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Respiratory Syncytial Virus (RSV) causes considerable morbidity and mortality in 
infants and the elderly each year. Natural virus infection does not lead to life-long 
protection and thus a vaccine is urgently needed. Here we describe an approach to 
develop an RSV vaccine with the synthetic built-in TLR4 adjuvant MPLA (3D-PHAD®). 
In our approach, we used liposomes with or without associated 3D-PHAD® 
displaying the recombinant stabilized prefusion F (preF) (DS-Cav1) or postfusion 
(postF) F glycoprotein trimers of RSV. The proteins were non-covalently coupled 
via the proteins’ His-tag to nickel ions chelated to the head groups of DGS-NTA 
lipid incorporated in the liposomal membrane. Cryo- and negative stain electron 
microscopy confirmed high-density arrayed trimers on the proteoliposomes. Dot 
blots demonstrated that both preF and postF contained their full epitope display 
after proteoliposomal conjugation. Upon vaccination, coupled preF or postF on 
3D-PHAD®-containing proteoliposomes resulted in higher preF- and postF-specific 
IgG antibody levels compared to 3D-PHAD®-liposomes mixed with non-conjugated 
preF or postF. Mice immunized twice with preF formulations, with or without 
3D-PHAD®, and postF 3D-PHAD proteoliposomes showed protective levels of 
virus-neutralizing (VN) antibodies in their serum. In some mice, however, VN titers 
were not high enough to protect mice after virus challenge. In addition to humoral 
immunity, also cellular immunity with RSV-specific IL-2, IFN-γ or TNF-α producing 
CD8 T cells was induced after immunization with 3D-PHAD®-proteoliposomes 
(preF or postF). Taken together, RSV-F-3D-PHAD®-proteoliposomes represent a 
promising RSV vaccine candidate for the elderly. 
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Introduction

Respiratory syncytial virus (RSV) is one of the major causes of viral bronchiolitis in 
infants and children. Annually, approximately 33 million lower respiratory infections are 
recorded in children under the age of five [1,2]. RSV infection does not lead to life-long 
protection and multiple reinfections occur throughout individuals’ lifetime. Indeed, by 
the age of five, most children have been infected at least two or three times with the 
virus. RSV is also increasingly recognized as a major cause of disease among seniors and 
immunocompromised individuals. In the elderly, it is the gradual senescence or dysfunction 
of the immune system that may cause symptomatic disease after RSV infection, despite 
repeated exposure to the virus earlier in life. RSV is one of the most important remaining 
vaccine targets, both for young children and the elderly. Unfortunately, to date, there is 
no registered vaccine. 

RSV belongs to the Orthopneumovirus genus of the Pneumoviridae family, which 
consists of enveloped viruses with a negative-sense, single-stranded RNA genome [3]. 
RSV is a pleomorphic virus with particles of about 100-200 nm in diameter. The virus 
envelope contains three main proteins that are exposed on the surface of the virion; 
the small hydrophobic protein SH, and the most abundant G and F glycoproteins. The G 
protein is known to be the receptor binding protein of the virus and targets the ciliated 
cells of the airways [4]. It is heavily glycosylated and about 90 kDa in size. The F protein of 
RSV is required for the attachment and fusion of the virus with the host cell. RSV-F is a type 
I integral membrane trimer protein and is 574 amino acids long. The functional F protein, 
in the virion membrane, is in a metastable prefusion (preF) form. Upon triggering, by an 
as yet unknown impulse, preF refolds in an intermediate state and inserts into its target 
cell membrane. Subsequently fusion of the viral and host-cell membranes initiates further 
refolding of the F protein to a stable, conformation i.e. postfusion (postF), unable to bind 
to or fuse with its target cell. [4]

Decades of research have made it evident that RSV F and G are the major viral 
protective antigens and thus important targets in the vaccine development. Both the F 
and G envelope proteins are known to generate virus-neutralizing (VN) antibodies [5]. The 
G protein has a high degree of genetic variability between different RSV strains. [6] It is 
therefore considered to be a less attractive vaccine antigen. In contrast, the F protein of the 
virus is considered as an attractive antigenic target for neutralizing antibodies, because 
of its conserved structure and essential role in infection [7]. Recent studies demonstrated 
that several epitopes on the F protein are available for the induction of potent VN 
antibodies [7,8]. Neutralizing antibodies towards the preF form of the F protein do not 
prevent attachment of the virus but prevent the viral fusion process and, consequently, 
deposition of the viral genome in the cytosol [9]. The monoclonal antibody Palivizumab, 
currently used for preventive treatment of high-risk groups [10,11], binds to antigenic site 
II, a shared epitope between preF and postF. PreF and postF have more shared eptiopes, 
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i.e. antigenic site III, IV and I [12]. Antigenic site II and IV are shared between preF and postF. 
Additionally, it is believed that virus neutralizing antibodies towards antigenic site III bind 
tighter to preF than postF [12]. Antibodies can neutralize the virus directed against site III, 
IV, II, with antigenic site I being the least potent antibody neutralization site. Besides these 
antigenic sites, two additional epitopes, i.e. antigenic site Ø (zero) and antigenic site V, 
have been identified to be only present on preF that induce the most potent neutralizing 
antibodies. Accordingly, a vaccine candidate should contain preferable mostly preF. 
Incorporation of post F in the vaccine would be beneficial too as it also displays unique 
protective epitopes when compared to preF albeit that these are less potent in inducing 
neutralizing antibodies compared to those displayed on preF.

Besides the generation of VN antibodies, induction of CD8 cytotoxic T cells (CTLs) to the 
conserved RSV-F antigen may be beneficial for inducing robust immunity to RSV. RSV-F 
specific CTLs can clear virus-infected cells and stop the spread of infection to the lower 
airways. Antigen presenting cells (APCs) play a key role in priming CTL responses [13]. 
Through the mechanism of cross-presentation, non-infected APCs take up exogenous 
antigens and present antigen-derived peptides on MHC class I molecules to T-cells [14]. 
This mechanism is mostly used by fully mature and activated dendritic cells (DCs). Proper 
activation of DCs, for example by TLR ligands like MPLA, and sufficient amounts of antigen 
that can enter MHC class I processing are important factors to trigger the downstream 
processes of cross-presentation [13]. An antigen carrier system, like the virosomes, 
that harbors both antigen and TLR ligand may therefore be an attractive approach for 
induction of RSV-specific CTLs. 

We previously developed a virosomal vaccine which consists of virus-like particles that 
contain all viral envelope proteins but lack the viral nucleocapsid. For influenza, it has 
been shown that virosomes retain the capacity for receptor binding and fusion of the virus 
[15]. During the virosome production process, adjuvants, like the amphiphilic molecule 
MPLA, a TLR4 receptor agonist (derived from LPS or synthetic), can be incorporated in 
the virosomal membrane. Through the incorporation of the adjuvant in the virosomal 
membrane and the multimeric presentation of antigens on the virosomal surface, these 
particles could greatly enhance their immunostimulatory activity on B cells, and thus 
VN antibody production. We showed previously that virosomes with synthetic or LPS-
derived MPLA induce cross-presentation of viral antigens, and also induces higher IgG 
and VN titers compared to non-adjuvanted virosomes [16,17] (Lederhofer unpublished). 
RSV virosomes have a clear promise as an RSV vaccine candidate, yet some drawbacks are 
associated with their production. Specifically, virosome production requires the culture 
of large amounts of virus and allows little control on the level of expression of preF versus 
postF is possible.

As an alternative to virosomes we here explored the use of liposomes with conjugated 
recombinantly expressed RSV-F protein, i.e. proteoliposomes. These liposomes are 
fully synthetic; therefore, the production of whole virus is not needed. Here, we used 
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the conformationally stabilized form of preF, i.e. DS-Cav1 [18], as well as postF of RSV 
which, through their His-tags, are conjugated to DGS-NTA lipids that are incorporated in 
the liposomal membrane. This vaccine approach has several advantages with respect to 
virosomes; 1) no virus is needed for the vaccine production, 2) the ratio of preF and postF 
can be exactly predicted and 3) the particles are uniform and fully synthetic. Finally, as 
with virosomes, an adjuvant can be incorporated into the membrane, thus, antigen and 
adjuvant are delivered in one particle.

In this study, we used three different liposome preparations: (1) liposomes containing 
DGS-NTA lipids capable of binding RSV-F antigens and containing the TLR ligand adjuvant 
3D-PHAD® (RSV-F-3D-PHAD®-proteoliposomes), (2) liposomes containing DGS-NTA lipids 
capable of binding RSV-F antigens, but without adjuvant (RSV-F-proteoliposomes), 
(3) liposomes without DGS-NTA, thus not capable of binding RSV-F antigens, but 
containing the adjuvant (non-conjugated RSV-F/3D-PHAD® liposomes). The liposomes 
were formulated with either stabilized preF or postF. The proteoliposome preparations 
were analyzed for the presence of specific epitopes (antigenic-site II which is the shared 
epitope of preF and postF, preF-specific antigenic-site Ø and antigenic site V) after 
protein conjugation. Additionally, we examined the induction of preF- and postF-specific 
IgG antibodies, VN antibodies and CD8 T cell responses in mice after immunization. 
Specifically, we evaluated if delivering antigen and adjuvant in one particle, i.e. RSV-F-3D-
PHAD®-proteoliposomes, is needed for in vivo induction of CD8 T cell responses, RSV-F 
specific IgG antibodies, VN antibodies and protection.  

Material and Methods

Expression and purification of preF and postF protein 
Stabilized RSV preF and postF glycoproteins were produced as described elsewhere 
[18,19]. Briefly, preF (DS-Cav1) and postF were expressed by transient transfection in 
Expi293F cells using TrueFect-Max (United BioSystems, MD). The culture supernatants 
were harvested 5 days post-transfection and centrifuged at 10,000xg to remove cell 
debris. The culture supernatants were sterile-filtered and RSV F glycoproteins (including a 
His- and a streptavidin-tag) were purified first by nickel and then by Strep-Tactin-affinity 
chromatography. Relevant fractions containing the RSV F were pooled, concentrated, and 
subjected to size-exclusion chromatography[9]. Purified proteins are trimers, with a size 
of 59.15 kDa for preF and 63.15 kDa for postF. 

Liposome preparation
Lipids were dissolved in chloroform and cholesterol was dissolved in 96% ethanol. Liposomes 
were composed of a molar ratio of 36.67:18.33:25:10:10 of 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), 
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cholesterol, 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) 
succinyl] (DGS-NTA(Ni2+)) and 3-deacyl-phosphorylated hexa-acyl disaccharide (3DPHAD®) 
[20] (Avanti Polar Lipids, Alabaster, AL, USA). A second and third preparation were prepared 
either without adjuvant or without DGS-NTA(Ni2+), in which case the lacking components 
were substituted by the 2:1 DOPC:DOPE mixture. 

To yield a lipid film, mixed components, in various molar ratios in chloroform, were 
dried under argon gas. The resulting lipid film was dried further for 2 hr in a desiccator 
(SpeedVac). The lipids were hydrated in HBS buffer (5M NaCl, 1M HEPES, pH 7.6) and 
intensively vortexed until the lipid film was visually dissolved. Five freeze/thaw cycles with 
liquid nitrogen and a 37°C water bath with intensive vortexing in between the steps was 
performed. Next, the liposomes were extruded for a minimum of 21 times, first through 
a 0.2 μm and then through a 0.1 μm membrane, using a hand-held mini extruder device 
(Avanti Polar Lipids) at room temperature. Concentration of dissolved lipids and final 
liposome particles were determined by phosphate determination as described before [21].

protein conjugation
For conjugation, a protein to lipid ratio of 1mg/μmol was used and the mixture was 
incubated overnight at 4°C with gentle shaking. Protein was first concentrated to 4 mg/
ml and subsequently incubated with the liposomes as described previously. The unbound 
protein was removed from the liposomes by dialysis with a Float-A-Lyzer G2 dialysis 
device (1000kD, Spectrum Laboratories). The proteoliposomes were collected and protein 
was determined with Bio-Rad Bradford protein assay (Bio-Rad, Hercules, California). Lipid 
concentration was determined as described above and samples were stored at 4°C.

Electron Microscopy
All vaccine samples were sent for electron microscopy and cryo-TEM picture analysis to 
the Frederick National Laboratory for Cancer Research, Frederick, MD, US.

Antigenic analysis
Antigenic analysis was performed by dot blot using mAbs that either target antigenic site II 
on the shared surface between preF and postF (Motavizumab) or antigenic sites unique to 
preF (D25, and AM14) [18,22]. Briefly, dots of different proteoliposome preparations were 
applied to a nitrocellulose membrane, dried and blocked for 1 hr with 2% milk powder 
in PBS. Different membranes were incubated with antibodies Motavizumab, AM14 
and D25 (produced in-house) and, next, incubated with an HRP-conjugated secondary 
antibody reactive against mouse (rabbit anti-mouse IgG-HRP, Jackson Immunoresearch). 
Antibodies were incubated for one hour at room temperature in 2% milk powder in TBS-T 
(25 mM Tris, 0.15 M NaCl, 0.05% Tween-20) at a concentration of 0.2 μg/mL. Antibody 
binding was detected with a G-box imager (Syngene) after adding ECL prime reagent (GE 
healthcare). Purified preF (DS-Cav1) and postF were taken along as controls.
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Immunization experiments
Adult (8 to 14-week old) female Balb/c mice were obtained from Jackson Labs (Bar Harbor, 
ME). Mice were housed in the animal care facility at NIAID under specific pathogen-free 
conditions, and maintained on standard rodent chow and water supplied ad libitum. Mice 
were vaccinated in week zero and week three with a dose level of 10 μg total protein 
per dose. Serum was collected two weeks after the booster vaccination and analyzed for 
endpoint ELISA and neutralizing titers.

Mice used in these studies were maintained according to the guidelines of the 
NIH “Guide to the Care and Use of Laboratory Animals”. Experimental procedures had 
approval of the Animal Care and Use Committee of the Vaccine Research Center, National 
Institute of Allergy and Infectious Diseases at the NIH. Mice were housed in a facility fully 
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 
International. Animal procedures were conducted in strict accordance with all relevant 
federal and NIH guidelines and regulations.

Neutralization assay
Serum after prime and boost vaccination was analyzed for neutralization capacity. For 
this, fourfold dilutions were prepared of serum samples two weeks after the booster 
vaccination starting at 1:10 through 1:40,960 with 45 μl in each well. Each dilution was 
mixed with 45 μl of diluted RSV strain A2 carrying the Katushka fluorescent gene mKate 
[23]. Palivizumab and RSV A2 alone served as negative and positive control. The mixture 
was incubated for 1 hr at 37°C. Fifty microliters of the serum dilution/virus mixture was 
then added to HEp-2 cells that had been seeded at a concentration of 1.8 × 104 cells in 
30 μl of 10% MEM in each well of 384-well black clear-bottom plates. The plates were 
incubated for 22 to 26 hr at 37°C before spectrophotometric reading at 588-nm excitation 
and 635-nm emission (Molecular Devices LLC). 

Endpoint ELISA
RSV-F specific IgG was analyzed in serum after boost vaccination. For this, 96-well plates 
were coated overnight with preF (DS-Cav1) or PostF. After coating, plates were blocked 
with 5% milk powder in PBS. After washing, coated plates were incubated for 60 min 
with four-fold serial dilutions of serum starting at dilutions of 1:10. After washing, plates 
were incubated for 1 hr with a 1:5000 dilution of horseradish-peroxidase-coupled goat 
anti-mouse IgG (200µg/0.5ml), (Santa Cruz Biotechnology) for detection of serum IgG 
antibody levels. After washing, the plates were stained with TMB Microwell Peroxidase 
Substrate (KPL SureBlue Sera Carem Milford, MA, USA). After 5 minutes the staining was 
stopped by addition of 1 M H2SO4. The absorbances were read in an 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.
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plaque assay
Two weeks after booster vaccination, mice were anesthetized using isoflurane (3%), and 
infected intranasally with 2 × 106 PFU of live RSV in 10% EMEM in 100 μl. All mice were 
killed by lethal overdose of pentobarbital (250 mg kg−1) five days post challenge.

For virus titer determination, the single left lung lobe of infected mice was collected 5 
days post infection and snap-frozen in 2 ml of EMEM supplemented with 2 mm glutamine, 
10 U ml−1 penicillin, and 10 μg ml−1 streptomycin. After thawing, lung tissue was dissociated 
using a GentleMACS before centrifugation to remove cellular debris. Clarified neat lung 
supernatants were diluted and inoculated onto 80% confluent Hep-2 cell monolayers in 
12-well plates. After 1 hr, plates were covered with 0.75% methylcellulose in EMEM with 
10 % FBS and incubated for 5 days at 37°C. Cells were fixed with 10% formalin and stained 
with hematoxylin and eosin. A dissecting microscope was used to count plaques. Pfu was 
calculated with (# of plaques * dilution * 40)/tissue weight in grams.

Flow cytometry of mouse T cells derived from lung tissue
Following euthanasia, lung tissues were harvested and processed eight days post-infection 
as previously described [24]. After isolation, each sample was divided and half of the 
samples were stimulated for 5 hr with 1μM of RSV-F specific CD8+ peptide (KYKNAVTEL) 
and the other half served as a non-stimulated control. Cell preparations were stained with 
fluorochrome-labeled antibodies to the following cell surface markers: CD3 (145-2C11), 
CD4 (RM4-5), CD8α (53-6.7) purchased from BD biosciences or Biolegend. All staining 
was done for 15 min at room temperature in Brilliant buffer (BD). Prior to surface staining, 
cells were stained for 20 min at room temperature with ViViD for viability. BD Cytotofix/
Cytoperm was used for cell fixation and permeabilization according to the manufacturer’s 
protocol for intracellular staining. Following fluorochrome-labeled antibodies were 
used: IL-5 (TRFK5), IFNγ (XMG1.2), IL-2 (JES6-5H4), TNFα (MP6-XT22) purchased from BD 
biosciences, Biolegend or eBioscience. Samples were measured on a XA50 flow cytometer 
and data were analyzed using FlowJo version 9.9.10 and version X.

Statistical Data Analysis
All statistical analyses were performed with Graphad Prism 7.00 (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.



Evaluation of preF- and postF-3D-PHAD®-proteoliposomes

145

SE
V

EN

Results

Synthetic liposomes as a platform for displaying preF and postF trimers of 
RSV
Synthetic liposomes carrying 10% DGS-NTA(Ni2+) were used to bind His-tagged preF and/
or postF trimers. Initially, we calculated the maximum amount of protein that can be 
conjugated to a single liposome particle. For this, we assumed that 50% of the 10% DGS-
NTA(Ni+) will be exposed on the external surface of the lipid membrane. On average, one 
liposomal particle is on average around 100 nm in diameter and the inner and outer lipid 
layer of the lipid bilayer contain essentially the same amount of lipids. From literature it 
is known that one particle, of around 100 nm, contains approximately 60,000 molecules, 
thus, 6,000 are DGS-NTA(Ni+), and 3,000 of these molecules will be exposed on the outside 
of the lipid membrane [25]. Each monomer of the stabilized preF or postF contains one 
His-tag, accordingly, 1000 protein trimers can be covalently bound per liposome particle. 
Figure 1 shows a schematic representation of proteoliposomes displaying preF or postF 
trimers.

Biochemical determination and physical characterization of proteoliposomes 
with conjugated F protein 
We first evaluated the quantity and quality of the conjugated preF and postF protein to 
the proteoliposomes. The protein was conjugated to the proteoliposomes at a ratio of 
1 mg of protein per 1 µmol of phospholipid and unbound protein was dialyzed. Table 1 
shows a summary of phosphate and protein recovery after dialysis of each proteoliposome 
sample. Based on phosphate and protein recovery, after dialysis, we calculated the number 
of trimers that are conjugated per particle (shown in Table 1). It is remarkable that the 
recovery of protein in postF proteoliposomes is lower than with preF proteoliposomes, 
regardless of the presence of 3D-PHAD® in the liposomal membrane. The loss of lipid and 
protein after preparation of preF proteoliposomes was almost equal, which is an indication 
that entire particles with conjugated protein were lost during dialysis. In preliminary 
experiments, we used size exclusion chromatography (SEC) to separate unbound protein 
from liposome-conjugated protein. These experiments demonstrated that there was no 
detectable unbound protein (results not shown). Therefore, we conclude that protein 
conjugation to the liposomes was efficient and that essentially all added protein was 
bound to the liposomes. The loss of phosphate and protein, which is mentioned above 
(Table 1), is most likely due to loss of small particles ( <1000 kD) during dialysis. 

Next, we analyzed the different formulations by SDS-PAGE to detect the preF and 
postF protein, conjugated to the particles, following Coomassie Blue staining of the gel 
(Figure 2). Purified preF and postF served as controls. All samples were analyzed on the gel 
under reducing conditions. Under reducing conditions, the monomer of preF and postF 
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are around 55-58 kDa in size. As expected, in all preF proteoliposome samples, one band 
of around 55 kDa size was observed on the SDS-gel. On the postF proteoliposome sample 
SDS-gel, a second band of 120 kDa size was seen, corresponding to not fully reduced preF 
or postF protein.

TABLE 1 | Recovery of liposomes and protein after dialysis.

Sample
% recovery lipid 
phosphate after dialysis

% recovery protein 
after dialysis

Trimers per 
particle

PreF with adjuvant 52 52 373

w/o adjuvant 63 69 352

PostF with adjuvant 56 35 212

w/o adjuvant 70 34 175

Pref/PostF with adjuvant 57 54 316

FIGURE 1 | Schematic representation of liposomes displaying RSV preF and/or postF trimers. Synthetic 
nanoparticles as an RSV F vaccine platform. The schematic shows that liposomes incorporate lipids with DGS-
NTA(Ni+) head groups that mediate coupling of PreF, PostF or a 1:1 ratio of Pre and PostF to the outer surface. 
The incorporated nickel in the NTA cage in the lipids head covalently binds the His tag of PreF or PostF timers.
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Subsequently, the preservation of specific epitopes on liposome-conjugated preF and 
postF was evaluated. Monoclonal antibodies were used that either target antigenic site II 
on the shared epitope between preF and postF (Motavizumab) or epitopes unique to preF 
antigenic site Ø (D25) or antigenic site V (AM14). Figure 2 shows that all three antibodies 
bound to the preF proteoliposomes and the preF/postF-3D-PHAD®-proteoliposomes. 
Also, as expected, AM14 did not bind to postF proteoliposomes and D25 had some non-
specific binding towards postfusion F [26]. This was also seen in the postF-3D-PHAD®-
proteoliposomes and postF proteoliposomes samples. From the above described data, 
we conclude that crucial epitopes for the induction of virus-neutralizing antibodies are 
preserved in the proteoliposomes. 

FIGURE 2 | Presence of protein and its specific epitopes on conjugated liposomes. Dot blots demonstrate 
AM14 recognition of quaternary site V, D25 recognition of antigenic site ø, and Motavizumab recognition of 
antigenic site II of PreF, PostF and Pre/PostF proteoliposomes, applied to a nitrocellulose membrane. Purified 
PreF and PostF protein alone, not conjugated to liposomes, was taken along as a control. Reducing SDS-PAGE 
gel, stained with Coommassie Blue, of PreF, PostF and PreF/PostF proteoliposomes with or without adjuvant. 
Soluble purified PreF protein and PostF protein are included as controls.

In the last step of the biochemical and physical characterization of the proteoliposomes, 
we characterized the uniformity and state of the F trimers displayed arrayed on the surface 
of the proteoliposomes surface by negative-stain EM and cryo-EM. Representative images 
of negative-stain EM and cryo-EM are shown in Figure 3. The majority of the particles 
were unilamellar vesicles. However, some multilamellar vesicles were also present (Figure 
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3B). Both preF- and postF-proteoliposomes were densely packed with trimers, as is seen 
in Figure 3C and D. Unbound, aggregated protein was visible in the background of the 
image, which is probably an artefact caused by the negative-staining procedure. Indeed, 
there was relatively less unbound protein to be seen in the cryo-EM images (results not 
shown). Further, exclusion of 3D-PHAD® from the proteoliposomes did not change their 
shape or size (data not shown).

Figure 3: Characterization of PreF and PostF- conjugated liposomes by EM and cryo-EM. (A) Negative 
stain EM image of liposomes without conjugated protein, 30,000x magnification. (B) Cryo-EM image overview 
of 3D-PHAD® proteoliposomes conjugated with PreF/PostF (1:1 ratio), 25,000x magnification. Dotted square 
indicates multi-laminar vesicle. (C) Negative stain EM image of 3D-PHAD® proteoliposomes with PreF, 30,000x 
magnification. (D) Negative stain EM image of 3D-PHAD® proteoliposomes with PostF, 30,000x magnification. 
Scale bars in Panel A, C and D 100nm, scale bar in Panel B 200 nm.
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Antibody responses upon immunization of mice with RSV F-proteoliposomes
Next, we investigated the immunogenicity of the proteoliposomes in Balb/c mice. Mice 
were immunized twice intramuscularly, with a three-week interval, and the induction of 
F-specific serum IgG was analyzed. The following formulations were used in this study: (1) 
Liposomes with conjugated preF or post F containing incorporated 3D-PHAD® (3D-PHAD®-
proteoliposomes), (2) Liposomes conjugated with preF or post F but without 3D-PHAD® 
(proteoliposomes), (3) Liposomes with incorporated 3D-PHAD® but without DGS-NTA(Ni+) 
(non-conjugated /3D-PHAD® liposomes), (4) Liposomes with conjugated preF and postF at 
a 1:1 ratio containing incorporated 3D-PHAD® (preF/postF-3D-PHAD®-proteoliposomes). 
Mice inoculated with PBS or soluble preF protein (DS-Cav1) supplemented with Alum 
adjuvant, served as controls. Serum was collected two weeks after booster vaccination. 
We specifically analyzed these sera for the presence of antibodies against preF and postF, 
using stabilized preF or postF protein as a coating antigen in the ELISA.

3D-PHAD®-proteoliposomes with preF induced significantly higher mean levels 
of antibody against preF than mean levels induced by preF proteoliposomes without 
3D-PHAD®, or non-conjugated preF/3D-PHAD® liposomes (Figure 4B). Also, postF-3D-
PHAD®-proteoliposomes induced significantly higher mean levels of antibodies towards 
preF compared to mean levels induced by postF-proteoliposomes or non-conjugated 
postF/3D-PHAD® liposomes. It is noted that the induction of antibodies towards preF 
by postF-proteoliposomes is possible due to the presence of shared antigenic sites I, II 
and IV. PostF-3D-PHAD®-proteoliposomes induced significantly a higher mean level of 
postF-specific antibody response than those induced by postF proteoliposomes or non-
conjugated postF-3D-PHAD® liposomes (Figure 4C). PostF-3D-PHAD®-proteoliposomes 
induced significantly a higher mean postF-specific antibody response than induced by 
preF-3D-PHAD®-proteoliposomes (Figure 4C).

Thus, association of both 3D-PHAD® and antigen with one particle is optimal for the 
potentiation of preF- or postF-specific antibody responses.
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FIGURE 4 | Antibody specificity for RSV preF and postF in sera of immunized mice. (A) Timeline of 
immunization and bleeds. Mice were vaccinated twice with different vaccine formulations and control groups 
were either mice vaccinated with DS-Cav1 + Alum or PBS. Each injection contained 10 µg of protein. Bleeds 
were collected 2 weeks after boost vaccination. (B) PreF-specific IgG titers in serum two weeks after booster 
vaccination. (C) PostF-specific IgG titers in serum two weeks after booster vaccination. Antibody endpoints 
are shown for each individual animal (10 mice/group). Black dotted lines indicate the baseline for ELISA. 
Statistical differences were calculated with Mann-Whitney non-parametric t-test (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001).

Virus-neutralizing (VN) antibodies
To allow the analysis of the induction of virus-neutralizing (VN) antibodies in more detail, 
sera after the secondary immunization were analyzed for levels of VN antibodies.

Two weeks after the booster vaccination, groups immunized with postF-3D-PHAD®-
proteoliposomes demonstrated significantly higher mean levels of VN antibodies 
compared to the level in the group given non-conjugated-postF/3D-PHAD® liposomes. 
Additionally, a trend towards lower VN antibody levels was measured (p<0.0856) in mice 
immunized with postF proteoliposomes compared to postF-3D-PHAD®-protoeliposomes, 
however, this difference is not significant (Figure 5). The dotted line marks the threshold 
for protection [18]. In all groups receiving preF as an antigen, the mean level of induced 
VN antibodies was comparable. No significant difference in VN antibodies was observed 
in groups vaccinated with preF-3D-PHAD®-proteoliposomes or preF-proteoliposomes. 
Thus, no boosting effect of 3D-PHAD® on VN antibody levels was noticed in these groups. 
Highest levels of VN-antibodies were detected in the group that received DS-Cav1+Alum 
(Figure 5). Non-conjugated preF/3D-PHAD® liposomes induced significantly higher VN 
levels compared to non-conjugated postF/3D-PHAD® liposomes.
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FIGURE 5 | Vaccine induced virus-neutralizing titers after two immunizations. Mice were vaccinated 
as described in figure 4. RSV neutralization antibody titers in serum were 14 days after booster vaccination 
obtained. Boxplot represents the IC50 NT titer (log10) of 10 mice per group with geometric mean. Dotted line 
represents the level of neutralizing antibodies that confers protection in mice [18]. Statistical differences were 
calculated with Mann-Whitney non-parametric t-test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Vaccine-induced protection
To study if the immunity conferred by the different proteoliposomal formulations confers 
protection against RSV infection, immunized and non-immunized mice were challenged 
i.n. with 2x106 TCID50 RSV A2 virus two weeks after the booster vaccination. Five days later, 
viral titers were determined in the lungs of the mice. Infectious virus could be recovered 
from the lungs of all non-immunized mice (Figure 6). Also, mice immunized with non-
conjugated postF/3D-PHAD® liposomes were not protected against viral challenge. Some 
immunized mice from other groups showed low levels of virus, but this was based on the 
detection of a single PFU in the analyzed lung sample.

Cellular immunity induced by F protein proteoliposomes
We next investigated if the proteoliposomes induce RSV-F specific CD8 T cells. 
Mononuclear cells were isolated, re-stimulated with RSV-F-specific CD8+ peptide, and 
processed for intracellular cytokine staining. A representative gating strategy for all 
groups is shown in Figure 6A. Panel B to D of Figure 6 show the percentage of IL-2-, IFNγ-, 
TNFα- or IL-5-producing RSV F-specific CD8 cells isolated from the lungs. PreF-3D-PHAD®-
proteoliposomes induced significantly higher percentages of RSV-F-specific IL-2, IFN-γ 
or TNFα-producing RSV F-specific CD8 T cells compared to percentages observed in the 
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group immunized with DS-Cav1+Alum. Also, levels of IL-2-, IFNγ- or TNFα-producing 
CD8 T cells in the lungs of mice immunized with preF-3D-PHAD®-proteoliposomes were 
significantly higher than the corresponding levels of the lungs of mice immunized with non-
conjugated preF/3D-PHAD® liposomes. Further, in the control group of DS-Cav1 + Alum, a 
higher percentage of CD8+ IL-5-producing T cells was noticed compared to percentages 
in groups that were vaccinated with preF or postF-3D-PHAD®-proteoliposomes. We also 
noticed higher percentages of CD8+ IL-5 producing T cells in the group vaccinated with 
non-conjugated postF/3D-PHAD® liposomes compared to percentages in the group 
immunized with postF-3D-PHAD®-proteoliposomes. This was not seen in the different 
preF-vaccinated groups. From these data we conclude that 3D-PHAD® in proteolipsomes 
has the capacity to induce cross-presentation of the associated antigen, leading to 
activation of RSV-specific CD8 T cells.
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FIGURE 6 | Lung viral titers after RSV challenge of immunized mice. Mice were vaccinated as mentioned in 
Figure 4 and challenged with live virus 14 days after the booster vaccination. Five days after challenge, lungs of 
5 animals per group were removed and the viral titer was determined and expressed in Log (PFU/gLung). Error 
bars represents the SEM. Dotted line represents the base line of the plaque assay. Statistical differences were 
calculated with Mann-Whitney non-parametric t-test (*p<0.05, **p<0.01). 
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vaccinated as described in figure 4 and challenged with live virus 14 days after the booster vaccination. Eight 
days after challenge, lungs of 5 animals per group were removed, cells isolated and re-stimulated for 5 hr with 
a CD8+ peptide. (A) Representative flow cytometry scatterplots for each vaccinated group. Panel B-E IL-2, IFN-γ, 
TNF-α and IL-5 upregulation in CD8+ T-cells. Bars represents percentage of CD8+ activated cells after peptide re-
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Discussion 

In this study, we evaluated preF- and postF-proteoliposomes for display of functional 
epitopes and their capacity to induce RSV-F specific IgG antibodies, VN antibodies and 
cross-presentation in mice. We show that proteoliposomes, containing incorporated 
3D-PHAD®, display preserved functional epitopes after protein conjugation and induce 
protective antibody responses and RSV-F-specific CD8 T cells after immunization of mice. 

We produced synthetic liposomes containing a lipid molecule, i.e. DGS-NTA, bearing 
a chelated nickel (Ni2+) ion at the NTA head group. We were able to efficiently conjugate 
a His-tagged form of RSV preF or postF to these liposomes. The protein was coupled to 
the liposome-incorporated DGS-NTA (Ni2+) by an electrostatic interaction between the 
C-terminal His6 and the Ni2+ at the NTA head group. Almost 100% of the added protein 
was bound to the particles. With the measured protein recovery, we estimated that 
approximately 300 protein trimers were conjugated per liposomal particle. Conjugation 
of RSV F to the liposomes was confirmed by cryo-EM and negative-stain EM. Indeed, EM 
images showed a dense array of protein molecules on the surface of the particles. These 
results are in agreement with an earlier report of Ingale et al., who observed efficient 
coupling of HIV-1 BG505 NFL trimer to liposomes containing DGS-NTA [27]. Currently, 
proteoliposomes carrying DGS-NTA (Ni2+) have some limitations regarding  stability and 
potential adverse reaction, as was shown by Bale and co-workers [28]. These investigators 
showed that proteoliposomes using DGS-NTA (Ni2+) for coupling of His-tagged HIV-1 
proteins are less stable in long-term storage compared to proteoliposomes with DGS-
NTA (Co2+) or using covalent Cys-linked conjugation of the protein to the liposomes 
[28]. Currently, we do not know how long the preF and/or postF particles are stable with 
respect to conjugation of the protein or if liposomes will aggregate upon prolonged 
storage. Despite this, we conclude that chelation via DGS-NTA (Ni2+) is an efficient method 
to conjugate His-tagged preF and/or postF protein to carrier liposomes. Moreover, with 
the use of liposomes it is also possible to incorporate a lipophilic adjuvant, for example 
3D-PHAD®, in the same particle that carries the antigen.

Both preF and postF display protective epitopes for VN antibodies. Antibodies 
towards preF can prevent fusion of the virus with its target cell and thus represent potent 
VN antibodies [7,8]. As mentioned above, virus neutralization requires blocking of preF 
inhibiting fusion and thus infection. PreF and postF share one important epitope, antigenic 
site II, and therefore antibodies induced with postF may also neutralize infection [29,30]. 
It is suggested that antibodies against antigenic site II, like the monoclonal antibody 
Palivizumab, currently used for preventive treatment in high-risk groups [10,11], do not 
prevent the conformational change of preF but interfere, by an unknown mechanism, 
with the fusion process of viral and host cell membranes [19]. Besides antigenic site-II, site 
III (preF>postF), site IV (equally present on preF and postF) and site I (postF>preF) are also 
epitopes that can induce VN antibodies [12]. In our experiment, we used the stabilized 
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preF, i.e.DS-Cav1 [18], and postF for liposome conjugation. We showed that after 
conjugation of DS-Cav1, antigenic epitopes were still intact and accessible for antibodies 
specific for epitopes displayed in the prefusion conformation state. Proteoliposomes have 
the advantage of being fully synthetic and besides conjugation of RSV preF and/or postF, 
it is possible to conjugate a stabilized version of the G glycoprotein to these particles. The 
addition of G protein will additionally induce VN antibodies which are also helpful for 
protection against natural virus infection [31]. Thus, conjugation of preF and G protein, or 
a mixture of preF, postF and G protein could induce optimal VN antibodies. 

Coupling of preF and postF trimers results in multimeric presentation of the antigen 
which stimulates B cell activation compared to soluble preF or postF antigen. The 
multimeric presentation of the antigen allows efficient cross-linking of B cell receptors 
(BCR) [32]. Ingale et al. showed that their liposomes with conjugated HIV-1 trimers are far 
more efficient in activating B cells in vitro and inducing germinal center reactions in vivo 
compared to soluble trimers [27]. In line with these findings, we found that preF or postF-
3D-PHAD®-proteoliposomes induced higher preF- and postF-specific IgG antibody levels 
compared to levels induced by non-conjugated preF- or postF mixed with 3D-PHAD®-
liposomes. Thus, multivalent display of RSV preF or postF on liposomes results in more 
efficient B cell activation and RSV-F-specific IgG antibody production upon immunization 
in mice.

Antibodies that target the recently discovered antigenic site Ø, that is only present 
on the prefusion form of F, have a 10- to 100-fold greater VN potency than Palivizumab 
[18]. As already shown by McLellan et al., immunization with a stabilized version of preF 
trimer induces significantly higher VN antibody responses than immunization with a 
postF antigen, mainly because of the presence of antigenic site Ø [18]. We did not see a 
significant difference in VN antibody levels in the groups vaccinated with preF-3D-PHAD®-
proteoliposomes, preF-proteoliposomes, postF-3D-PHAD®-proteoliposomes, or postF-
proteoliposomes. But non-conjugated preF/3D-PHAD® liposomes induced significantly 
higher VN antibodies than non-conjugated postF/3D-PHAD® liposomes. More research is 
necessary to provide insights in the specificity of the proteoliposome-induced antibodies, 
e.g. to what extent they are directed against, for example, antigenic site Ø or site II. 

Cross-presentation is an important process for initiation of CD8 T cell responses. With 
cross-presentation, not only proteins synthesized within the APCs, but also exogenous 
protein antigens can be presented in the context of MHC class I by APCs. Activation of 
APCs, especially full maturation of DCs, is an important mechanism in addition to the 
delivery of antigen to the cytosol in DCs during cross-presentation [33]. Only fully mature 
and activated DCs are able to successfully induce CTL responses. Incorporation of a TLR4-
stimulating adjuvant should lead to the induction of activation of the adaptive immune 
system. LPS-derived MPLA, is known to induce activation and maturation of DCs [34]. MPLA 
can activate TLR4 through MyD88, which initiates signal transduction from the plasma 
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membrane. Additionally, through another pathway, TLR4 is internalized, after interacting 
with MPLA, into endocytic compartments and subsequently, activation of TLR4 engages 
TRIF [35,36]. Several groups have shown that co-delivery of antigen and adjuvant induces 
activation of CTL responses through cross-presentation of the exogenous antigen [37–
39]. In our study, significant induction of MHC class-I peptide-restricted and IL-2-, IFNγ- 
or TNFα-producing CD8+ T cells was observed after immunization of mice with preF- or 
postF-3D-PHAD®-proteoliposomes. This confirms that co-delivery of the antigen and 
adjuvant using proteoliposomes leads to efficient delivery of proteoliposomal antigen to 
the MHC class I route of antigen presentation by cross-presentation and underlines the 
importance of delivering adjuvant and antigen in one particle. 

In summary, preF- and/or postF-3D-PHAD®-proteoliposomes have the capacity to 
induce protective antibody responses upon immunization of mice. Moreover, cellular 
immunity with activation of RSV-specific CD8 T cells is induced. Proteoliposomes are 
easy to fine-tune and the choice of antigen is flexible, as other groups have shown with 
different proteins [27,28,40,41]. We conclude that proteoliposomes represent a promising 
approach towards RSV vaccine development. 
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