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Respiratory syncytial virus (RSV) is one of the major causes of bronchiolitis in infants 
and children. As RSV infection does not lead to life-long protection and multiple 
infections occur throughout lifetime, also elderly and immunocompromised 
individuals are at risk to develop severe disease upon RSV infection. To date, there 
is no registered vaccine to prevent RSV infection. Here we describe an approach to 
develop a RSV vaccine with an build-in adjuvant that could particularly be useful 
in people with a decreased immune reactivity and poor response to vaccines. 
In our approach, we used reconstituted RSV viral envelopes (virosomes) with 
incorporation of monophosphoryl lipid A (MPLA). Here, we specifically compared 
the immunopotentiating capacity of MPLA produced from biologically derived LPS 
with other, low toxicity, variants of MPLA like alkaline hydrolyzed MPLA (3-O-deacyl 
MPLA) and, specifically, a synthetic variant of MPLA (3D-PHAD). For this, RSV 
virosomes carrying MPLA variants were produced and their capacity to induce RSV-
specific antibodies in mice was tested. Our data show that virosomes containing 
3-OD-MPLA or 3D-PHAD induced significantly higher levels of RSV-specific IgG 
antibodies as well as RSV neutralizing antibodies compared to virosomes with 
MPLA. Next, we tested the effect of increasing concentrations of the low toxicity 
variant 3D-PHAD in virosomes on induction of (neutralizing) antibodies, antibody 
isotype, CD8 T-cell immunity and protection against infection. Incorporation of 
3D-PHAD in RSV virosomes boosted RSV-specific Th1-signature antibody responses, 
i.e. IgG2a, and also induced CD8 T cell immunity. Increasing the adjuvant levels 
further boosted IgG responses and CD8 T cell responses but not IgG2a antibody 
levels. Immunization with RSV virosomes conferred protection against infection. 
Taken together, these data demonstrate that a MPLA variant with low toxicity, like 
the synthetic MPLA variant 3D-PHAD, is an excellent replacement for MPLA and 
highly suitable for future use in GMP produced RSV virosomal vaccines.
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Introduction 

Respiratory syncytial virus (RSV) is a negative-sense single-stranded RNA virus, which 
belongs to the family Pneumoviridae. The virus is a major pathogen for infants, causing 
yearly approximately 100,000 hospitalizations of young babies [1,2]. Besides this, RSV is 
also recognized as a serious threat for adults [3]. Many years of research have resulted in a 
better understanding of the pathophysiology of RSV infection [4]. Nonetheless, treatment 
options are limited. So far, the only treatment that is available represents prophylaxis 
with a monoclonal antibody, Palivizumab, which has been shown to provide effective 
prevention of RSV infection in specific high-risk infants [5–7]. 

Despite intensive research, effective RSV vaccines for susceptible infants or the elderly 
and immunocompromised individuals are still lacking. Promising vaccine candidates 
are currently being evaluated and it has become clear that different targets groups for 
vaccination might require different vaccine formulations [8]. The most suitable vaccine 
for babies and young infants may well be an attenuated virus formulation. Alternatively, 
young infants may be protected through vaccination of pregnant women with an 
inactivated virus or subunit vaccine. In this strategy, maternal antibodies, transferred to 
the unborn baby, protect it for the first critical months after birth. Finally, the elderly and 
immunocompromised individuals need vaccines that will boost pre-existing immune 
responses [8]. As gradual senescence of the immune system causes symptomatic disease 
after RSV infection among the elderly, a particle-based vaccine that carries both the F 
and G glycoproteins of the virus in association with a strong adjuvant might give the 
best protection in this target group. Such a particle-based vaccine could also serve as a 
suitable vaccine candidate for pregnant women. 

Stegmann et al. and Kamphuis et al. developed a virosomal RSV vaccine with an 
incorporated lipophilic adjuvant [9,10]. Virosomes are reconstituted virus envelopes that 
contain the membrane glycoproteins of the native virus but lack the viral nucleocapsid. 
Virosomes derived from influenza virus have been shown to retain the receptor-binding 
and membrane fusion characteristics of the virus, underlining the preservation of the 
native structure of the viral envelope glycoprotein hemagglutinin [11–13]. Likewise, 
RSV-derived virosomes are expected to retain the original structure of the viral envelope 
glycoproteins F and G. The latter is of crucial importance for induction of strong virus-
neutralizing antibody responses [14]. The RSV virosomal vaccine has been shown to be 
effective in mice and cotton rats and was therefore further developed [9,10]. 

Recently, we described the use of monophosphoryl lipid A (MPLA) as an lipophilic 
adjuvant for use in RSV virosomes [9]. This adjuvant represents the lipid A backbone 
of bacterial lipopolysaccharide (LPS), but is 10,000 times less toxic than LPS [15]. MPLA 
activates immune cells through engagement of Toll-like receptor 4 (TLR4). This not 
only results in boosting of neutralizing antibody responses but also, through cross-
presentation of viral epitopes to CD8 T cells by dendritic cells, in activation of CD8 T cells 
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that aid in clearance of RSV from the lungs [16,17]. Besides MPLA itself, variants of MPLA 
with even lower levels of toxicity have been developed, such as the 3-O-deacyl MPLA 
(3-OD-MPLA), which is present in marketed vaccines. However, MPLA and 3-OD-MPLA are 
complex mixtures of molecules, with a common phosphorylated carbohydrate backbone 
and a variable number of acyl chains that also vary in length. The use of a single synthetic 
MPLA-like molecule in vaccines would be advantageous if the potency was at least similar 
to that of the mixture. Therefore, in the present study we compared MPLA and 3-OD-
MPLA with a synthetic variant, 3D-PHAD®. To this end, we prepared RSV virosomes with 
the different MPLAs. Upon immunization of mice, we studied the induction of protective 
neutralizing antibodies and cellular immunity, i.e. RSV-specific CD8 T cells. 

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 number DEC5662). 
Immunizations and challenges were conducted under isoflurane anesthesia, and every 
effort was made to minimize animal suffering.

Virus production
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), 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 Pall 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 
μm (Sartorius, Goettingen, Germany) to remove further particle debris. The material was 
concentrated by tangential flow ultrafiltration on a Midikros (molecular weight cut-off 0.05 
μm; polysulfone (PS)) filter (Spectrum labs, Breda, The Netherlands) and the medium was 
exchanged with 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.
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Virosome production
RSV virosome formulation and production were adapted from Stegmann et al. (2010). 
Briefly, purified RSV A2 virus was concentrated by tangential flow ultrafiltration using 
a 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 nucleocapsid was pelleted 
by ultracentrifugation in a table-top ultracentrifuge, S100 AT4 rotor, at 50k rpm for 30 
min, and the viral membrane supernatants were harvested. For each mg of viral protein 
in the supernatant, a dry lipid film was prepared from 850 nmol of a 2:1 molar mixture 
of phosphatidylethanolamine (transphosphatidylated from egg PC (eggPE)) and natural 
phosphatidylcholine from egg yolk (eggPC) and 255 nmol cholesterol (Avanti) plus various 
amounts of adjuvants, dissolved in chloroform/methanol. Different types of MPLA were 
employed: MPLA (Avanti); 3-deacyl-phosphorylated hexa-acyl disaccharide (3D-PHAD®) 
(Avanti, Pat. No. 9,241, 988) and 3-OD-MPLA. 3-OD-MPLA was prepared from MPLA by 
alkaline hydrolysis as described in US patent 4,912,094; briefly 5 mg of MPLA was dissolved 
in 2.2 ml of chloroform and 1.6 ml of methanol, and 52.5 µl of 0.5 M NaHCO3, pH 10.5 
was added to it and incubated for 30 min at 51°C, after which the reaction was stopped 
by neutralization with HCl, and chilling on ice. The 3-OD-MPLA was then re-extracted 
with chloroform and dried; the preparation was checked by thin layer chromatography 
and the concentration determined by phosphate assay. The lipid-adjuvant mixtures in 
chloroform/methanol were evaporated to a dryness in a glass tube and then 100 nmol of 
DCPC in HNE was added to dissolve the dried lipid film. The viral membrane supernatant 
containing the membrane lipids and proteins was added to the DCPC dissolved lipid-
adjuvant mixture. 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 (10kD cut-off; Thermo Scientific, Geel, Belgium) against 6 
x 2 liters of PBS (pH 7.4) and 1 x 2 L of HNE in total for 48 hr. After dialysis, virosomes were 
stored at 4°C until further use.

Animals and immunizations
Female Balb/c mice (OlaHsd, specific pathogen free [SPF]), 6-8 weeks old were supplied 
by Harlan (Zeist, The Netherlands). Animals were immunized IM, under light isoflurane 
anesthesia, by injecting 50 µl of the vaccine in the calf muscles of both hind legs (25 µl per 
leg). The dose level was 5 μg viral protein per immunization. 
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Immunological assays
IgG antibody ELISA. Assays were performed as described before (Stegmann et al. 2010; 
Kamphuis 2012). Briefly, 96-well plates were coated overnight with betapropiolactone 
(BPL)-inactivated RSV. Separate plates were coated overnight with goat anti-mouse IgG, 
(Southern Biotech, Uden, The Netherlands). After blocking and washing, the RSV-coated 
plates were incubated with two-fold serial dilutions of mouse sera. Goat-anti-mouse IgG-
coated plates were incubated with increasing concentrations of IgG1 or IgG2a isotype 
antibody (Southern Biotech) and served to generate standard curves for each respective 
isotype. After washing, RSV-coated plates were incubated with 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 with horseradish-peroxidase-coupled goat anti-mouse IgG1 or goat anti-
mouse IgG2a (both from Southern Biotech). After washing, the plates were stained using 
o-Phenylenediamine (OPD; Sigma-Aldrich, St Louis, MO, USA) and read in a ELISA plate 
reader at 492 nm. IgG titers 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).

Cellular immunity; CD8 T cell responses. ELISpot assays were done using interferon 
gamma (IFN-γ) kit (eBiosciences, Amsterdam, The Netherlands). ELISpot plates (Nunc, silent 
screen plates) were processed according to the ELISpot kit manufacturer’s instructions. 
Wells were filled with 4x105 spleen cells/well and stimulated with medium, KYKNAVTEL 
peptide (Biosynthesis; 5 μg/ml) for 24 hr. Plates were then processed further according to 
the manufacturer’s instructions. Spots were counted automatically using an Aelvis ELISpot 
counter. Spot counts were averaged and spot counts induced by medium stimulation 
were subtracted from the spot counts induced by peptide stimulation.

Virus titration and microneutralization assay. Virus titers in the lungs were determined by 
titration of the median tissue culture infectious dose (TCID50) in homogenated lungs from 
infected mice as described earlier before (Kamphuis 2012). The titers of virus neutralizing 
antibodies in serum were determined by a microneutralization assay, also as described 
before (Kamphuis 2012). 

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.
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Results

Immunogenicity of RSV virosomes comprising different variants of MpLA
First, we investigated the immunopotentiating activity of RSV virosomes comprising 
different forms of MPLA adjuvant: (i) untreated MPLA produced from bacterial LPS 
(referred to as MPLA), (ii) an alkaline-hydrolyzed version of the latter (3-OD-MPLA), and 
(iii) the fully synthetic 3D-PHAD® (see Figure 1). We examined levels of RSV-specific IgG 
(Figure 2A and C) and virus-neutralizing (VN) antibodies (Figure 2C) in serum of mice after 
primary and booster immunization with RSV virosomes with a two-week interval. The 
adjuvant concentration was 200 nmol per mg virosomal protein. Mice inoculated with 
HNE buffer or RSV virosomes without adjuvant served as controls.

FIGURE 1 | Structural formula of the synthetic 3D-PHAD®. The molecule comprises of a phosphorylated and 
penta-acylated carbohydrate backbone (source illustration: https://avantilipids.com/product/699852; Accessed 
November 22, 2017).

Figure 2A clearly shows that the MPLA adjuvant is needed to induce an efficient 
primary RSV-specific antibody response in mice, since there was no detectable antibody in 
mice immunized with virosomes without adjuvant. This difference became less prominent 
after the booster immunization (Figure 2B). Nonetheless, mice immunized with virosomes 
containing 3D-PHAD® or 3-OD-MPLA developed significantly higher RSV-specific IgG 
antibody responses than mice immunized with plain virosomes. Importantly, virosomes 
containing 3D-PHAD® or 3-OD-MPLA induced significantly higher IgG titers than virosomes 
containing MPLA. 

In line with the above, virosomes containing 3D-PHAD® or 3-OD-MPLA induced 
significantly higher levels VN antibody levels compared to virosomes without adjuvant 
(Figure 2C). Again, virosomes containing either 3D-PHAD® or 3-OD-MPLA induced 
significantly higher levels of neutralizing antibody than virosomes containing native MPLA.
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FIGURE 2 | RSV-specific serum IgG titers in mice 2 
weeks after primary (panel A) or booster (panel B) 
and virus neutralizing titers after booster (panel 
C) immunization with RSV virosomes comprising 
different variants of MPLA. Mice were vaccinated 
twice IM with different RSV virosomes formulated with 
3D-PHAD®, 3-OD-MPLA or MPLA. Control groups were 
either mice vaccinated with HNE or virosomes without 
adjuvant. Each injection contained 5µg of protein. (A) 
RSV-specific IgG titers in serum two weeks after primary 
vaccination. (B) RSV-specific IgG titers in serum two 
weeks after booster vaccination. (C) RSV neutralization 
antibody titers in serum obtained 5 days after challenge. 
Bars represent the GMT (log10) (Panel A and B) and mean 
neutralization titers (log2) (Panel C) of 5 mice per group. 
Statistical differences were calculated using the Mann-
Whitney U test (*p<0.05, **p<0.01). 

These results underline that the alkaline-hydrolyzed 3-OD-MPLA and synthetic 
3D-PHAD® are more potent adjuvants in the context of RSV virosomes than untreated 
MPLA. On the other hand, there was little mutual difference in adjuvanticity between 3-OD-
MPLA and 3D-PHAD®. In view of these observations, we decided to further focus on the use 
of 3D-PHAD®, because this variant, compared to 3-OD-MPLA, has the distinct advantage 
of being fully synthetic. Thus, we next investigated the concentration dependence of the 
immunopotentiating properties of 3D-PHAD® incorporated in RSV virosomes. Virosomes 
were produced with 300 or 600 nmol 3D-PHAD® per mg of viral protein. Mice were 
immunized with these virosomes, as described above, and the induction of RSV-specific 
serum IgG was analyzed. Again, virosomes without adjuvant served as control. As in the 
experiment of Figure 2, there was a significant difference between virosomes containing 
3D-PHAD® and virosomes without 3D-PHAD® in terms of induction of RSV-specific IgG 
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(Figure 3). Also, virosomes containing 600 nmol 3D-PHAD® per mg of virosomal protein 
induced significantly higher RSV-specific IgG titers than virosomes containing 300 nmol 
3D-PHAD® per mg of virosomal protein (Figure 3), thus, boosting antibody responses by 
3D-PHAD® is concentration dependent. 
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FIGURE 3 | RSV-specific IgG titers 2 weeks after primary (panel A) or booster (panel B) immunization of 
mice with RSV virosomes containing different concentrations of 3D-PHAD.  Mice were vaccinated twice 
IM with RSV-3D-PHAD® virosomes with different amounts of incorporated 3D-PHAD®. Control groups were 
vaccinated with HNE. Each injection contained 5µg of protein. (A) RSV-specific IgG titers 14 days after prime 
vaccination. (B) RSV-specific IgG titers 14 days after booster vaccination. Bars represents GMT (log10) of 10 mice 
per group. Statistical differences were calculated using Mann-Whitney U test (*p<0.05, **p<0.01).

Effect of increased 3D-phAD® concentrations in RSV virosomes on RSV-
specific IgG subtype levels
In the 1960s, a clinical vaccine trial among infants using formalin-inactivated RSV became 
a failure in that the vaccine did not protect but rather induced enhanced disease after 
subsequent exposure of the vaccinees to native RSV virus [18–21]. This later appeared 
to be due to induction of non-neutralizing antibodies and a Th2-dominated T helper cell 
response. Therefore, it is clear that, in the context of an inactivated RSV vaccine, induction 
of a Th2 response is undesirable. Since it is known that MPLA adjuvants induce skewing 
of the T helper response towards Th1 [9], we now investigated whether 3D-PHAD®-
containing virosomes also induce such a Th1-skewing of the response. To this end, RSV-
specific IgG subclass levels were measured in serum of mice immunized with 3D-PHAD®-
containing RSV virosomes. Adjuvanted virosomes induced significantly higher levels of 
IgG1 compared to levels induced by non-adjuvanted virosomes (Figure 4A). An increase 
in adjuvant level did not have an effect on RSV-specific IgG1 levels. Adjuvanted virosomes, 
but not non-adjuvanted virosomes, induced RSV-specific IgG2a antibodies (Figure 4B). 
Again, increasing the adjuvant level did not result in increased RSV-specific IgG2a levels. 
Adjuvantation with 3D-PHAD® clearly skewed responses towards Th1-signature antibody 
responses, as evidenced by a shift in IgG1/IgG2a ratio’s (Figure 4C). 
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FIGURE 4 | IgG1 (panel A) and IgG2a (panel B) subclass 
levels and IgG1/2a ratio (Panel C) 2 weeks after 
primary and booster immunization of mice with RSV 
virosomes containing different concentrations of 
3D-PHAD. Mice were vaccinated twice IM with RSV-3D-
PHAD® virosomes with different amounts of incorporated 
3D-PHAD®. Control groups were vaccinated with HNE. Each 
injection contained 5µg of protein .(A) RSV-specific IgG1 
concentrations and (B) RSV-specific IgG2a concentrations, 
determined 14 days after booster vaccination. (C) Ratios of 
RSV-specific IgG1/IgG2a concentrations. 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 U test (**p<0.01).

Thus, incorporation of 3D-PHAD® in RSV virosomes boosts RSV-specific IgG and Th1-
signature antibody responses. Increasing the adjuvant levels further boosts IgG responses 
but does not further shift IgG1/IgG2a ratio’s.

Cellular immunity induced by 3D-phAD®-containing RSV virosomes 
It has been reported that MPLA has the capacity to induce cross-presentation of class I MHC-
restricted epitopes to CD8 T cells by dendritic cells. We therefore investigated if 3D-PHAD®-
adjuvanted RSV virosomes could induce RSV-F specific CD8 T cells. To this end, we 
employed a class I MHC-restricted RSV-F peptide to detect IFN-γ producing RSV-F-specific 
CD8 T cells in the spleen of immunized animals using ELISpot. Virosomes with 3D-PHAD®, 
but not non-adjuvanted virosomes, induced RSV-F peptide-specific IFN-γ producing CD8 T 
cells (Figure 5). An increase in adjuvant level significantly increased the level of these cells 
(Figure 5). Thus, 3D-PHAD® in virosomes 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 5 | RSV-specific IFNγ-producing 
spot-forming CD8+T lymphocytes in spleen 
cells stimulated with a class I MHC-restricted 
peptide derived from RSV F glycoprotein. 
Mice were vaccinated as described in figure 
4. Fourteen days after booster vaccination, 
spleens were harvested, cells isolated, plated 
and stimulated for 24 hr with the KYKNAVTEL 
peptide. ELISpots were counted, averaged 
and expressed as Spots/1x106 cells. Statistical 
differences were calculated using Mann-Whitney 
U test (*p<0.05, **p<0.01). 

protection of mice against virus challenge after immunization with 
3D-phAD®-containing RSV virosomes 
To study if the immunity conferred by the RSV virosomes leads to protection against a 
challenge with RSV virus, immunized mice and non-immunized mice as controls were 
infected i.n. with 106 TCID50 live RSV. Four days later, viral titers were determined in 
their lungs. Infectious virus could be recovered from all non-immunized mice (Figure 6). 
Immunized mice, however, did not show infectious virus in their lungs. This shows that, 
in the mouse model, immunization with RSV virosomes with or without adjuvant induces 
sufficient levels of RSV-specific antibody to provide protection against live virus challenge.
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FIGURE 6 | Lung viral titers of mice, 
immunized with RSV virosomes containing 
different concentrations of 3D-PHAD® (panel 
A) five days after challenge with live RSV. 
Mice were vaccinated as described in figure 4 
and challenged with live virus 14 days after the 
booster vaccination. Four days after challenge, 
lungs of 5 animals per group were removed and 
the viral titer was determined and expressed as 
TCID50.
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Discussion

In this study, we analyzed the immunogenicity of RSV virosomes containing a synthetic 
variant of MPLA, in comparison with the activity of the native form of MPLA. We specifically 
focused on the induction of protective antibody responses and cross-presentation of 
antigen for activation of CD8 T cell-responses.

Penta-acylated variants of MPLA, like 3D-PHAD®, have been reported to be less 
potent in the induction of inflammatory cytokines from human TLR4-positive cells when 
compared to hexa-acylated species present in MPLA derived from bacterial LPS [22,23]. 
Yet, our data show that 3D-PHAD® was superior to MPLA in potentiating RSV-specific 
IgG and neutralizing antibodies. It should be noted that in MPLA, hexa-acylated variants 
represent only a fraction of the MPLA, while in 3D-PHAD®, all molecules are penta-acylated. 
In addition, the immunostimulatory capacity of MPLA is not restricted to the induction of 
inflammatory cytokines. Also other activities are important in the capacity of MPLA to 
stimulate antibody responses and isotype switching of IgG antibodies. We previously 
found in in vitro studies that 3D-PHAD® induces co-stimulatory molecules on dendritic 
cells, induces DC-derived factors involved in IgG isotype switching. It also binds directly to 
B cells, inducing their proliferation as well as IgG isotype switching (unpublished results). 
Additionally, the fact that MPLA is associated with a virosomal particle could greatly 
enhance its immunostimulatory activity on B cells. In support of this notion, virosome-
associated lipid A, the more toxic form of MPLA, has been shown to be much more 
potent to induce B cell proliferation when compared to free lipid A [24]. In this respect, 
we previously observed that MPLA is firmly associated with RSV virosomal membranes 
[9]. Further studies on incorporation of MPLA in virosomes and effects of virosome size 
and stability are currently ongoing. To conclude, it is likely that an interplay of the above 
mentioned activities of virosomal MPLA efficiently boosts the antibody response in vivo, 
thus making virosome-associated penta-acylated variants of MPLA potent adjuvants. In 
this respect, the synthetic 3D-PHAD® would be particularly preferred for future use in RSV 
virosomes as it is a well-defined molecule, suitable for production of vaccine under Good 
Manufacturing Practices (GMP).

We found that RSV virosomes with an incorporated TLR4 ligand, i.e. 3D-PHAD®, induced 
KYKNAVTEL peptide-specific CD8 T cells. Since this RSV-F-derived peptide is class I MHC-
restricted, the data indicate that the RSV virosomal antigens, e.g. RSV-F, must have gained 
access to the MHC-class I route of antigen presentation. This is mediated most likely 
through the process of cross-presentation of virosomal antigen by antigen-presenting 
cells (APCs), like dendritic cells. It has been reported that direct activation of APCs by 
particles that carry TLR ligands is important to induce CD8 T cell responses through cross-
presentation [25,26]. MPLA particularly stimulates the capacity of DCs to conduct cross-
presentation of antigens, thereby enabling these cells to load antigenic epitopes onto MHC 
class I molecules in early endosomal compartments [27]. We previously found that RSV 
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virosomes with incorporated MPLA induced the expression of co-stimulatory molecules, 
i.e. CD40, CD80 and CD86, on mouse dendritic cells [9]. Also, 3-OD-MPLA and 3D-PHAD® 
in RSV virosomes were found to have the same activity (unpublished results). The fact 
that the TLR ligand is incorporated in the virosomal membrane ensures activation of only 
those DCs that take up the virosomes which, most likely, leads to cross-presentation of 
RSV virosomal antigens to CD8 T cells. 

In conclusion, less toxic variants of MPLA, like 3-OD-MPLA and the synthetic 3D-PHAD® 
in RSV virosomes have the capacity to boost protective antibody responses upon 
immunization in mice. Additionally, cellular immunity with induction of RSV-specific 
CD8 T cells is induced. We conclude that the synthetic version of MPLA, 3D-PHAD®, is an 
excellent replacement for MPLA produced from biologically-derived LPS as it has a good 
immuno-stimulatory capacities, is more safe and is thus preferred for future use in GMP 
produced RSV virosomal vaccines. 
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