocked with 2% milk powder (Protifar plus) in PBS 
for 1 hr and stained with 50 μl 1:400 FITC-labeled goat anti-RSV antibody (Meridian Life 
Science Inc) at 37°C overnight. The next day, plates were washed with PBS and analyzed 
under a fluorescence microscope. Wells were considered positive for infection if one or 
more fluorescent syncytium was present. Neutralization titer was calculated with the 
Reed & Muench method and is indicated as the reciprocal of the dilution that neutralizes 
infection in 50% of the wells.
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Statistical analysis
All statistical analyses were performed with Graphad Prism 5.00 (GraphPad Software, San 
Diego California USA, www.graphpad.com. Statistical significance was assessed using the 
Mann-Whitney U test. A P value of 0.05 or lower was considered to represent a statistically 
significant difference.

Results

Antibody responses upon immunization with A2, L19F and L19F I557V 
virosomes  
We first evaluated the capacity of virosomal preparations derived from the stabilized 
RSV strains to induce RSV-specific IgG antibodies and subtypes in vivo. To this end, 
virosomes were produced from the two mutant RSV strains and native RSV A2 virus, with 
incorporation of equal quantities of the adjuvant 3D-PHAD®. To analyze the capacity of 
the different virosomes to induce RSV-specific IgG and subtypes, mice were immunized 
IM twice as described before [19]. Serum samples from immunized mice were collected 
after boost vaccination and analyzed for their IgG titers and isotypes. In this study, a group 
of mice injected IM with buffer served as a negative control while a group injected IM with 
inactivated whole RSV A2 virus served as a positive control. 

3D-PHAD®-adjuvanted virosomes induced significantly higher levels of RSV-specific 
IgG compared to inactivated whole RSV virus (Figure 1). Also, virosomes induced 
significantly higher levels of RSV-specific IgG2a antibodies compared to the levels induced 
by inactivated RSV virus (Figure 2A-C), a hallmark of - TLR4 ligand-induced - Th1-skewed 
immune responses [19]. Notably, virosomes derived from the thermostable strains 
L19F and L19F I557V induced significantly higher levels of RSV-specific IgG antibodies, 
composed of increased levels of both IgG1 and IgG2a, when compared to levels induced 
by virosomes derived from native RSV A2 (Figure 1 and 2). 
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FIGURE 1 | Serum IgG titers after immunization of mice with 
RSV virosomes derived from thermostable and native RSV 
A2. Mice were immunized twice, with a 2-week interval, with 
RSV virosomes derived from RSV A2, RSV A2 L19F or RSV A2 
L19F I557V virus and containing 3D-PHAD® per mg of protein, 
or controls (inactivated RSV A2 virus or HNE). Each injection con-
tained 5µg of protein. RSV-specific IgG titers in serum 14 days 
after booster vaccination are shown. Horizontal bar represents 
the mean of GMT (log10) of 10 mice per group. Statistical differ-
ences were calculated using the Mann-Whitney test (**p<0.01, 
***p<0.001).
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FIGURE 2 | IgG1 and IgG2a subclass levels and IgG1/
IgG2a ratio in serum after immunization of mice with 
RSV virosomes derived from thermostable and native 
RSV A2. Mice were immunized as described in the legend 
to Figure 1. RSV-specific IgG1 concentrations (panel A) and 
IgG2a concentrations (panel B), determined 14 days after 
the booster immunization, are shown. Panel C presents 
the ratios of RSV-specific IgG1/IgG2a concentrations. 
Horizontal bars represent the mean concentration of 
RSV-specific IgG1 or IgG2a (panels A and B) or mean ratio 
(panel C). Statistical differences were calculated using 
Mann-Whitney test (*p<0.05, ***p<0.001).

Virus-neutralizing antibodies and protection against viral infection in vivo
To allow the analysis of the induction of neutralizing antibodies in more detail, sera after 
the primary and secondary immunization were analyzed for levels of virus-neutralizing 
(VN) antibodies. 

After a single immunization, groups immunized with L19F and I557V virosomes 
demonstrated significantly higher levels of VN antibodies compared to the levels 
observed in the group that received RSV A2 virosomes (Figure 3A), which remained low 
or undetectable. A booster immunization with RSV A2 virosomes did stimulate the levels 
of VN antibodies, but not to the levels that were reached by a booster immunization 
with L19F or L19 I557V virosomes (Figure 3B). Inactivated A2 virus poorly induced VN 
antibodies. The average levels of VN antibodies in groups immunized with L19F or L19 
I557V virosomes were at least 4-fold higher compared to the average levels observed in 
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the group immunized with A2 virosomes, both in sera after the prime immunization and 
after the booster immunization (Figure 3). Thus, while carrying similar levels of 3D-PHAD® 
adjuvant, virosomes derived from the thermostable L19F and L19F I557V strains are 
superior in inducing neutralizing antibodies when compared to virosomes derived from 
native RSV A2.
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FIGURE 3 | Virus-neutralizing titers after primary or booster immunization of mice with RSV virosomes 
derived from thermostable and native RSV A2. Mice were immunized as described in the legend to Figure 
1. RSV virus-neutralization antibody titers in serum 14 days after prime vaccination (panel A) and 14 days after 
booster vaccination (panel B) are shown. Horizontal bars represent mean neutralization titers (log2) of 10 mice 
per group. Statistical differences were calculated with Mann-Whitney test (**p<0.01, ***p<0.001).

Vaccine-induced protection
To investigate protection against infection in vivo, mice from each group were challenged 
IN with live RSV virus two weeks after the second immunization. 

In the control group, virus was recovered from the lungs of all non-immune animals 
that received buffer only (Figure 4). In three out of five mice immunized with inactivated 
RSV A2 virus, virus was detected in the lungs (Figure 4). By contrast, from none of the mice 
immunized with virosomes, virus could be recovered from the lungs (Figure 4). Therefore, 
immunization with 3D-PHAD®-adjuvanted virosomes confers protection against infection, 
irrespective of the virus strain the virosomes were derived from.

IgG antibodies directed against prefusion and postfusion forms of RSV-F
To investigate whether the superior levels of VN antibodies seen after immunization of 
mice with L19F or L19F I557V virosomes (Figure 4), were attributable to higher levels of 
antibodies towards the prefusion conformational state of RSV-F (preF), we specifically 
analyzed sera from the immunized animals for the presence of antibodies against preF, 
using a stabilized version of preF as a coating antigen in the ELISA. In a similar set-up, 
antibodies specific for the post-fusion conformational state of RSV-F (postF) were analyzed. 
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FIGURE 4 | Lung viral titers after challenge 
of immunized mice with live RSV. Mice were 
immunized as described in the legend to Figure 1, and 
challenged with live RSV A2 14 days after the booster 
vaccination. Four days after the challenge, lungs of 5 
animals per group were removed and the viral titer 
was determined and expressed as TCID50. Horizontal 
bars represent mean lung viral titers.

Antibodies specific for the preF conformation were detected in sera from mice 
immunized with the virosomal vaccine, irrespective of the strain it was derived from 
(Figure 5A), Surprisingly, levels of antibody specific for the postF conformation were 
higher in mice immunized with the virosomes derived from the thermostable strains 
when compared to levels in mice immunized with virosomes derived from A2: this reached 
statistical significance for the L19F virosomes (Figure 5B). As expected, also inactivated A2 
whole virus induced postF-specific antibodies, but not preF-specific antibodies (Figure 
5). Thus, similar levels of preF-specific antibodies are induced by the different virosomes, 
while higher levels of postF-specific are induced after immunization with virosomes 
derived from a thermostable strain. 
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FIGURE 5 | Antibody specificity for RSV preF or postF in sera of immunized mice. Mice were immunized 
as described in the legend to Figure 1. Serum IgG titers were determined, in duplicate, by ELISA using RSV 
preF (panel A) or postF (panel B) protein as coating antigens. Titers are shown for five individual animals per 
group, 2 weeks after the booster immunization. Black dotted lines indicate the baseline for the ELISA. Horizontal 
bars represent the mean of the log10 titer values. Statistical analysis was performed using Mann-Whitney test 
(*p<0.05).
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Antibody induction in mice by RSV L19F-I557V virosomes with different 
concentrations of virosomes-incorporated 3D-phAD® 
In a final experiment, we determined the dependency of L19F-I557V virosomes on 
incorporated 3D-PHAD® adjuvant for induction of RSV-specific antibodies with the aim to 
determine the minimal level of 3D-PHAD® at which it still exerts it immune-potentiating 
effect. The latter is important as lower levels would be beneficial in terms of vaccine 
safety. For this, we incorporated decreasing levels of 3D-PHAD® in L19F I557V virosomes 
and evaluated their immunogenicity upon IM injection in mice. 

Notably, for these experiments, a low level of 1 µg virosomal protein was used, this 
to allow detection of possible adjuvant effect conferred by the low levels of 3D-PHAD® 
incorporated in the virosomes. Incorporation of 3D-PHAD® at levels as low as 18 µg/mg 
virosomal protein already significantly stimulated IgG antibody levels and neutralizing 
antibodies when compared to levels induced by virosomes without 3D-PHAD® (Figure 
6). Also, incorporation of 3D-PHAD® at low levels clearly skewed IgG responses towards 
Th1-type IgG2a antibodies (Figure 6D). In contrast, immunization with virosomes without 
3D-PHAD® did not induce IgG2a antibodies (Figure 6C). Increasing levels of 3D-PHAD® 
in L19F I557V virosomes resulted in a dose-dependent boosting of RSV-specific serum 
IgG antibodies and neutralizing antibodies (Figure 6A and 6B). Notably, a low level of 
66 µg 3D-PHAD®/mg virosomal protein injected at a dose of 1µg viral protein induced 
similar levels of VN antibodies as a high level of 460 µg 3D-PHAD®/mg virosomal protein 
injected at a dose of 5 µg viral protein (compare Figure 6 and Figure 3). Thus, low levels 
of 3D-PHAD® in virosomes already result in induction of Th1-type IgG2a antibodies and 
VN antibodies.



RSV-3D-PHAD® virosomes derived from thermostable RSV

129

SI
X

Control 0 18 35 47 66
0

1

2

3

4

5

6

G
M

T 
(lo

g1
0)

µg 3D-PHAD®/mg virosomal protein

*** ***
**

Control 0 18 35 47 66
0

20

40

60

80

Ig
G

1 
µg

/m
l

***
*

µg 3D-PHAD®/mg virosomal protein

Control 0 18 35 47 66
2

4

6

8

10

12

14

ne
ut

ra
liz

in
g 

tit
er

s 
(lo

g2
)

<2.3

*

** **
**

µg 3D-PHAD®/mg virosomal protein

Control 0 18 35 47 66
0

50

100

150

Ig
G

2a
 µ

g/
m

l
***

µg 3D-PHAD®/mg virosomal protein

B

D

0 18 35 47 66
0

5

10

15

20

25

Ig
G

1/
Ig

G
2a

 ra
tio

µg 3D-PHAD®/mg virosomal protein

***
E

A

C

FIGURE 6 | Antibody induction in mice by RSV L19F 
I557V virosomes containing different concentrations 
of 3D-PHAD® . Mice were immunized twice, with a 2-week 
interval, with RSV L19F I557V virosomes, containing 
different concentrations of built-in 3D-PHAD®, at a dose 
of 1 µg of protein per injection. Controls received HNE. 
Antibody titers were determined 2 weeks after the booster 
immunization. Panel A: RSV-specific IgG titers. Panel B: 
RSV virus-neutralizing (VN) antibody titers. Panel C: RSV-
specific IgG1 concentrations. Panle D: RSV-specific IgG2a 
concentrations. Panel E: Ratios of RSV-specific IgG1/IgG2a 
concentrations. Horizontal bars represent the mean of 
GMT (panel A), the mean of VN titers (panel B) or the mean 
concentrations of IgG1, IgG2a and IgG1/2a (panel C, panel 
D, panel E). Statistical differences were calculated with 
Mann-Whitney test (*p<0.05, **p<0.01, ***p<0.001).
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Discussion

In this study, we compared virosomes produced from native RSV A2 virus with virosomes 
produced from the RSV A2 L19F and RSV A2 L19F I557V strains that display improved 
prefusion F (preF) stability at elevated temperatures. All virosomal preparations had a 
membrane-incorporated TLR4 ligand, 3D-PHAD®, in order to boost antibody levels and 
induce protective and safe Th1-skewed immune responses with induction of mainly 
IgG2a-type antibodies [19] (manuscript submitted for publication). While the virosomes 
contained similar concentrations of adjuvant and RSV antigen, the L19F and L19F I557V 
virosomes were more immunogenic compared to RSV A2 virosomes, leading to at least 
4-fold higher levels of virus-neutralizing antibodies in the sera of immunized mice. 

Virosome production involves solubilization of RSV viral envelopes and reconstitution 
of membrane antigens, such as the RSV F and G glycoproteins, in newly formed lipid 
membranes, i.e. virosomal membranes [18]. RSV F in its prefusion conformational state 
has the capacity to facilitate membrane fusion of viral and host membranes, leading to 
viral genome deposition in the host cell [21]. RSV preF is a metastable protein which has 
been shown to readily undergo a conformational change to a stable postF conformation, 
even without interaction with (host cell) lipid membranes. The latter evidently has 
consequences for the conformation of F in the process of virosome production. Factors 
which have been shown to contribute to F flipping from a preF to a postF conformational 
state include elevated temperatures [9], incubation in buffers with a low ionic strength 
[22] and deletion of transmembrane anchoring and trimerization domains [5,23]. 
Recently, two RSV A2-derived strains were described that display significantly increased 
thermostability and levels of preF expression when compared to the parent virus strain, 
i.e. RSV A2. Unfortunately, we were not able to quantitate the levels of preF (or postF) on 
the virosomes, but our data did not indicate that virosomes derived from the thermostable 
virus strains have a higher capacity to induce preF-specific antibodies. Reasons for this 
remain at present unknown. A possible explanation could be that levels of preF decrease 
upon virus solubilization, i.e. the first step in virosome production, due to a transient 
loss of membrane anchoring of the protein. Nonetheless, it seems clear that preF is at 
least partly preserved, as the immunized mice produced antibodies directed against a 
stabilized version of the preF protein used in the ELISA (Figure 6). A competitive ELISA 
using site Ø-specific monoclonal antibodies, for example, could reveal if truly preF-specific 
antibodies are raised by L19F and L19F I557V virosomes, this as a proof of conservation of 
virosomal preF upon in vivo injection of virosomes.  

PreF-specific antibodies have been shown to correlate with improved RSV-neutralizing 
capacity of serum. Ngwuta et al. showed that absorption of antibodies from human serum 
with preF protein removes over 90% of the neutralizing capacity of the serum. These 
investigators and others found that, besides antibodies to sites exclusively displayed on 
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preF, also antibodies directed against antigenic sites I, II, and IV, which are displayed on 
both preF and postF, contribute to neutralization [5,14]. These antibodies neutralize, but 
usually at increased concentrations when compared to antibodies directed against site Ø 
[5]. The above results demonstrate the complexity of neutralizing activity of (polyclonal) 
sera, which involves many factors like epitope accessibility, antibody concentration, 
affinity and specificity. In this respect, the higher levels of neutralizing antibodies induced 
by L19F and L19F I557V virosomes compared to those induced by native RSV A2 virosomes 
are likely to be attributable to both antibodies directed against preF-exclusive epitopes, 
like site Ø, as well as antibodies directed against epitopes that are shared between to 
preF and postF, including sites I, II, and IV. In line with the latter, L19F virosomes also 
induced higher levels of postF-specific antibodies compared to the levels induced by RSV 
A2 virosomes (Figure 6). How exactly virosomes derived from more thermostable strains, 
and thus presumably containing higher levels of preF, induce increased levels of postF-
specific antibodies remains unknown. The RSV-G glycoprotein, which is also present 
in the virosomal membranes, may have contributed to the induction of VN antibodies 
as well [24]. It should be noted, however, that neutralization assays using infection of 
Hep2 cells, as used in our study, are suggested to be far more sensitive to RSV-F-specific 
antibodies than to antibodies directed against the RSV-G protein [14]. This suggests that 
RSV-F-specific antibodies induced by the RSV A2, L19F or L19F I557V virosomes are most 
likely responsible for the in vitro neutralization of RSV.

We showed that low levels of the lipophilic adjuvant 3D-PHAD® in virosomes 
potentiated immune responses following injection in mice. The lowest level used in 
this study was at least 15-fold lower compared to that used in our previous studies [19] 
(manuscript submitted for publication). The lowest level of adjuvant that boosted (VN) 
antibody responses with induction of IgG2a-type antibodies was 18 µg 3D-PHAD® per 
mg vaccine antigen while a low level of 66 µg 3D-PHAD® per mg virosomal protein was 
as efficient as a high level of 460 µg 3D-PHAD® per mg virosomal protein in inducing VN 
antibodies (see Results). The levels indicated above are considerably lower compared to 
the levels of MPLA in, for example, commercially available vaccines such as Cervarix® or 
Fendrix® which contain 1250 µg synthetic MPLA per mg vaccine antigen and 2500 µg 
synthetic MPLA per mg vaccine antigen, respectively [25,26]. The need for a low level of 
MPLA in the RSV virosomal vaccine could possibly be due to the tight association of the 
adjuvant with the virosomal membranes that also carry the vaccine antigens: this would 
target the adjuvant to antigen-specific B cells through specific binding of virosomal 
antigen to their membrane immunoglobulins and internalization of antigens together 
with the adjuvant resulting in efficient B cell stimulation. The use of lower, yet equally or 
more effective, levels of adjuvant in vaccines is important as low levels of adjuvant would 
be beneficial in terms of vaccine safety.
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In conclusion, our data show that virosomes derived from RSV strains with enhanced 
thermostability, like L19F and L19F I557V, have an increased capacity to induce RSV-
neutralizing antibodies. This capacity is dependent on the incorporation of an adjuvant, 
i.e. the TLR4 ligand 3D-PHAD®. These data warrant further exploration of virosomal RSV 
vaccines carrying stabilized variants of the F glycoprotein and a built-in adjuvant as a 
candidate vaccine for risk groups, like the elderly.
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