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Respiratory syncytial virus: Epidemiology and burden of disease

Respiratory syncytial virus (RSV) represents the single most important cause of severe 
acute respiratory infection (SARI) and viral bronchiolitis among infants and young 
children, and is a leading cause of infant hospitalization worldwide [1]. SARI caused by 
RSV also contributes considerably to mortality amongst infants and young children. In 
2015, 33.1 million RSV infections were reported worldwide in children under the age of 
five. Of these 33.1 million individuals, an estimated 94,000-149,400 did not survive the 
infection [2]. In the Netherlands, approximately 28,000 infants need medical care for RSV 
bronchiolitis of whom 2,000 require hospitalization [3,4]. Deaths due to RSV infection 
among newborns and infants are mostly seen in low- to middle-income countries, as 
there is often a lack of basic medical care [5]. Indeed, in the US, mortality due to RSV 
infection among children less than 1 year of age is comparatively low [6]. By the age of 
two, nearly all children have been infected with RSV at least once, and by the age of five, 
the average child will have suffered from an RSV infection 3-5 times [7]. This means that 
infection at young age does not provide life-long protection against RSV and re-infections 
will likely occur several times throughout the lifespan [2,8]. Moreover, RSV infection early 
in life may have implications for long-term respiratory health. Several studies suggest that 
early exposure to RSV infection may be associated with long-term respiratory problems, 
including recurrent wheezing and asthma [9,10].

RSV also causes serious illness among the elderly and immunocompromised 
individuals. However, the exact prevalence and impact of RSV infection in these population 
groups is unknown due to certain limitations in the diagnosis of RSV disease. Nonetheless, 
researchers have become increasingly aware that RSV does represent a serious threat to 
the elderly population [6,11]. For instance, Thompson et al. estimated that annually in the 
US approximately 10,000 all-cause deaths among individuals above 64 years of age can be 
attributed to RSV [6]. Likewise, Falsey et al. extrapolated from a prognostic study an annual 
number of 14,000 fatalities in the US in this age category due to RSV [12]. A more recent 
study by Matias et al., based on mathematical modeling, arrives at an annual mortality rate 
due to RSV among elderly 65 years of age or older in the US ranging from 6,200 – 17,200 
depending on the outcome definition, compared to 10,700 – 28,200 deaths in the same 
population due to influenza [14]. In addition, it is likely that the burden of disease due to 
RSV infection among the elderly is underestimated. Available diagnostics to detect RSV 
infection are insensitive because of low virus shedding [13,14]. Illness as a result of an RSV 
infection often goes unrecognized or is misdiagnosed, as symptoms are indistinct from 
other illnesses, such as influenza [15]. This may lead physicians to preferentially diagnose 
influenza among the elderly. Therefore, it is likely that part of the recorded elderly deaths 
attributed to influenza have actually been due to RSV infection. 
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There is also a high RSV-associated disease burden related to hospitalization and 
economic costs. For example, Falsey et al. estimates an annual hospitalization rate of 
200,000 in the US due to RSV. Additionally, in the US alone, treatment and hospitalization 
costs due to RSV infection exceed $1 billion every year [12]. 

Clearly prevention of RSV infection by vaccination has an enormous potential for 
improvement of health amongst the most vulnerable in society, infants and the elderly, 
[16]. Indeed, the development of an effective vaccine against RSV would contribute to 
a considerable reduction in global infection and mortality rates, and lower the costs 
associated with hospitalization and treatment in the near future. Unfortunately, to date, 
there is no such licensed RSV vaccine. The studies described in this thesis involve the 
development of an inactivated RSV vaccine, specifically aimed at the elderly and at infants, 
the latter through vaccination of pregnant women, as discussed in more detail below.

pathogenesis and treatment of RSV infection

RSV is transmitted via droplets or contaminated surfaces to the nose or eye. RSV infects 
ciliated epithelium in the upper and lower respiratory tract. The virus starts replication 
in the nasopharyngeal epithelium in the upper respiratory tract from where it may 
subsequently move to the lower respiratory tract after one to three days [17–20]. RSV-
infected cells express the viral fusion (F) glycoprotein on the plasma membrane, which 
can mediate fusion of infected cells with non-infected cells [21]. This can lead to the 
formation of syncytia, which are large masses of cells with multiple nuclei. The formation 
of syncytia induces mucus secretion in the airways, which may subsequently lead to 
airway obstruction [20]. In general, it can take four to eight weeks after initiation of the 
infection until the airway epithelium is fully restored [20]. 

pathogenesis among infants
As mentioned before, RSV will infect approximately 90% of children by their second 
birthday, most commonly presented as a lower respiratory tract infection or bronchitis 
[22]. Symptoms can mimic those of the common cold, with a precursory fever that in a few 
days develops into coughing or wheezing [23]. Infants and children with cystic fibrosis, 
premature birth, congenital heart defects or immunosuppression are particularly at risk 
of contracting severe cases of SARI due to RSV, including bronchitis and pneumonia [24]. 
Moreover, RSV can lead to the development of asthma and hypersensitivity after early 
infection [9,25].
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pathogenesis among the elderly
Though many view RSV as a disease affecting infants, individuals can — and often 
are — infected throughout their adult life. RSV does not present serious problems for 
most healthy adults. It usually just causes an upper respiratory tract infection with mild 
symptoms such as fever, cough, fatigue and running nose lasting five to eight days [26]. 
Many individuals even remain entirely asymptomatic. As adults age and become elderly, 
though, RSV becomes more strenuous on their bodies and immune systems. RSV manifests 
itself in elderly populations with symptoms similar to those of influenza, which can lead 
to severe disease, pneumonia, and even death. These risks are amplified in individuals 
with underlying cardiovascular disease or pulmonary pathology, and in individuals taking 
immunosuppressive medication [13]. 

Unfortunately, since RSV’s symptoms mirror those of influenza and other respiratory 
infectious agents, it can often be misdiagnosed and unreported — especially since RSV 
is mostly associated with infants. As the global elderly population grows in both raw 
numbers and relative proportion of the population, this perspective is changing. Nursing 
homes already report that 5-10% of their residents are infected with RSV each year, of 
whom 10% will develop pneumonia [23,27]. These numbers can be expected to grow as 
more attention is drawn to RSV and it is no longer misdiagnosed as influenza.

Treatment of RSV infection
Currently, the monoclonal antibody Palivizumab is registered for prophylactic 
administration to young infants in high-risk groups [28–30]. A large clinical study showed 
a reduction of 55% in the rate of hospitalization for RSV in preterm infants compared 
to placebo. Palivizumab is a humanized monoclonal antibody directed against the F 
envelope glycoprotein of RSV and needs to be administered at regular intervals of one 
month. However, monthly administration of this antibody is very costly, which limits its 
use. Also, the treatment appears to be of limited value in established infections [28,31,32]. 
Currently, there is no registered RSV treatment for the elderly. Treatment mostly consists 
of symptomatic relief and includes administration of fluids, supplemental oxygen and 
bronchodilators [33]. 
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Virus structure and cell entry

RSV was first discovered in 1955 as the so-called Chimpanzee Coryza Agent but its 
biochemical and molecular characterization remained unknown for many years due to its 
relatively inefficient growth in cell culture and its physical instability [34]. The first written 
description of a bronchiolitis syndrome appeared in 1862 [35], but it was not until 1956 
that RSV was first associated with bronchiolitis in children [34].

Taxonomy and structure of the virus 
RSV is an enveloped, single-stranded negative-sense RNA virus, that belongs to the 
Orthopneumovirus genus of the Pneumoviridae family [36]. There are two main antigenic 
subtypes of RSV: RSV A and RSV B. 

RSV virus particles are pleiomorphic. Virions produced in cell culture consist of mostly 
spherical particles of 100-350 nm in diameter and long filaments of 60-200 nm in diameter 
and up to 10 µm in length [37]. It has been shown that the filamentous particles are more 
infectious than the spherical particles [38]. The nucleocapsid of the virus is packaged in a 
lipid envelope, which is derived from the host cell plasma membrane. This lipid envelope 
contains the viral F and G glycoproteins and the small hydrophobic SH protein.

The RSV genome is 15,222 nucleotides long, transcribed from the 3’ end to the 5’ end, and 
encodes 11 proteins. There are four nucleocapsid/polymerase proteins: the nucleoprotein 
N, the phosphoprotein P, the transcription factor M2-1, and the large polymerase subunit 
L. The genes encoding the viral proteins are oriented in the order NS1, NS2, N, P, M, SH, G, 
F, M2 and L. The first two genes, encoding the non-structural proteins NS1 and NS2, are 
located at the 3’end of the genome and are the most abundantly transcribed proteins. 
These two proteins have been shown to suppress the host’s antiviral interferon response, 
which allows RSV to rapidly replicate and spread among lung epithelial cells [39,40]. The 
other proteins encoded on the genome include the structural proteins of the virus and 
participate in replication of the viral genome, nucleocapsid formation, budding, and entry 
into the host cells. 

Viral Attachment, Fusion, and Entry
As indicated above, RSV infects the airway epithelium. This involves attachment of the G 
envelope glycoprotein to cell-surface receptors followed by binding of the F protein to the 
cell plasma membrane to induce fusion with the target cell. The main target receptor for 
RSV G protein seems to be the CX3CR1 chemokine receptor [41,42]. RSV-G competes with 
the chemokine CX3CL1 which is also known as fractalkine. Besides the CX3CR1 receptor, 
two other molecules, Surfactant Protein A and Annexin II have also been identified as 
potential RSV G receptors [41]. While the G protein obviously is important for infection, 
it is not mandatory. Experiments, in vitro and in vivo, with an RSV mutant lacking the G 
protein showed that the virus was still able to infect epithelial cells, but at a reduced level 
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[43–45]. The G protein is heavily glycosylated and highly variable in sequence between 
RSV strains, the latter in contrast to the F protein. 

The F glycoprotein is the most conserved protein between virus strains. In contrast 
to G, F is absolutely required for infection. The F glycoprotein mediates fusion of the 
viral membrane with the host cell membrane. The mature F protein spike on the viral 
membrane is a homotrimer, consisting of three monomers, each of which in turn consists 
of an F1 and F2 subunit. F is produced in the infected cell as a precursor protein F0, which 
undergoes a process of proteolytic cleavage after the protein has passed through the 
Golgi system, to form F1 and F2 [41]. 

The mature F glycoprotein is produced in a metastable prefusion form (preF). It is 
this preF conformation of the trimer that is required for viral entry into the host cell. The 
fusion process between viral envelope and cell plasma membrane is driven by a major 
conformational change of F from its preF conformation to the postfusion form (postF). F also 
facilitates cell-cell fusion when it is expressed on infected cells, which leads to the formation 
of syncytia [21]. Several surface receptors have been identified that might be involved in 
interaction of RSV F with the target cell membrane: ICAM-1, TLR4 and nucleolin [41].

As indicated above, during the fusion process, preF flips into the postF conformation. 
The postF conformation is taller (~16 nm) than the functional preF (~11 nm) [46]. What 
exactly triggers the F protein to spontaneously rearrange and transition from the preF 
conformation to the postF form is unknown. 

As discussed in more detail below, both F and G induce virus-neutralizing (VN) 
antibodies upon infection which makes them superior RSV vaccine targets [21]. Antibodies 
against RSV G block receptor binding of the virus, while antibodies against F inhibit fusion. 
Clearly, only antibodies that are able to bind to the preF conformation of F are able to 
inhibit fusion of the virus with its target cell. Antibodies directed against postF may also 
inhibit fusion, but only inasmuch these antibodies are directed against epitopes that are 
shared between preF and postF, such that they will also bind to preF. One such shared 
epitope is the well-known antigenic site II.

The function of the third envelope protein, the SH (small hydrophobic) protein, is not 
well understood. It forms an ion channel that spans the viral membrane [21,47]. It is not 
required for virus entry and antibodies against this envelope protein do not neutralize RSV.
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FIGURE 1 | RSV particle and proteins. Panel A represents a schematic drawing of an RSV virion with its preF, 
postF and G envelope glycoproteins. It is indicated that RSV virions are pleomorphic including round and 
filamentous particles. Reprinted from Graham et al., Current Opinion in Immunology, Vol number 35, Pages 30-
38, 2015, with permission from Elsevier. Panel B represents all RSV proteins and their functions and location in 
the virion. Electron microscopy images show a budding virion at the plasma membrane of a cell and a free virion. 
Reprinted from Collins P.L., Fearns R., Graham B.S. (2013) Respiratory Syncytial Virus: Virology, Reverse Genetics, 
and Pathogenesis of Disease. In: Anderson L., Graham B. (eds) Challenges and Opportunities for Respiratory 
Syncytial Virus Vaccines. Current Topics in Microbiology and Immunology, vol 372, with permission from Elsevier. 
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Immunity to RSV infection

T cell immunity and virus-neutralizing antibodies
Activation of the adaptive immunity depends on the efficiency of the innate immune 
response. In the interaction between the innate and adaptive immune response, cells 
of the innate immune system, e.g. antigen-presenting cells (APC) such as dendritic cells 
(DCs), play a critical role. For example, DCs migrate to local draining lymph nodes where 
they activate CD4 and CD8 T cells. CD4 T cells recognize RSV antigen-derived peptides 
in the context of MHC class II molecules, while CD8 T cells recognize peptides presented 
by MHC class I molecules [48]. Together with co-expressed costimulatory molecules and 
DC cytokines this will lead to T cell activation. B cells recognize RSV antigen by means 
of their surface immunoglobulin receptor. CD4 T cells will provide further help in B 
cell and CD8 T cell activation and expansion by cell-to-cell interaction and secretion of 
cytokines. B cells will then become antibody-secreting cells producing virus-neutralizing 
antibodies, as further discussed below. CD8 T cells armed with the ability to recognize 
and kill virus-infected cells are critical in the clearance of virus-infected cells. CD4 T cells 
can further differentiate into subsets, like T helper 1 (Th1) and Th2, but also Th17 and 
regulatory T cells (Tregs), all with specific specialized functions [48]. Notably, Th2 CD4 T 
cells have been found to be associated with enhanced respiratory disease (ERD) upon RSV 
infection, as will be discussed in more detail later on. On the other hand, Th1 CD4 T cells 
help to decrease severe RSV disease and assist in clearance of virus infection. It has been 
suggested that during RSV infection, Tregs are responsible for limiting tissue damage as 
well as inflammation [49]. Besides that, Th17 cells may play a role in RSV-induced disease 
severity [49]. However, the roles of Tregs and Th17 during RSV infection are not completely 
understood yet [49].

Virus-neutralizing (VN) antibodies against RSV are able to provide protection against 
infection and reinfection. In the majority of individuals, the VN antibody levels induced by 
natural infection with RSV fall rapidly by a factor of four within a few months post-infection 
[50]. It has been observed that individuals with high levels of natural anti-RSV serum 
antibodies are not reliably protected against nasal infection [51]. Also, some individuals 
with low VN antibody titers were resistant to RSV infection [52]. This could suggests that, 
besides VN antibodies, antibody-independent immunity, for example T cell immunity, is 
also important for protection against RSV infection [53,54]. During reinfection, levels of 
VN antibodies rise faster compared to the response to a primary infection, which helps 
to prevent severe disease and contributes to a milder course of disease during secondary 
infection [55]. In adults, RSV infection induces a rise in antibody levels, which declines 
within 2 years to a non-sufficient protection level [50,55]. 
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As mentioned previously, the F protein is required for fusion and entry of RSV into host 
cells and is highly conserved. It displays several virus-neutralizing epitopes and therefore 
is a primary antigen target for vaccine development [56]. Currently, six known antigenic 
sites on the F protein are associated with virus neutralization: antigenic sites Ø, I, II, III, IV 
and V (Figure 2). Antibodies that bind to antigenic site Ø have a neutralizing potency 10-
100x greater than that of Palivizumab [57]. As indicated above, the induction of strongly 
neutralizing antibodies is of utmost importance as they can diminish the number of newly 
infected cells from the onset of infection and thus delay the spread of the virus into the 
lower airways.

FIGURE 2 | Antigenic sites of the RSV F glycoprotein for the binding of neutralizing antibodies. Antigenic 
sites Ø and V are only present on preF and antigenic sites II and IV are shared between preF and postF. The 
most potent monoclonal antibodies bind to the apex of the preF conformation, followed by antibodies directed 
against antigenic sites III, IV, II, with antigenic site I being the least potent antibody neutralization site. Reprinted 
from Current Opinion in Virology, Vol number 23, BS Graham, Vaccine development for respiratory syncytial 
virus, 107-112, 2017, with permission from Elsevier

Modulation of the immune response by RSV
As described previously, all children have been infected by RSV by the age of 2 years, yet, 
this does not lead to lifelong protection and multiple re-infections may occur throughout 
an individual’s lifetime. The lack of lifelong RSV immunity is perplexing, particularly 
because the virus shows little genetic variation. This could suggest that the virus exploits 
a variety of mechanisms for immune avoidance. One possible mechanism could be 
an ineffective primary infection in the presence of low levels of residual maternal RSV 
antibodies, which would not lead to a sustained immunity [54]. Additionally, even an 
effective primary infection does not lead to life-long protection as immunity to the virus 
appears to wane over time.
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Another mechanism for immune avoidance is the immune modulation induced 
by a number of RSV proteins. One example is the suppression of the production of 
type-I interferons (IFN) in epithelial cells by the nonstructural proteins NS1 and NS2 
[58]. An impaired expression of type I IFN may inhibit adequate cytotoxic T cell (CTL) 
priming, which will impact on viral clearance by these cells [53,59]. Studies show that 
immunocompromised individuals, with an impaired T cell immunity, suffer from severe 
disease and virus shedding [53]. Also, the suppression of type-I interferon production by 
NS1 and NS2 can impact the magnitude of CD8+ T cell responses. CD8+ T cells need three 
signals to become fully activated: 1. antigen, 2. co-stimulation, and 3. cytokines [60]. One 
of these signals, signal 3, is represented by the cytokines IL-12 or IFNs. These cytokines 
function as important cell survival signals to CD8+ T cells [60]. Thus, suppression of type-I 
interferon production by NS1 and NS2 will lead to a suppressed activation of CD8+ T cells.

A third possibility is a potential attachment of the RSV G protein to the DC-SIGN 
receptor of Dendritic Cells (DCs), inhibiting DC activation [61]. Through this mechanism, 
RSV-specific immunity could be restrained. Moreover, the RSV G protein contains a 
conserved domain that is similar to that of the CX3CL1 chemokine fractalkine [62]. It has 
been suggested that the interaction of the RSV G with the CX3CR1 receptor not only 
facilitates infection but also modulates the immune response [62]. Indeed, Varga et al. 
proposed that RSV G may serve as a receptor agonist inducing attraction of neutrophils 
and eosinophils and is able to modulate local inflammation in the lung [49]. Additionally, 
experiments in mice infected with a wild-type RSV showed a skewing towards a Th2 
response and decreased Th1 responses. Also, a reduced CD8 T-cell response was measured 
in murine lungs after infection with RSV with intact G protein compared to mice that were 
infected with recombinant RSV lacking the G protein [49]. 

RSV possibly takes advantage of several more mechanisms and it is likely that a 
combination of these immunosuppressive mechanisms represents the reason why 
natural RSV infection does not lead to lifelong immunity against re-infection in infected 
and convalescent individuals.

Immature immune response in infants
Due to RSV, newborns have a threefold higher risk of hospitalization in the first six months 
of their lives than in the second six months [63]. The susceptibility of this vulnerable group 
to infection is due to the immaturity of the newborns’ immune system, which is not quickly 
primed to respond to harmful pathogens [64]. It is interesting to compare both the innate 
and adaptive immunity of infants to that of adults to determine the weaknesses in the 
infant’s immune system. 

The innate immune system is present even before birth, and is formed, in part, by 
neutrophils. They are the first responding inflammatory cells that migrate to the site of an 
infection [65]. In newborns, high levels of circulating peripheral neutrophils are present, 
but these levels diminish within the first weeks of life to a level equal to that of adults 
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[65]. Regardless of the normal level of circulating neutrophils, in newborns the cells are 
impaired in endothelial adherence, endothelial migration, chemotaxis, phagocytosis, 
intracellular killing, and apoptosis [65]. The neutrophil dysfunction can put infants at risk 
during severe infections [65].

Antigen-presenting cells (APCs), such as monocytes, connect the innate with the 
adaptive immune system. After birth, the number of APCs present in newborns is 
comparable to that in adults. However, newborn APCs can have an impairment in their 
capacity to migrate to the site of inflammation and in their phagocytic activity [66]. 
Monocyte-derived dendritic cells (DCs) from newborns have a defective production of 
tumor necrosis factor (TNF) and upregulation of co-stimulatory molecules compared to 
DCs from adults [66]. This defective response can lead to an impaired stimulation of T-cell 
activation and proliferation.

After birth, neonates have a poorly developed Th1 response with low amounts of TNF, 
IFNγ and IL-12, which results in deficiencies in the CTL responses [66,67]. This deficient Th1 
response is probably due to the limited exposure to antigens and the sterile environment 
in utero. A deficient Th1 response is of importance to protect the fetus from inducing 
alloimmune reactions between mother and fetus both in mice and humans [66]. This is 
probably the reason why the immune response of newborns is shifted towards a Th2-
biased response.

In the adaptive immune system, naïve B cells in the spleen of newborns have a 
decreased expression of CD21, CD40, CD80 and CD86 compared to that in adults. The low 
levels of the costimulatory molecule CD40 leads to inefficient activation of T cells through 
the T cell-expressed CD40 ligand. Further, fewer plasma cells are generated resulting in 
reduced IgG responses to protein antigens in newborns [67,68].

Their naïve and underdeveloped immune system makes newborns particularly 
susceptible to severe RSV infection. The transition from the sterile environment in the 
uterus to a new environment is possibly one factor why this group is deficient in immune 
protection. It is presumably due to the decreased functions of T and B cells, that early-life 
immune responses are weaker and less efficient [64]. These specific characteristics of the 
infants’ impaired immature system clearly complicate RSV vaccine development for this 
target group. Importantly, early immune protection is mainly based on the maternal IgG 
antibodies that are transferred to the fetus mostly in the third trimester of the pregnancy 
and after birth through breast feeding [64]. These maternal antibodies can protect infants 
from severe disease. In recent years, there is an increasing awareness that vaccination of 
pregnant women might be the key solution to protect newborns in the first few months 
after birth.
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Senescent immune response in the elderly
Aging is a complex process which is associated with a decline in health, partially 
attributed to defects in immunity [69]. The age-related dysfunction of the innate 
and adaptive immune system is often referred to as immunosenescence [70]. Due to 
immunosenescence in the elderly population, severe infections and lower responses to 
vaccination are more frequent than among younger individuals [71]. Studies in humans 
and animals have revealed that all parts of the immune system are affected by aging [72]. 
Here, a short overview is given about the impact of aging on the innate and adaptive 
immune system and why this is important for RSV vaccine development.

The principal cellular components of the innate immune system include neutrophils, 
macrophages, Natural Killer (NK) cells and NKT cells. They represent the first line of defense 
against pathogens. Their role is to initiate inflammatory responses, to phagocytose 
pathogens, to provide help in clearance of virus-infected cells and to initiate migration 
of DCs to the site of infection. In the innate immune system of the elderly, the number 
of neutrophils in the peripheral circulation is comparable to that of younger individuals 
[71,72]. However, these neutrophils can have an impaired chemotaxis and intracellular 
signaling, and they are less phagocytic [71,72]. The defect in chemotaxis can lead to a 
decreased infiltration to the site of infection and the impaired intracellular signaling might 
be related to the reduced phagocytic activity of elderly neutrophils [71]. Impairment in 
phagocytic activity of neutrophils can result in more frequent respiratory infections [71]. 

Another component of the innate immune system, represented by NK cells, plays a 
pivotal role in the antiviral host defense. Aging results in an increase of the number of NK 
cells, however, the cytotoxic capacity of these cells is diminished [73]. Additionally, the 
number of NKT cells increases with age, but this increase is accompanied by an impaired 
production of IFNγ and chemokines [73,74].

DCs function as the interface between the innate and adaptive immune responses. DCs 
represent the major APCs, and are specialized in the uptake, processing and presentation 
of antigens to T cells. With aging, DCs may develop a defect in phagocytosis, diminished 
Toll-like-receptor (TLR) expression and function, and increased pro-inflammatory cytokine 
production [73]. 

In the adaptive immune response, the overall number of naïve T cells is reduced with 
aging, but the total number of T cells remains constant [73]. The T cell receptor (TCR) 
diversity decreases with more than 95% in the variety of TCRβ-chains after the age of 70 
[73]. This decrease in TCR diversity leads to a decreased viral clearance in aged mice upon 
influenza virus A infection [75]. An increase in numbers of T cells is seen in the memory 
CD4+ and CD8+ T cell compartment. Aged T cells in mice have been shown to have a poor 
antigen response despite their prolonged survival [73]. The gradual decrease in CD4+ 
and increase in CD8+ T cells (i.e. decreasing CD4/CD8 T cell ratio), in older individuals 
suggests an age-related unbalanced immunity. The change in CD4/CD8 T cell ratio has 
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been previously shown by others [76]. Indeed, van der Heiden et al. noticed a difference 
in the way middle-aged individuals with different CD4/CD8 ratios react to Varicella Zoster 
Virus (VZV) vaccination [77]. They found that individuals with a high CD4/CD8 T cell ratio 
together with low pre-vaccination VZV-specific cell-mediated immunity benefit the most 
from VZV vaccination. This suggests that timely vaccination in the elderly would lead 
to better protection. Furthermore, decreasing numbers in CD4+ T helper activity also 
have a negative effect on CD8+ T cell memory generation in mice [78]. In the absence 
of appropriate CD4+ T helper activity, CD8+ T cells can be defective in recalling memory 
upon the presence of antigen [78]. As with the decrease in naïve T cells, the ability to 
generate new naïve B cells from bone marrow is also reduced [73]. However, the number 
of memory B cells, which are mainly composed of antigen-experienced memory cells, does 
not decline with age [72]. Additionally, it has been observed in aged mice that the ability 
to produce antibodies remains intact, but the affinity and avidity of these antibodies for 
their antigens do decline [73]. Thus, the decrease in naïve T cell numbers and the memory 
pool of accumulated antigen-experienced T cells contribute to the immunosenescent 
phenotype in the elderly.

Little is known about the dysfunction of the immune system that causes symptomatic 
disease after RSV infection in the elderly, despite repeated exposure to the virus earlier on 
in life. Possibly, the severity of infection in the elderly is caused, as just described, by the 
defects in the immune system in combination with chronic underlying medical conditions 
[64]. As indicated above, elderly memory T and B cells are functional, suggesting that a 
vaccine candidate, such as a virus-like particle or subunit vaccine, can boost these memory 
responses and, thus, stimulate the production of VN antibodies. Also, timely vaccination 
in this target group may be important, because the age-related decrease in CD4/CD8 T 
cell ratio may be related to reduced response to vaccination, as discussed above. In this 
respect, the addition of an adjuvant may help to improve the efficiency of vaccination by 
improving APC activation and production of cytokines that support T cell activation.
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Vaccine development 

Ideally, an effective RSV vaccine should induce both VN antibodies and T cells in order to 
rapidly respond to a natural infection. Unfortunately, despite the major impact of RSV on 
global health, there is no RSV vaccine available, partly due to the disastrous outcome of 
early vaccine studies in the 1960s. 

Formalin-inactivated vaccine (FI-RSV) and enhanced disease
After the success of the inactivated polio vaccine consisting of formalin-treated virions 
[79,80], researchers used the same technology to produce an RSV vaccine by inactivating 
RSV with formalin. The vaccine candidate was tested in children, but the results proved 
disastrous. Between 1965 and 1967, four clinical trials were conducted in the United 
States to evaluate the protective efficacy of the new FI-RSV vaccine in seronegative infants 
and children [81–84]. The FI-RSV vaccine, alum-precipitated, was given intramuscularly 
to children six month of age and older. In the youngest cohort, involving infants ranging 
from two to seven months old, the vaccine did not result in protection from RSV, but 
by contrast led to enhanced respiratory disease (ERD) after exposure of the vaccinees 
to a natural RSV infection. Of the 31 infants immunized with FI-RSV, 25 required 
hospitalization following natural infection, and two infants – 14 and 16 months of age - 
died, compared to only one hospitalization out of 21 infected in the control group [81]. 
Pathological examination of the two infants who died showed that, in addition to the 
RSV infection, a bacterial pneumonia complicated the viral infection. Furthermore, lung 
pathology showed peribronchiolar monocytic infiltration and an excess of neutrophils, 
and eosinophils causing obstruction of small airways [83,85]. 

After the calamitous results of this first vaccine trial, the emphasis in the RSV field 
moved away from vaccine development towards researching the underlying mechanisms 
responsible for enhanced respiratory disease (ERD), with a focus on the humoral and 
cellular immune response. This led to the discovery that FI-RSV induces high titers of 
antibodies that are capable of binding to the virus, but exhibit little virus-neutralizing and 
fusion-inhibitory activity [86,87]. Upon RSV infection of infants, these antibodies possibly 
had also contributed to ERD by the formation of immune complexes [86,87]. 

Immune complex deposition can lead to the formation of chemotactic complement 
factors that can attract, for example, neutrophils [86–88]. The excess of neutrophils can 
cause an obstruction of the airways and increased inflammation. Moreover, studies in 
mice and cotton rats have shown that FI-RSV induces a Th2-biased immune response 
characterized by upregulation of IL-4, IL-5, IL-13 and IgE [89,90]. 

Specific factors that may have contributed to the development of ERD relate to the 
inactivation of the virus by formalin [91,92], the presence of cell culture proteins [93] and 
the use of the adjuvant alum [94,95]. There is also evidence that once a memory response 
has been established by live virus infection, FI-RSV vaccination does no longer lead to ERD 
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[96,97]. This is probably the reason why older children in the 1960 study did not show ERD 
signs upon natural infection. Thus, for direct immunization of antigen-naïve infants, it is 
mandatory that a vaccine induces neutralizing antibodies and also induces preferably a 
Th1 skewed response with induction of CD8+ T cell immunity. 

Vaccine target groups
The major target populations for an RSV vaccine are, as mentioned, infants and the elderly. 
There is an increasing awareness that different vaccine approaches may be needed for 
these different target groups. A major determinant for the choice of the vaccine modality 
relates to the question as to whether the subject is RSV antigen-naïve and vaccination will 
be the first priming event, or the subject has already experienced a natural RSV infection 
earlier on in life. Besides infants and the elderly, a third target population can be identified 
for possible vaccination, i.e. pregnant women (Figure 3). While direct vaccination of 
infants, involving the use of a live-attenuated vaccine, as discussed below, may prove 
problematic, a quite viable alternative is represented by vaccination of pregnant women. 
Here, it is the transfer of maternal antibodies to the unborn baby that provides protection 
to the very young immediately after birth for a period of up to six months. The challenge 
overall with a vaccine is to induce an immune response that is better than that to a natural 
infection in order to protect from severe disease and repeated infection. This may well be 
achieved through bypassing of the immunosuppressive mechanisms associated with a 
natural RSV infection.  

FIGURE 3 | Target populations for RSV vaccine development. Three main target groups (1) Pregnant women, 
(2) infants/children and (3) elderly. Group (2) and (3) would benefit directly from an effective RSV vaccine. 
Vaccinating group (1) would protect group (2) indirectly from RSV infection. Reprinted from BS Graham, Vaccine 
34: 3522-3524 (2016) Vaccines against respiratory syncytial virus: The time has finally come, with permission from 
Elsevier.

Vaccine approaches to protect infants
The tragic outcome of the first clinical trial in the late 1960s, particularly the vaccine-
induced ERD [81–84], has impeded RSV vaccine development for decades. But the failure of 
this study has also led to extensive research on RSV, leading to more knowledge about the 
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impact of RSV infection on airway function, location of the infection, and immunological 
consequences of first infection in young infants.

In the RSV vaccine development history, live-attenuated viruses represent the 
most extensively evaluated approach. The use of live-attenuated viruses offers several 
advantages for immunization of naïve infants. First, it has been demonstrated that they 
do not cause vaccine-associated ERD [96]. Second, they can be delivered intranasally and, 
third, they broadly stimulate innate, humoral and cellular immunity [98,99]. However, 
with this vaccine strategy, the balance between over- and underattenuation appears 
to be difficult to establish [100]. Moreover, the use of a live-attenuated virus vaccine 
could be problematic because of the instability of the virus itself, which will probably 
complicate vaccine production as well as long-term storage of the final product. The first 
live attenuated RSV vaccine candidates were established in 1968. They were developed 
by either repeated passage at low temperature to yield cold-passage (cp) RSV [101] or by 
chemical mutagenesis to yield temperature-sensitive (ts) mutants [102–104]. After the first 
start in developing attenuated virus vaccines, several other approaches like attenuating 
RSV strains by reverse genetics, point mutations or gene deletion were explored and are 
currently in preclinical or phase 1 studies [105,106].

A preferred alternative with respect to live-attenuated virus vaccines to protect 
infants, is to immunize pregnant women in the last trimester. This will boost their pre-
existing immunity, leading to an increased transfer of maternal antibodies that provide 
protection through the newborns first 5-6 months of life [107,108]. A vaccine for maternal 
immunization may be a subunit or virus-like particle vaccine containing the F glycoprotein 
in its preF conformation (or both main envelope proteins, F and G) together with an 
adjuvant. This vaccination strategy should induce high titers of VN antibodies with the 
mother to protect the newborn during the first months after birth.

Vaccine approaches for the elderly and immunocompromised individuals
As mentioned before, because of immunosenescence, severe disease caused by RSV in the 
elderly is more complex than the disease that occurs during primary infection in infants. 
Most of the time infection of the elderly is associated with other pulmonary or chronic 
cardiac diseases. A vaccine for this target group should boost pre-existing RSV immunity, 
in particular VN antibody responses. Clearly, the use of a live-attenuated virus would not be 
suitable. Indeed, already low levels of serum virus-neutralizing antibodies would prevent 
replication of the virus in the individual, which would result in a weak stimulation of the 
immune system. The best approach in the elderly is the use of a subunit or particle-based 
vaccine in combination with an adjuvant. The vaccine should contain mainly the prefusion 
form of the F protein, since this will induce more potently neutralizing antibody responses 
than the postfusion form of F [109]. Furthermore, incorporation of the G protein together 
with the F protein in a vaccine may be advantageous [110], since antibodies towards the G 
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protein will block the virus from attaching to its target cell, while antibodies towards the F 
protein will inhibit the virus to fuse with the cell membrane. The incorporation or addition 
of an adjuvant to the vaccine will improve the activation of APCs [78]. Additionally, TLR-
binding adjuvants can also act on APCs to produce inflammatory cytokines [78]. In mice, 
this leads to an improved CD4 T cell response, which has been shown to be favorable to 
vaccine efficacy [78].

Subunit or particle-based RSV vaccines can be divided into three categories: (i) intact 
purified F protein or a combination of F and G proteins, (ii) peptide fragments of F or G, 
and (iii) particles containing F and/or G proteins. Several RSV vaccine candidates in this 
category have been tested in mice and cotton rats, a few in primate models and some 
have reached phase I or II human clinical trials [105]. Results, however, have not always 
been positive and many vaccine candidates have failed for various reasons to move 
forward to large-scale phase III human trials. Currently, a promising subunit vaccine is 
a stabilized RSV F protein (DS-Cav-1) in its prefusion form with an alum adjuvant, which 
entered phase I human clinical trials in 2017 [105]. 

Current vaccine candidates
A wide range of vaccine approaches have been tested or are still under development. 
The majority of vaccines in clinical trials are mainly based on the F protein (preF or 
postF) of RSV. Table 1 shows an overview of vaccines, divided by target groups, that are 
currently tested in clinical trials. The vaccine strategies are categorized in particle-based, 
subunit and live-attenuated, adapted from the ‘PATH RSV vaccine and mAb snapshot’ 
[105]. Besides these 21 vaccines, more than 20 candidates are currently in preclinical 
development [105]. The RSV F nanoparticle vaccine of Novavax is currently the farthest in 
development and has entered phase III clinical trial. Novavax is currently enrolling 8618 
pregnant women for their trial study (NCT02624947), which is scheduled to be finished 
in June 2020. Their phase II results showed a well-tolerated and immunogenic product 
inducing robust antibody response when used at a dose of 120 µg of protein adjuvanted 
with 0.4 mg of an alum formulation. The RSV F nanoparticle was safe, immunogenic and 
reduced RSV infection in 330 healthy women of childbearing age [111]. 

Additionally, the vaccines of Janssen, Bavarian Nordic and GlaxoSmithKline (GSK) 
have entered phase II clinical trial. Ad26.RSV.preF (Janssen), an antigen expressed 
through human adenovirus type 26 produced in the PER.C6 human cell line, when given 
intramuscularly, was shown to elicit a durable humoral and cellular immune response 
for the FA2 (postF as antigen) candidate. This immune response is comparable to or 
higher than that against their preF candidate in 180 older adults (NCT03339713) [106]. 
The MVA-BN RSV vaccine of Bavarian Nordic (antigens expressed through attenuated 
modified vaccinia Ankara), administered intramuscularly or intranasally showed to be safe 
with a twofold increase in IgG and IgA titers as well as a three- to fivefold increase in T 
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cell responses. Interim results of the phase II trial in 400 older adults demonstrated that 
MVA-BN is a well-tolerated vaccine inducing broad antibody and T cell responses after 
a single vaccination (NCT02873286) [106]. Finally, GSK started their phase II trials with 
the ChAd155-RSV, a Chimpanzee adenovirus with F, N, M2-1 insert and E1 deletion. Their 
phase I results (NCT02491463) showed a safe product inducing B cell responses and RSV 
neutralizing antibodies in 73 RSV seropositive adults [106].

TABLE 1 | Overview of RSV vaccine candidates in phase I, II and III clinical evaluation by target population, 
adapted from [105].

Pregnant mothers Vaccine type Clinical Phase

RSV F protein (GlaxoSmithKline) Subunit I

RSV F protein (Pfizer) Subunit I

RSV F DS-Cav1 (NIH/NIAID/VRC) Subunit I

RSV F nanoparticle (Novavax) Particle-based III

Pediatric

BCG/RSV (Pontificia Universidad Catolica de Chile) Live-attenuated I

RSV 6120/ΔN2/1030s (Sanofi, LID/NIAID/NIH) Live-attenuated I

RSV ΔN2/Δ1313/1314L (Sanofi, LID/NIAID/NIH) Live-attenuated I

RSV D46/NS2/N/ΔM2-2-HindIII (Sanofi, LID, NIAID, NIH) Live-attenuated I

RSV ΔNS2 Δ1313 (Sanofi, LID/NIAID/NIH) Live-attenuated I

SeV/RSV (SIIPL/ St. Jude Hospital) Live-attenuated I

RSV-F nanoparticle (Novavax) Particle-based I

Ad26.RSV.preF (Janssen) Recombinant Vector II

ChAd155 (GlaxoSmithKline) Recombinant Vector II

Elderly

RSV F nanoparticle (Novavax) Particle-based II

RSV F protein (Janssen) Subunit I

RSV F protein (Pfizer) Subunit I

DPX-RSV-SH protein (Immunovaccine, VIB) Subunit I

RSV F DS-Cav1 (NIH/NIAID/VRC) Subunit I

VXA-RSVf (Vaxart) Recombinant Vector I

MVA-BN RSV (Bavarian Nordic) Recombinant Vector II

Ad26.RSV.preF (Janssen) Recombinant Vector II
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Virosome technology

Reconstituted viral envelopes (“virosomes”)
One vaccine approach involves the use of virus-like particles or so-called “virosomes”. 
Virosomes are reconstituted viral envelopes that contain the membrane glycoproteins of 
the virus but lack the viral nucleocapsid. Initial virosome studies, based on the influenza 
virus, were conducted in 1975 [112]. In that study, the influenza envelope glycoproteins 
hemagglutinin (HA) and neuraminidase (NA) were purified and inserted into liposomes 
made from phosphatidylcholine (PC) and phosphatidylethanolamine (PE). It was 
demonstrated that the resulting structures resembled the native influenza virus [112]. 
Subsequently, Stegmann et al., in our own laboratory, developed a procedure for the 
functional reconstitution of influenza virus envelopes based on detergent solubilization 
and removal, as discussed in more detail below [113]. It was demonstrated that these 
virosomes retained the receptor-binding and low-pH-dependent membrane-fusion 
capacities of the native virus [108]. Thus, influenza virosomes enter cells through receptor-
mediated endocytosis and fusion from within acidic endosomes. However, since the 
virosomes lack the viral RNA, this does not result in infection of the target cell. On the 
other hand, virosome-encapsulated foreign compounds can be efficiently delivered to 
the cytosol of target cells through fusion from within the endosomal cell compartment 
[110].

In the early virosomal studies, the detergent octaethyleneglycol mono(n-dodecyl)
ether (C12E8) was used to solubilize the viral membrane prior to nucleocapsid removal 
[113]. During the virosomal production process, the detergent C12E8 is removed with 
hydrophobic beads (BioBeads SM2) which results in the formation of membrane vesicles. 
In a later development of virosome production, C12E8 was replaced by the short-chain 
phospholipid 1,2-dicaproyl-sn-glycero-3-phosphocholine (DCPC) [116]. DCPC also 
solubilizes viral membranes, but in contrast to C12E8, it can be removed by dialysis due to 
its high critical micelle concentration (cmc). 

The virosome concept for vaccines
Reconstituted viral envelopes not only represent efficient cellular delivery vehicles, they 
also form the basis for a variety of vaccines, influenza vaccines in particular [109]. For 
example, a virosomal influenza vaccine, Inflexal VTM, has been on the market for some 
time [117]. Besides the HA in the virosomal membrane, other foreign antigens can be 
incorporated in the membrane which will be recognized by B lymphocytes. For example, 
influenza virosomes have been used as a carrier for Hepatitis A antigens in Epaxal® [118]. 
The multimeric presentation of the antigen allows efficient cross-linking of B cell receptors, 
which is a strong activation signal. Besides B cell stimulation, Huckriede et al. have shown 
that influenza virosomes are able to activate DCs. Surface expression of MHC class I, class 
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II, ICAM-1, CD80, CD86 and CD40 was upregulated after virosome stimulation in vitro [114]. 
This confirms that influenza virosomes have the capacity to induce maturation of DCs. 

Additionally, since fusion-active virosomes have the capacity to deliver encapsulated 
compounds, including antigens, to the cytosol of cells, they can also induce a class 
I MHC-restricted cytotoxic T lymphocyte (CTL) response [109,112]. Indeed, antigens 
encapsulated in the lumen of virosomes are delivered to the cytoplasm of APCs, where 
they are processed to peptides by proteasomes [114,119]. Subsequently, antigen-derived 
peptides are presented in the context of MHC class I molecules to prime CTL activity [114]. 
Because of the fusion activity of HA and the direct access to the MHC class I presentation 
pathway through the cytosol, no alternative mechanisms for processing exogenous 
protein antigens are required. As mentioned previously, CTL activity is of importance for 
the clearance of virus-infected cells and virus infections. Moreover, virosomes that are 
degraded within the endosomal/lysosomal compartment will enter MHC class II peptide 
presentation to CD4 T cells. This will induce a strong T helper response which is essential 
for the stimulation of CTLs and the support of antibody-forming B cells. Virosomes, 
therefore, have the capacity to elicit a broad immune response and activate both the 
humoral and the cellular arm of the immune system.

Finally, virosomes provide the possibility to incorporate lipophilic or amphiphilic 
adjuvants in the virosomal membrane. Consequently, antigen and adjuvant are contained 
within one particle, and are therefore delivered together to the same APC. This will result 
in activation and antigen presentation by the same cell. 

Initial RSV virosome studies
After the successful development of influenza virosomes, the same technique was used 
to generate virosomes from purified RSV. Figure 4 represents a schematic overview on 
how RSV virosomes are currently produced. In the procedure, the membrane of purified 
virus is solubilized with DCPC and the nucleocapsid is removed via ultracentrifugation. 
The viral supernatant is then added to a dry lipid film consisting of PE, PC, cholesterol 
and an adjuvant. The film is solubilized in DCPC-containing viral supernatant, followed 
by dialysis. The envelope proteins, lipids and adjuvant are incorporated into the 
virosome’s membrane during dialysis. Properly produced RSV virosomes, consist of the 
viral membrane lipids, envelope glycoproteins, added lipids and adjuvant, and have a 
diameter of about 100-150 nm.

The (structural) epitopes are displayed as on the native virus, which will lead to 
the induction of antibodies with a proper fit and high virus-neutralizing capacity. It is 
therefore important to keep viral envelope glycoproteins intact in their native structure. 
This is particularly important for RSV vaccine development, since with the early FI-RSV 
vaccine, critical epitopes of the viral F glycoprotein were disrupted due to the formalin-
inactivating process of the virus, which led to induction of low-affinity antibodies with 
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a deficient capacity to neutralize the virus, leading to ERD [120,121]. In recent years, 
production of RSV virosomes and the incorporation of a lipophilic adjuvant have been 
optimized to eventually fulfill GMP production requirements.

addition of lipids and
incorporation of 
adjuvant 3D-PHAD®

Removal of DCPC by
dialysis yields virosomes

Solubilization in DCPC

Nucleocapsid removal

Separation of surface 
proteins and nucleocapsid

FIGURE 4 | Virosome production. Reprinted from thesis T. Kamphuis (2012) with permission. Purified RSV virus 
is solubilized with DCPC and the nucleocapsid is removed by ultracentrifugation. Lipids and lipophilic adjuvant 
are added to the viral proteins. Removal of DCPC by dialysis yields virosomes. 

Initial studies by Stegmann et al. and Kamphuis et al. were performed with RSV 
virosomes with an incorporated TLR2 or TLR4 adjuvant [122–124]. When administered 
intramuscularly to mice, these virosomes induced protective levels of VN antibodies, a 
Th1-biased immune response, and no signs of ERD upon virus infection. Additionally, 
studies performed in cotton rats showed similar results with regards to the induction of 
systemic antibodies and inhibition of viral shedding in lungs upon challenging as well as 
no signs of ERD. Shafique et al. analyzed the immunogenicity of these virosomes through 
the mucosal route of vaccination [125]. In that study, mice were also protected upon virus 
challenge and no signs of ERD were detected. These preliminary data revealed that RSV 
virosomes are a promising concept for an RSV vaccine. 

MpLA as a vaccine adjuvant in RSV virosomes
As indicated above, one of the crucial features of the use of reconstituted viral envelopes 
is the possibility to incorporate lipophilic or amphiphilic adjuvants in the virosomal 
membrane during the virosome production process. In our virosomal RSV vaccine 
candidate, the lipophilic adjuvant monophosphoryl lipid A (MPLA) has been mainly used 
as an adjuvant [126]. MPLA is a ligand for Toll-Like Receptor 4 (TLR4), and represents the 
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non-toxic lipid A region derivative of lipopolysaccharide (LPS). LPS produced, for example, 
by the bacteria Salmonella Minnesota, is used for the production of MPLA. MPLA itself is 
10,000 times less toxic than LPS, which makes it attractive for use as an adjuvant [127].

Decades of research have been performed about the use of MPLA as an adjuvant 
in different vaccine formulations, and to date there are two licensed human vaccines 
that use MPLA as an adjuvant component — the human papillomavirus 16/18 vaccine, 
Cervarix®, and a hepatitis B virus vaccine, FENDrix® [128]. MPLA has been shown to boost 
the immune response against the antigens with which it is co-administered. Furthermore, 
MPLA has been tested intensively in preclinical and clinical trials for toxicity and it is 
registered with an acceptable safety profile in humans. 

FIGURE 5 | Structural formula of synthetic 3D-PHAD® [129].

Variants of MPLA with even lower toxicity levels have been developed, like 3-O-deacyl-
MPLA (3-OD-MPLA), which is currently used in marketed vaccines. MPLA and 3-OD-MPLA 
are complex mixtures of molecules. They all contain a phosphorylated carbohydrate 
backbone and variable numbers of acyl chains that also vary in length. According to 
literature, the most active anomeric forms of MPLA are the hexa-acylated forms [130,131]. 
The use of a single synthetic MPLA molecule in vaccines would be advantageous in terms 
of GMP production, toxicity, and safety. Monophosphoryl 3-deacyl Lipid A (3D-PHAD®) is 
a fully synthetic molecule (see Figure 5 for molecular structure) which contains only the 
penta-acyl molecule, which is not the most active form of MPLA, but is safe and effective 
in inducing Th1-type immune responses [129].
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Aim and outline of the study described in this thesis

The research described in this thesis focuses on the evaluation of a novel virosomal RSV 
candidate. 

Chapter 2 describes the immunogenicity and protective efficacy of RSV-derived virosomes 
containing the lipophilic adjuvant MPLA, which has a potentially strong Th1-skewing 
activity. Virosomes with incorporated MPLA were evaluated for their TLR-activating 
capacities ex vivo, in cultured cells, as well as for their ability to induce a protective 
antibody and balanced Th1/Th2-helper response in vivo, in mice.

The results from the studies described in Chapter 2 were a reason to investigate the 
properties of MPLA involved in activation and stimulation of immune cells of mice ex vivo. 
Additionally, these properties were compared for two variants of MPLA: 3-O-deacyl MPLA 
(3-OD-MPLA) which is present in a commercially available vaccine, and a fully synthetic 
version of MPLA, i.e. PHAD®. In this study, presented in Chapter 3, both MPLA variants, 
which are less toxic than normal MPLA, were analyzed for their capacity to induce in vitro 
DC maturation, B cell proliferation, antibody secretion and IgG subtype switching.

Next, in Chapter 4, we analyzed whether the less toxic variant of MPLA, 3D-PHAD® (a 
single synthetic molecule), in RSV virosomes has the same capacity to boost protective 
antibody responses upon immunization of mice, compared to LPS-derived MPLA (a 
complex mixture of molecules). Moreover, this chapter describes the induction of RSV-
specific CD8+ T cells by these virosomes. We found that the fully synthetic 3D-PHAD® is 
an excellent replacement for the natural MPLA, since it has excellent immunostimulatory 
capacity and is safer and therefore preferable for future use in a GMP-produced virosomal 
vaccine.

Chapter 5 evaluates the composition, morphology and long-term stability of RSV 
virosomes, containing 3D-PHAD®. In this study, we performed a quantitative analysis 
of the incorporation of 3D-PHAD® into virosomes. Further, the lipid composition of the 
virosomes was optimized and the ratio of F and G glycoprotein incorporated in the 
particles was determined. Finally, virosomes were analyzed for their long-term stability.

In Chapter 6 we investigated the immunogenicity in vivo in mice of 3D-PHAD®-containing 
RSV virosomes derived from the thermostable RSV strain L19F and the mutant strain L19F 
I557V. These two strains are known to have higher levels of less temperature-sensitive preF 
in the membrane. We evaluated RSV virosomes derived from these strains in comparison 
with virosomes derived from RSV A2 virus, specifically for their capacity to induce preF- 
and postF –specific antibodies and virus-neutralizing antibodies.
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The findings described in Chapters 2 to 5 showed that the virosomal approach with the 
incorporation of the synthetic MPLA, 3D-PHAD®, induces high levels of virus-neutralizing 
antibodies and CD8+ T-cell responses. The use of purified virus for virosome production, 
however, has a disadvantage. It is difficult to culture high concentrations of RSV on a 
commercial scale. Furthermore, since the viral F glycoprotein is metastable, it is difficult 
to control the ratio of preF and postF incorporated in the virosomes. We therefore, in 
Chapter 7, attempted to improve the virosome approach. In this study, we developed a 
new vaccine by using synthetic liposomal nanoparticles with a conjugated high-density 
array of recombinant stabilized preF or postF spikes of RSV. The use of fully synthetic 
lipids and adjuvant together with a recombinant protein antigen produced in cells will 
result in consistent vaccine quality. Moreover, the design of the particles and their protein 
content are flexible. These proteoliposomes were characterized and evaluated for their 
immunogenicity in vivo in mice.

Finally, Chapter 8 discusses the most important findings presented in this thesis. 
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Respiratory Syncytial Virus (RSV) is a major cause of viral brochiolitis in infants 
and young children and is also a significant problem in elderly and immuno-
compromised adults. To date there is no efficacious and safe RSV vaccine, partially 
because of the outcome of a clinical trial in the 1960s with a formalin-inactivated 
RSV vaccine (FI-RSV). This vaccine caused enhanced respiratory disease upon 
exposure to the live virus, leading to increased morbidity and the death of two 
children. Subsequent analyses of this incident showed that FI-RSV induces a 
Th2-skewed immune response together with poorly neutralizing antibodies. 
As a new approach, we used reconstituted RSV viral envelopes, i.e. virosomes, 
with incorporated monophosphoryl lipid A (MPLA) adjuvant to enhance 
immunogenicity and to skew the immune response towards a Th1 phenotype. 

Incorporation of MPLA stimulated the overall immunogenicity of the virosomes 
compared to non-adjuvanted virosomes in mice. Intramuscular administration 
of the vaccine led to the induction of RSV-specific IgG2a levels similar to those 
induced by inoculation of the animals with live RSV. These antibodies were able 
to neutralize RSV in vitro. Furthermore, MPLA-adjuvanted RSV virosomes induced 
high amounts of IFNγ and low amounts of IL5 in both spleens and lungs of 
immunized and subsequently challenged animals, compared to levels of these 
cytokines in animals vaccinated with FI-RSV, indicating a Th1-skewed response. 
Mice vaccinated with RSV-MPLA virosomes were protected from live RSV challenge, 
clearing the inoculated virus without showing signs of lung pathology. Taken 
together, these data demonstrate that RSV-MPLA virosomes represent a safe and 
efficacious vaccine candidate which warrants further evaluation.
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Introduction

 Respiratory Syncytial Virus (RSV) is a major cause of viral brochiolitis in infants and young 
children and is also a significant problem in elderly and immuno-compromised adults. 
According to the WHO, annually 64 million people are infected with RSV, and 160,000 
people die from the infection around the world [1]. It is estimated that, each year, RSV 
leads to 3.4 million hospitalizations of children [2]. By the age of two, nearly all children 
have been infected with RSV. However, natural infection does not evoke long-lasting 
immunity, which causes people to undergo multiple RSV infections throughout their 
lives. In healthy adults, RSV infection will manifest itself like a common cold, which is 
generally cleared within two weeks. When, at old age, the immune system weakens, RSV 
infections become more severe, leading to, for example, approximately 10,000 deaths in 
nursing homes in the US each year [3,4]. Current treatment of RSV infection in high-risk 
infants consists of prophylactic administration of the monoclonal antibody Palivizumab 
[5]. However, the high costs of monoclonal antibody therapy and the limited duration 
of efficacy of this treatment warrant the development of an RSV vaccine [6,7] In elderly, 
treatment is mainly supportive and consists of administration of fluids, oxygen and 
antipyretics [8]. Aerosolized Ribavirin is registered for use in some infant groups however, 
no significant effect has been reported in the elderly [8].

Even though the need for an RSV vaccine has been recognized for over 60 years, 
there is currently no licensed RSV vaccine available. This is, in part, due to the disastrous 
outcome of a clinical trial in the 1960s, which evaluated a formalin-inactivated, alum-
adjuvanted, RSV (FI-RSV) vaccine candidate [9–12]. In this trial, children who received 
the vaccine developed RSV-specific antibodies, but these proved to be poorly virus-
neutralizing [13,14]. Instead of preventing infection, vaccination resulted in enhanced 
respiratory disease (ERD) upon infection with the live virus, leading to a 16-fold increase 
in hospitalization and even to the death of two children in the vaccinated group [11]. 
After this trial, many studies have been performed to elucidate the mechanisms causing 
ERD upon vaccination with FI-RSV and subsequent exposure to live virus.  Studies in 
mice, for example, showed that a Th2-like immune response accompanied by influx of 
eosinophils into the lungs plays a major role in ERD [15]. Another study in mice has shown 
that, although FI-RSV does elicit RSV-specific antibodies, these have a limited affinity for 
neutralizing epitopes on the RSV fusion protein due to lack of affinity maturation [16]. 
Therefore, a future RSV vaccine should induce a Th1-skewed response together with high 
levels of strongly neutralizing antibodies. 

A promising approach towards the development of vaccines that both skew the 
immune response to a Th1-type reaction and induce high-affinity antibodies is to include 
Toll-Like Receptor (TLR) ligands in the vaccine [17]. TLRs recognize Pathogen-Associated 
Molecular Patterns (PAMPs) from bacteria and viruses and subsequently signal through 
adaptor molecules such as MyD88 and TRIF to induce the production of inflammatory 
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cytokines and type-I interferons [18]. Activation of TLR4, for example, leads to production 
of high amounts of IL12 and IFNα resulting in a Th1-skewed immune response [19]. 
Importantly, a recent study showed that a UV-inactivated RSV virus, which by itself induces 
poorly neutralizing antibodies, will give rise to high-affinity and strongly neutralizing 
antibodies when supplemented with TLR ligands [16]. Using a similar approach, we 
recently showed that the incorporation of the TLR2 ligand P3CSK4 in an experimental 
virosomal RSV vaccine promotes the capacity of the vaccine to induce Th1-type cellular 
responses together with the induction of protective antibodies in mice and cotton rats 
[20]. Thus, the combination of an RSV vaccine, such as RSV virosomes, with a TLR ligand 
improves both the immunogenicity and the safety of the vaccine. 

Another promising TLR ligand candidate to be used as an adjuvant in an RSV vaccine 
is the TLR4 ligand monophosphoryl lipid A (MPLA) [21]. MPLA is a detoxified derivative 
of bacterial lipopolysaccharide (LPS) [22]. Like LPS, MPLA also signals through TLR4. 
However, where TLR4 activation by LPS induces signaling through adaptor molecule 
MyD88, activation by MPLA leads to TRIF-mediated signaling, resulting in enhanced type I 
IFN production and reduced production of inflammatory cytokines compared to MyD88-
mediated signaling [16,23,24]. MPLA stimulates the production of IFNγ by antigen-
specific CD4+ T-cells indicating a Th1-skewed response [21,25]. While the TLR2 ligand 
P3CSK4, which we used in our previous study [20], has been associated with a balanced 
Th1/Th2-type immune response, MPLA is thus known to induce a significantly Th1-
skewed immune response [17]. Furthermore, an MPLA derivative with similar immune-
potentiating properties as native MPLA has been evaluated in extensive clinical trials and 
has shown good efficacy combined with an acceptable safety profile for use in humans 
when co-administered with a variety of antigens [26]. For these reasons, MPLA is the only 
TLR ligand which is currently being used as an adjuvant in a number of licensed vaccines 
[27,28]. Importantly, the addition of MPLA to FI-RSV suppressed the expression of RSV ERD 
associated cytokines in the lungs of cotton rats [29]. Furthermore, it has been shown that 
addition of MPLA to FI-RSV promotes the immunogenicity of the vaccine and ameliorates 
lung pathology after challenge [30]. Thus, the favorable Th1-inducing properties of MPLA, 
compared to P3CSK4, combined with the available data on the inhibitory effects of this 
TLR ligand on the development of RSV ERD and its acceptable safety profile in humans, 
led us to explore MPLA as a possible adjuvant in our RSV virosomal vaccine.  

We exploited the lipophilic properties of MPLA to incorporate it in the virosomal 
membrane during the reconstitution process. These virosomes were analyzed for their 
immunostimulating properties and immunogenicity both in vitro and in vivo and for 
their capacity to induce protection against infection with live RSV. Our data show that 
incorporation of MPLA in RSV virosomes increases their immunostimulatory capacity in 
vitro, as evidenced by increased human TLR4-mediated NF-κB activation and upregulation 
of costimulatory molecules in mouse dendritic cells. In vivo, incorporation of MPLA in RSV 
virosomes stimulated RSV-specific IgG antibody levels, with increased IgG2a antibody 
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production and increased levels of virus neutralizing antibodies compared to non-
adjuvanted RSV virosomes. Also, RSV-MPLA virosomes primed for Th1-type responses as 
evidenced by high IFNγ levels and low IL5 levels, not only in ex vivo cultures of splenocytes 
from immunized mice stimulated with RSV antigen, but also in the lungs of immunized 
mice upon challenge with live RSV. Finally, mice vaccinated with RSV-MPLA virosomes 
were protected from challenge with live RSV without symptoms of ERD, as demonstrated 
by the absence of lung pathology and a lack of eosinophil infiltration into the lungs. 

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 DEC 5239A). 
Immunizations and challenges were conducted under isofluorane anesthesia, and every 
effort was made to minimize suffering.

Virus and cell culture
RSV strain A2 (ATCC VR1540) was kindly donated by Mymetics BV (Leiden, The Netherlands). 
The virus was grown in roller bottles on HEp-2 cells (ATCC, CL-23, Wesel, Germany) in HEp-
2 medium: DMEM (Invitrogen, Breda, The Netherlands) supplemented with Pen/Strep, 
L-Glutamine, Sodium bicarbonate, HEPES, Sodium Pyruvate, 1X non-essential Amino 
Acids (all from Invitrogen) and 10% FBS (Lonza-Biowhittaker, Basel, Switzerland) unless 
stated otherwise. At 80% CPE (5 days post-infection) the medium was cleared by low-
speed centrifugation. Aliquots of the supernatant were snap-frozen in liquid nitrogen, 
as a source of live virus for immunization and challenge. The remainder of the virus was 
pelleted by ultracentrifugation and subsequently purified on a sucrose gradient. Purified 
virus was snap-frozen in liquid nitrogen and stored at -80 °C in 20% sucrose in HNE buffer 
(5 mM Hepes, 145 mM NaCl, 1 mM EDTA, pH 7.4). 

Mouse dendritic cells (DCs) were derived from bone-marrow cultures, as described 
before [31]. Briefly, both tibia and femurs were flushed with Iscove’s modified DMEM 
(IMDM; Invitrogen,) supplemented with 10% FBS, pen/strep, 0.1% β-mercaptoethanol 
(Invitrogen). Red blood cells were lysed by incubating the cells with ACK buffer (0.83 % 
NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.2) for 5 min on ice. The cells were washed with 
IMDM medium and incubated in IMDM medium supplemented with 200 ng/ml Fms-like 
tyrosine kinase 3 ligand (Flt3L)(R&D systems, Abingdon, UK). Medium was replaced after 4 
days and dendritic cells were harvested 8 days after initiation of the culture.

HEK-Blue TLR4 and HEK-Blue Null2 cells were purchased from Invivogen (Toulouse, 
France) and maintained according to the manufacturer’s protocol. 
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Vaccine production
RSV virosomes were generated as described previously [20]. Briefly, purified RSV 
was pelleted by ultracentrifugation and dissolved in 100mM 1,2 dihexanoyl-sn-
glycero-3-phosphocholine (DCPC) in HNE buffer. The nucleocapsid was removed by 
ultracentrifugation. Subsequently, a 2:1 molar mixture of egg phosphatidylcholine (PC) 
and egg phosphatidylethanolamine (PE) (Avanti Polar Lipids, Alabaster, AL, USA) in 2:1 
chloroform/methanol at 850 nmol/mg protein was evaporated to a dry film in a glass 
tube. The supernatant containing the membrane lipids and proteins was added to the 
lipid mixture. For incorporation of MPLA, monophosphoryl lipid A from Salmonella 
minnesota Re 595 (Invivogen) was first dissolved in 100 mM DCPC in HNE buffer and then 
added to the protein/lipid mixture at 1 mg MPLA/ mg virosomal protein. For the MPLA 
concentration experiment, MPLA was added in lower ratios i.e. 1:0.2, 1:0.04, 1:0.008 (mg 
virosomal protein to mg MPLA). The mixture was incubated for 15 min at 4˚C, filtered 
through a 0.22µm filter and dialyzed in a sterile Slide-A-lyzer (10 kD cut-off; Thermo 
Scientific, Geel, Belgium) against 4 x 2 liters of HNE pH 7.4 for 48 hours. After dialysis, 
virosomes were kept at 4˚C.

FI-RSV vaccine was produced according to the original protocol, which was used for 
the 1960’s FI-RSV preparation as reported in [30]. FI-RSV was diluted in HNE buffer to 
contain 5 µg of RSV protein in 25 µl of vaccine.

In vitro analyses
The virosomes were analyzed by equilibrium density gradient centrifugation on 10-60% 
sucrose gradients in HNE. Gradients were spun for 60 hr in an SW 55 Ti rotor at 50000 rpm 
and samples from the gradient were analyzed for protein, phospholipid phosphate and 
density (by refractometry). Each fraction was dialyzed against HNE in a Slide-A-Lyzer MINI 
Dialysis Device (Thermo Scientific, Geel, Belgium) overnight to remove the sucrose which 
is toxic for HEK-Blue cells at high concentrations. The samples were corrected for increases 
in volume due to the dialysis and 20µl volumes of the samples were used to stimulate 
HEK-Blue TLR4 cells (105 cells/well) and HEK blue Null2 cells (5x104 cells per well) overnight 
at 37˚C in a 96 well plate in triplicate. To quantify alkaline phosphatase production, 20 
µl of HEK-Blue cell supernatant was added to 180 µl Quanti-Blue (Invivogen, Toulouse, 
France) and incubated for 30 minutes at 37˚C. Absorbance was measured at 630 nm and 
plotted relative to the activation induced by 100 ng/ml of TNFα.

Upregulation of surface markers was assessed after incubating DCs with different virosome 
preparations. DCs were incubated at 1 × 106 cells/ml at 37 ̊ C in IMDM medium. The incubation 
was stopped after 24 hr by washing the cells twice in medium. Expression of surface markers 
was determined by staining with anti-mouse CD80-PE (12-0801-82, eBioscience, Vienna, 
Austria) anti-mouse CD86- PE (12-0862-82, eBioscience) and anti-mouse CD40-FITC (11-0402-
82, eBioscience) using standard staining protocols, followed by flow-cytometric analysis on a 
FACSCalibur flow cytometer (BD Bio- sciences, Erembodegem, Belgium).
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Animal experiments
Female specified-pathogen-free BALB/c OlaHsd mice (6-8 weeks old)(Harlan, Zeist, 
The Netherlands) were used for all immunization experiments. For immunization and 
challenge, mice were anesthetized using 3-4.5% isoflurane in O2. Mice received RSV 
virosomes, RSV-MPLA virosomes or FI-RSV intramuscularly in 25 µl HNE. Each preparation 
contained 5 µg of protein. Control mice received 50 µl (1*106 TCID50) of live RSV, intranasally 
or 25 µl of HNE intramuscularly. Vaccinations were given on day 0 and day 14. On day 28 
mice were challenged with 106 TCID50 (titrated as described below) of live RSV intranasally. 
On time points of vaccination and challenge, blood was drawn by retro-orbital puncture. 
Four days after challenge, mice were sacrificed and blood was drawn by heart puncture. 
Spleens were harvested for analysis of RSV-specific T cell cytokine responses and lungs for 
analysis of pathology, determination of lung cytokines and viral titers, respectively.

Virus titration
Virus titers were determined by titration of the tissue-culture infectious dose (TCID50). 
For challenge virus, initial dilutions of 1:5000 were made in HEp-2 medium without FBS. 
Serial twofold dilutions of these samples were made in 96-well plates in quadruplicate. 
20,000 HEp-2 cells were added to the virus dilutions and incubated for 5 days at 37˚C in 
5% CO2. The cells were then 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 50µl 1:400 FITC-labeled goat anti-RSV antibody (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.

To determine virus titers in the lungs of challenged mice, the lungs were removed 
aseptically after euthanasia of the mice. Lungs were then homogenized in 1 ml of 2% FBS 
containing HEp-2 medium using an automated Potter homogenizer Polytron-Aggregate® 
(Thomas Scientific, Swedesboro, NJ, USA). Next, homogenates were centrifuged at 1400 
rpm for 10 min at 4oC, and supernatants, diluted to a 1:5 starting dilution, were used to 
determine viral titers using the TCID50 method as described above. 

In vitro neutralization assay
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. Fifty µl of diluted serum was applied to the first row of 
wells in quadruplicate and serial two-fold dilutions were made. Subsequently, 70 TCID50 
of live RSV 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 100µl of HEp2 medium with 



Chapter 2

48

TW
O

4% FBS. After 5 days of incubation, the cells were washed, fixed and stained as described 
above for the virus titration. 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.

Immunological assays
RSV-specific antibody titers were determined as described before [20]. Briefly, 96-well 
plates were coated with betapropiolactone-inactivated RSV and then blocked with 2.5% 
milk powder in coating buffer. Plates were then incubated for 90 min with two-fold 
serial dilutions of serum or broncho-alveolar lavages (BAL; see below), starting at 1:200 
for serum or 1:1 for BAL. After washing, plates were incubated with a 1:5000 dilution of 
horseradish-peroxidase-coupled goat anti-mouse IgG, IgG1, IgG2a, IgA, or rat anti-mouse 
IgE (Southern Biotech 1030-05, 1070-05, 1080-05, 1040-05, 1130-05) for 1 hr, washed 
again and subsequently stained with o-Phenylenediamine (OPD; Sigma-Aldrich, St Louis, 
MO, USA). After 30 min the staining was stopped by addition of 2 M H2SO4 and absorption 
was measured at 492 nm. For levels of total IgG, geometric mean titers (GMT) were 
determined. For quantification of IgG1 and IgG2a levels, a calibration curve was used. For 
this, ELISA plates were coated with goat anti-mouse-IgG (heavy and light chain, human 
absorbed; Southern Biotech, 1031-01) at 100 ng/well in coating buffer overnight at 37oC. 
After blocking with 2.5% milk powder, known concentrations of a mouse IgG1 isotype 
control (Southern Biotech, 1070-01) and mouse IgG2a isotype control (Southern Biotech, 
0103-01) were prepared, and applied to the plates. After a 90-min incubation at 37oC, 
plates were washed and stained as described above.

For analysis of levels of IL5 and IFNγ in splenocyte cultures and lung homogenates 
(see below), mouse IFNγ and mouse IL5 high sensitivity ELISA kits (eBioscience) were used 
according to the manufacturer’s instruction. 

For the analysis of IFNγ and IL5 secretion in the RSV-specific recall responses of 
splenocytes, spleens were removed four days after challenge and transferred to a 15 ml 
tube containing IMDM/10% FCS. The spleens were passed through a 70-µm cell strainer 
(BD Biosciences, Heidelberg, Germany) using sterile 3-mL syringe plungers. Erythrocytes 
were then lysed by incubating with ACK buffer for 5 min on ice. The cells were washed 
with medium, counted and seeded at 2×106 cells/ml and stimulated with BPL-RSV (10 µg/
mL) in IMDM/10% FCS in triplicates and incubated at 37oC in a 5% CO2 atmosphere for 72 
hr. Supernatants were harvested and stored at -20oC until further analysis.

For analysis of IL5 and IFNγ levels in RSV-infected lungs, lungs were removed from 
challenged mice and homogenized using the method as described for virus titration (see 
above). IL5 and IFNγ levels were then determined in supernatants of centrifuged lung 
homogenates.
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Lung histopathology
The harvested lung lobes were inflated with 4% formalin in PBS and subsequently 
embedded in paraffin. Four µm slices were then prepared , and stained with standard 
hematoxylin and eosin. After staining, lung inflammatory parameters (peribronchiolitis, 
perivaculitis  and alveolitis) were assessed by light microscopic analysis of slides.

Broncho-alveolar lavage cytospins
BAL were taken by rinsing the lungs of the mice with 1 ml of PBS supplemented with 
protease inhibitors using a winged shielded i.v. catheter (1.3x30mm, BD Utah) inserted, 
through an incision, in the trachea of euthanized mice. Cells in the BAL were pelleted by 
low-speed centrifugation and resuspended in 500 μl PBS. In some cases, the remaining BAL 
supernatants were used for IgA antibody assessment in ELISA. Subsequently, cells were 
spotted (300 rpm for 5 min) onto glass slides, air dried, and fixed in 80% methanol/20% PBS 
(V/V) for 10 min at -20°C. After air-drying, slides were stained for 20 min in May-Grunwald-
Giemsa stain (Merck, Darmstadt, Germany), diluted 1:1 in Sørensen’s phosphate buffer 
(0.2 M; pH 6.6). Then, slides were rinsed in Sørensen’s phosphate buffer, and incubated for 
15 min in Giemsa stain (Merck, Darmstadt, Germany) diluted 1:8 in Sørensen’s phosphate 
buffer. After washing with tap water, slides were air-dried and spots were sealed 
using cover slides and Kaiser’s glycerol (Merck, Darmstadt, Germany). The presence of 
eosinophils in cytospot BAL cells was analyzed by light microscopy.

Statistical analysis
All statistical analyses were performed with Graphad Prism 5.00 for Mac OSX, (GraphPad 
Software, San Diego California USA, www.graphpad.com. Statistical significance was 
assessed using a Mann-Whitney U test. A P value of 0.05 or lower was considered to 
represent a significant difference. 
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Results

Characterization of RSV-MpLA virosomes
The formation of virosomes was analyzed by equilibrium density-gradient centrifugation. 
Protein and phosphate were found to co-migrate for RSV virosome preparations with and 
without MPLA, indicating successful reconstitution of the viral envelopes (Figure 1A, 1B). 
For RSV-MPLA virosomes, the apparent absence of phosphate outside the virosome peak 
indicated that MPLA was primarily associated with the virosomal membranes.

In vitro analysis of RSV-MpLA virosomes
To assess the immune-potentiating capacity of the RSV-MPLA virosomes, fractions from 
the sucrose gradient were tested for their TLR4-activating activity in HEK-Blue TLR4 
cells, after dialysis to remove the sucrose. The fractions containing the non-adjuvanted 
virosomes induced a TLR4-mediated NF-κB activation which was slightly higher than the 
activation induced by TNF-α (Figure 1C). This activation is probably due to TLR signaling of 
the RSV F protein [35]. Incorporation of MPLA into the virosomes strongly stimulated TLR4 
signaling by the virosomes. The fraction at the top of the gradient also induced activation 
of TLR4, indicating that not all the added MPLA had been inserted in to the viral envelopes 
(Figure 1D). Since a large proportion of the MPLA was associated with the virosomal 
fraction, as judged by phosphate analysis and TLR4-activating capacity of the fractions of 
the gradient, subsequent experiments were performed with non-fractionated virosomes. 
Next, virosomes were tested for their capacity to up-regulate costimulatory molecules 
in mouse DCs. Non-adjuvanted virosomes induced the upregulation of DC maturation 
markers CD40, CD80 and CD86. Incorporation of MPLA in to these virosomes significantly 
stimulated the induction of CD40 and CD80 expression compared to the induction by RSV 
virosomes (Figure 1E).

In vivo immunogenicity
To analyze the immunogenicity of the virosomes in vivo, Balb/c mice were vaccinated 
twice with RSV virosomes or RSV-MPLA virosomes at a 2-week interval. For comparison, 
mice were inoculated with live RSV (to induce a Th1-skewed immune response) or 
vaccinated twice with FI-RSV (to induce a Th2-skewed immune response). Two weeks after 
the first and second vaccination, blood was drawn and serum IgG titers were determined. 
After the priming immunization, RSV virosomes induced a mean IgG titer of 2.5 Log GMT. 
Incorporation of MPLA in to the virosomes resulted in significantly increased IgG levels 
after both priming and booster immunizations, not only compared to the levels induced 
by non-adjuvanted RSV virosomes but also to the levels induced by FI-RSV and live virus  
(Figure 2A). 
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FIGURE 1 | In vitro analysis of RSV and RSV-MPLA virosomes. (A, B) RSV virosomes and RSV-MPLA virosomes 
were spun on an equilibrium density sucrose gradient. Subsequently, density, protein concentration, and phos-
phate concentrations of each fraction was determined. (C, D) Fractions from A and B were analyzed for their TLR4-
signaling ability using Hek-Blue TLR4 cells. To assess non-TLR specific activation of cells, control cells (Null2 cells) 
were incubated with the same virosome fractions. As a control for activation both Hek blue TLR4 and Hek blue null2 
cells were stimulated with 100 ng/ml TNF-α. Bars represent TLR activation relative to that of the TNF- α control (E) 
Upregulation of DCs costimulatory molecules CD40, CD86, CD80. Unfractionated virosome preparations were used 
to stimulate ex vivo cultured mouse DCs overnight. Cells were stained for expression of costimulatory molecules 
using specific monoclonal antibodies and analyzed by FACS. Bars represent the percentage of positive cells. The 
data shown are a representative of three individual experiments.

Next, RSV-specific IgG1 and IgG2a subtype levels were determined. RSV-MPLA virosomes 
induced significantly higher levels of IgG2a compared to non-adjuvanted virosomes, 
reaching similar levels of RSV-specific IgG2a as seen after live virus inoculation (Figure 2B). 
In parallel with the increased RSV-specific IgG2a responses, increases in RSV-specific IgG1 
levels were also noted. Non-adjuvanted RSV virosomes and FI-RSV mainly induced IgG1, 
indicative of a Th2-type response. Live virus inoculations induced low levels of IgG1 and 
similar levels of IgG2a, compared to those induced by RSV-MPLA virosomes (Figure 2B).
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FIGURE 2 | RSV specific IgG in mice after vaccination with RSV virosomes and RSV-MPLA virosomes. Mice 
were vaccinated twice with RSV virosomes, RSV-MPLA virosomes or controls (HNE, live virus and FI-RSV). Each 
injection contained 5 µg of protein. (A) RSV-specific IgG titers in serum 14 days after prime and 14 days after 
booster vaccination. (B) RSV-specific IgG1 and IgG2a subtype levels in serum 14 days after booster vaccination. 
(C) IgE levels were determined at 14 days after booster vaccination. (D) RSV neutralizing antibody titers in 
serum obtained 5 days after challenge. Bars represent the GMT (panels A and C), mean concentration of RSV-
specific IgG1/2a (panel B) or mean neutralization titer (panel D) of 6 mice per group. Error bars represent the 
SEM. Statistical differences were calculated using the Mann-Whitney-U test. * p<0.05, ** p<0.01, *** p<0.001.  
Statistical differences in IgE levels were calculated with an ANOVA with Bonferroni correction for multiple testing 
*** p<0.001. The data shown are a representative of two individual experiments

To further characterize the humoral immune response, we determined IgE levels in sera 
and IgA levels in BAL of immunized mice.  IgE was exclusively induced by immunization 
with FI-RSV, but not by immunization with virosomes or live virus (Figure 2C).  IgA in BAL 
was detectable in mice immunized with FI-RSV (4.6±0.1 2Log GMT) and live virus (5.6±0.6 

2Log GMT), but not in mice immunized with virosomes. For assessment of the functional 
capacity of the antibodies, we performed a microneutralization assay. Non-adjuvanted 
RSV virosomes induced similar neutralizing antibody titers to FI-RSV. Incorporation of 
MPLA in to the virosomes significantly increased the neutralizing antibody titers to levels 
similar to those induced by live virus (Figure 2D).
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Figure 3
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FIGURE 3 | Influence of MPLA to virosome protein ratios on RSV specific IgG titers. Mice were vaccinated 
twice with RSV-MPLA virosomes (5 µg of protein) with different amounts of incorporated MPLA. 14 days after 
the second vaccination RSV-specific IgG titers in serum were determined. (A) RSV-specific IgG titers. (B) Ratios 
of RSV-specific IgG2a/IgG1 concentrations determined 14 days after booster vaccination. (C) RSV-specific IgG1 
concentrations. (D) RSV specific IgG2a concentrations. Bars represent the GMT (panel A), mean ratio (panel B) or 
mean concentration of IgG1/2a of 6 mice per group. Error bars represent the SEM. Statistical differences were 
calculated using the Mann-Whitney-U test. * p<0.05, ** p<0.01, *** p<0.001. The data shown are a representative 
of two individual experiments. 

To investigate which concentration of MPLA is needed for optimal adjuvant activity, 
we added different amounts of MPLA to the viral protein in solution before reconstitution. 
Apart from the 1:1 protein:MPLA ratio, we also produced virosomes with 1:0.2, 1:0.04 and 
1:0.008 protein to MPLA ratios. Using a similar immunization regimen and antigen dose 
as before, mice were vaccinated , and RSV-specific serum IgG and subtype responses were 
determined. The reduction in total RSV-specific serum IgG induced by the vaccine was 
proportional to the decline in the amount of MPLA in the virosomes (Figure 3A). The IgG2a/
IgG1 subtype ratio remained similar when the amount of MPLA was reduced from 1 to 0.2 
mg/mg protein but decreased when the amount of MPLA was reduced further (Figure 
3B). This decrease was primarily due to a reduction in RSV-specific IgG2a levels, while the 
level of RSV-specific IgG1 did not increase significantly with lower amounts of virosome-
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incorporated MPLA (Figure 3C, 3D). Because there was no significant difference between 
the IgG subtypes induced by 1:1 and 1:0.2 protein to MPLA ratio virosomes and there 
are other benefits to be expected from higher MPLA concentrations (i.e. cellular immune 
response and reduction in lung pathology) we chose to perform the next experiments 
with 1:1 protein:MPLA virosomes.

Cellular immunity
To analyze if virosome-incorporated MPLA skews the immune response to a favorable 
Th1 phenotype, levels of the hallmark Th1 cytokine IFNγ and Th2 cytokine IL5 were 
determined in splenocyte cultures of mice, ex vivo stimulated with RSV.  Supernatants of 
splenocytes cultures from mice immunized with RSV-MPLA virosomes or infected with 
live virus produced significantly increased levels of IFNγ compared to those from mice 
immunized with RSV virosomes alone or FI-RSV (Figure 4A) Restimulated splenocytes 
from non-vaccinated mice produced considerable levels of IFNγ, which may be explained 
by activation of innate immunity (i.e. NK cell activation) as a result of a high viral load 
occurring in infected naïve animals. Levels of IL5 were significantly increased in splenocyte 
cultures from mice immunized with FI-RSV when compared to those from all other groups 
(Figure 4B). 

Next, secretion of these cytokines was measured locally, i.e. in lung homogenates, 4 
days after viral challenge. In line with the above data, mice immunized with RSV-MPLA 
virosomes showed significantly increased IFNγ levels in their lungs upon live virus 
challenge when compared to levels measured in the lungs of mice immunized with non-
adjuvanted virosomes, FI-RSV or live virus immunization (Figure 4C). Also, IL5 levels were 
significantly increased in the lungs of FI-RSV immunized mice when compared to the 
levels measured in the lungs of mice immunized with (adjuvanted) RSV virosomes or live 
virus (Figure 4D).

Virus clearance after challenge
To analyze vaccination-induced virus clearance after challenge, mice were immunized 
twice with HNE buffer, FI-RSV, live virus, RSV virosomes or RSV-MPLA virosomes. Two 
weeks after the second vaccination mice were challenged with 106 TCID50 live RSV. Four 
days later, viral titers were determined in the lungs of the animals. In the HNE vaccinated 
group, virus was recovered from the lungs of all mice (Figure 5). In three out of the six 
mice immunized with RSV virosomes, virus could not be detected. In the other mice, virus 
was detected albeit at a significant lower level than in non-immunized mice. In contrast, 
in all mice immunized with RSV-MPLA virosomes, FI-RSV and live virus, virus could not be 
detected. 
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FIGURE 4 | IFNγ and IL5 concentrations in RSV-stimulated splenocyte cultures and lung tissue homogenates. 
Mice were vaccinated twice with RSV virosomes, RSV-MPLA virosomes and control vaccines as in Figure 2, and 
subsequently challenged with live RSV. Four days after challenge, IFNγ and IL5 responses were determined. (A) IFNγ 
concentrations in splenocyte cultures restimulated with BPL-inactivated RSV for three days. (B) IFNγ concentrations 
in homogenated lung tissue, four days after challenge. (C) IL5 concentrations in splenocyte cultures, restimulated 
with BPL-inactivated RSV for three days. (D) IL5 concentrations in homogenated lung tissue, four days after 
challenge. Bars represent the mean cytokine concentration of 6 mice per group and error bars represent the SEM. 
Statistical differences were calculated using a Mann-Whitney-U test. * p<0.05, ** p<0.01, *** p<0.001. The data 
shown are a representative of two individual experiments. 

Lung pathology
To further investigate ERD in the immunized mice, we examined lung pathology upon 
challenge infection (Figure 6). Mice immunized with FI-RSV showed signs of alveolitis and 
infiltrates in both the peribronchial and perivascular areas (Figure 6A). The lungs of mice 
immunized with live virus on the other hand showed no signs of pathology (Figure 6B). 
Mice immunized with RSV virosomes showed no signs of alveolitis but did have perivascular 
infiltrates (Figure 6C) In contrast, the lungs of the mice who received RSV-MPLA virosomes 
showed no signs of lung pathology (Figure 6D) and were very similar to the lungs of mice 
who received live virus or those of non-immunized mice (Figure 6B,E). In addition to this, 
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we assessed the presence of eosinophils in broncho-alveolar lavages (BAL) four days after 
challenge by May-Grunwald Giemsa staining of cytospotted cells. No eosinophils were 
detected in BAL of mice vaccinated with RSV or RSV-MPLA virosomes. On the other hand, in 
the mice vaccinated with FI-RSV, eosinophils were clearly present (Figure 6F).

Figure 5
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FIGURE 5 | Protection against live virus challenge and infiltration of eosinophils. Mice were vaccinated 
as described in fig ure 2 and challenged with live virus 14 days after the booster vaccination. Four days after 
challenge, lungs were removed and the viral titer was determined and expressed as TCID50. RSV TCID50 titers from 
the lungs of challenged animals. Statistical differences were calculated using the Mann-Whitney-U test. * p<0.05. 
The data shown are a representative of two individual experiments.
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FIGURE 6 | Lung pathology in mice after immunization and RSV infection. Mice were immunized and 
challenged as described in Figure 2 and the lungs were harvested, sliced and stained with H&E and assessed 
for pathology using light microscopy. Panels represent the lungs of (A) FI-RSV, (B) live virus, (C) RSV virosomes, 
(D) RSV MPLA virosomes (E) buffer immunized mice. Black arrows point to alveolar infiltrates, grey arrows 
to peribronchial infiltrates and white arrows to perivascular infiltrates. (F) Eosinophils in BAL expressed as 
percentage of total BAL cells. Data points represent values from individual mice. Statistical differences were 
calculated using the ANOVA test with Bonferroni correction for multiple testing. *** p<0.001. The data shown are 
a representative of two individual experiments.
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Discussion

Despite the fact that RSV has been recognized as an important vaccine target for more than 
60 years, no vaccine is registered for use in humans today. Various vaccine candidates have 
been evaluated in clinical trials but so far none of them showed the required safety and 
efficacy profiles. Generally, live attenuated virus vaccines administered intranasally are safe 
and well tolerated but it is difficult to obtain an optimal balance between immunogenicity 
and attenuation [32]. Inactivated virus vaccines appear to be hard to advance to the clinic 
because of the safety concerns related to the outcome of the 1960’s FI-RSV trial. Protein 
subunit vaccines are easy to produce but are generally not very immunogenic and possibly 
skew towards a Th2 immune response [32]. 

In this study, we evaluated the immunogenicity and protective capacity of a virosomal 
RSV vaccine adjuvanted with MPLA. Incorporation of the TLR4 ligand MPLA into the 
virosomal membrane resulted in effective human TLR4 stimulation in HEK-Blue cells in 
vitro and activation of mouse DC ex vivo as shown by the upregulation of co-stimulatory 
molecules. Incorporation of MPLA in virosomes resulted in increased RSV-specific serum 
IgG titers, with production of RSV-specific, Th1-signature, IgG2a-isotype antibodies similar 
to that induced by live virus inoculation leading to a balanced IgG1/IgG2a profile. These 
antibodies proved effective in virus neutralization. Furthermore, RSV-MPLA virosomes 
skewed the cellular responses towards a Th1 profile, as shown by enhanced IFNγ secretion, 
not only in ex vivo RSV-stimulated splenocytes, but also locally in the lungs of infected mice. 
Immunization with RSV-MPLA virosomes did not induce any detectable IgE in contrast to 
immunization with FI-RSV. IgE induction is a hallmark of a Th2-skewed allergy-like response, 
which is implicated in RSV infections and in FI-RSV induced enhanced disease [33–35]. 
MPLA-adjuvanted virosomes, similar to FI-RSV, provided full protection against live RSV 
infection, but in contrast to FI-RSV, did not lead to signs of ERD, i.e. influx of eosinophils in the 
lungs or induction of lung pathology. Importantly, previous studies in cotton rats showed 
that addition of MPLA to FI-RSV reduces the induction of ERD by FI-RSV immunization, 
illustrated by a reduction in lung pathology, an increase in serum virus neutralization titers 
and a shift from a Th2 -skewed immune response to a balanced immune response [29,30]. 
Our observations on the immune response induced by MPLA-adjuvanted RSV virosomes in 
mice are in line with these data and underline that MPLA-adjuvanted RSV virosomes hold 
promise as a candidate RSV vaccine. Currently, RSV-MPLA virosomes are being evaluated in 
cotton rats to optimally assess other ERD parameters, such as alveolitis, in more detail. 

Our data show that non-adjuvanted RSV virosomes stimulate human TLR4 in HEK-Blue 
cells and upregulate co-stimulatory molecules in mouse DC and that incorporated MPLA 
further enhances these effects. TLR4 activation by RSV virosomes without MPLA is likely to 
be caused by the RSV F protein. RSV F is a known TLR4 agonist that, for example, induces 
inflammatory cytokines like IL-6 in DC [36]. Interestingly, despite this capacity to stimulate 
TLR4, RSV virosomes fail to induce Th1-type responses while MPLA, also a TLR4 agonist, 
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effectively stimulates Th1-type responses. This could be due to differences in the magnitude 
of stimulation, which is clearly higher for MPLA (Figure 1), but could also be caused by 
recruitment of different adaptor molecules downstream of TLR4 activation. As TLR4 uses 
both MyD88 and TRIF adaptor molecules, it is possible that MPLA competes with RSV F for 
TLR4 activation. This competition shifts signaling from RSV F-induced, MyD88-dependent, 
TLR4 signaling to MPLA-induced, TRIF-dependent, TLR4 signaling, leading to a Th1-skewed 
immune response induced by RSV-MPLA virosomes compared to non-adjuvanted RSV 
virosomes. 

Apart from its influence on T helper cell differentiation, TLR signaling also has a direct 
effect on IgG isotype switching [37]. Antibody isotype switching is important, because 
different immunoglobulin subclasses display differences in their ability to mediate effector 
responses [38]. In mice, the most effective IgG isotype protecting against viral infections 
is IgG2a [39]. As stated before, MPLA signals through TLR4 to induce type I IFNs which 
stimulate IgG2a production predominantly from follicular B cells [37]. Furthermore, MPLA 
could also directly activate TLR4 on B cells to facilitate isotype switching, a process that is 
further augmented by IFNγ and T-cell help [40]. Previously, we incorporated TLR2 ligand 
P3CSK4 in RSV virosomes. P3CSK4 inclusion also skewed towards a Th1 immune response 
and increased IgG2a levels compared to non-adjuvanted virosomes. P3CSK4 adjuvanted 
RSV virosomes did however, induce slightly higher IgG1 than IgG2a levels. Incorporation of 
MPLA in the virosomes induces similar IgG1 and IgG2a levels. The relative increase of IgG2a 
levels compared to P3CSK4-RSV virosomes could be due to increased type I IFN production 
induced by MPLA. Since incorporation of MPLA in virosomes increases IgG2a levels 
compared to non-adjuvanted RSV virosomes or FI-RSV, antibodies induced by RSV-MPLA 
virosomes may well be more effective in protection against viral infection than antibodies 
induced by the non-adjuvanted RSV virosomes or FI-RSV.

Production of virosomes does not include the application of cross-linking chemicals 
for inactivation of the virus. This could well be a major advantage of the use of virosomes 
compared to other approaches using whole inactivated virus. In this respect, it is important 
to note that one of the reasons why FI-RSV failed to elicit virus-neutralizing antibodies is that 
important epitopes on the virus are disrupted by formalin [41]. One of the most important 
RSV epitopes for neutralizing antibodies is a specific conformational epitope making it very 
susceptible for alteration by chemical treatments, including inactivation with formalin [42]. 
During virosome production, inactivation occurs through disruption of the membrane by 
the short-chain phospholipid DCPC followed by removal of the nucleocapsid. This is then 
followed by reconstitution of RSV F and G protein in the viral membrane with retention of 
their native conformation. Following this procedure, RSV virosomes lack viral RNA and thus 
are fully replication-incompetent [20]. Preliminary data indicate that RSV virosomes expose 
all of the most important known protective on the RSV F protein, as demonstrated by 
efficient binding of monoclonal antibodies directed to these epitopes (unpublished results).
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In conclusion, our data show the feasibility of producing RSV virosomes that have 
incorporated MPLA. MPLA improves the immunogenicity of RSV virosomes and skews 
immune response to a protective, balanced Th1/Th2-type response without priming for 
adverse immune reactions, such as eosinophil influx into the lung after infection with RSV. 
These data combined with the favorable safety profile of MPLA, and the fact that MPLA 
is already licensed for use in human vaccines, make the RSV-MPLA virosomal vaccine a 
suitable candidate for further evaluation in clinical trials.
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Introduction

In our previous study, we evaluated the immunogenicity and protective capacity of 
a virosomal RSV vaccine with an incorporated MPLA adjuvant derived from bacterial 
LPS. The data showed that virosomes with incorporated MPLA have the capacity to 
activate Toll-like receptor 4 (TLR4) [1]. As TLR4 is expressed on different immune cells, 
including dendritic cells (DC) and B cells [2], multiple effects of the virosome-incorporated 
TLR ligand on these cells are expected. For example, our data showed that virosomes 
with MPLA activated DCs, leading to upregulation of CD80, CD86 and CD40 [1]. These 
costimulatory molecules are essential for activation of antigen-specific T cells which, 
subsequently, aid in B cell activation, proliferation and antibody secretion through the 
activity of T cell-expressed CD40L and cytokines. Besides upregulation of costimulatory 
molecules on DCs, other activities of TLR ligands in the initiation of B cell activation and 
antibody production have been described [3]. These include direct TLR activation of B 
cells, inducing proliferation and isotype switching. Also, indirect effects may play a role. 
For example, TLR ligand-induced mouse DC cytokines, e.g. IFNα, have been shown to 
induce isotype switching in mouse B cells, particularly towards a Th1 –signature isotype, 
i.e. IgG2a antibody [4,5]. To what extend MPLA in virosomes could affect isotype switching 
through the activities mentioned above is unknown. Therefore, this study aimed to 
evaluate the direct and indirect effects of virosomal MPLA on DC and B cell activation 
and isotype switching in vitro. Additionally, the study aimed to compare these activities 
induced by low-toxicity variants of MPLA, such as an alkaline hydrolyzed version of MPLA 
(3-OD-MPLA), which is present in marketed vaccines, and a fully synthetic form of MPLA, 
Phosphorylated Hexaacyl Disaccharide; i.e. PHAD® [6,7]. To this end, RSV virosomes with 
different types of MPLA were produced and in vitro DC maturation, B cell proliferation, 
antibody secretion and isotype switching, induced by these virosomes, was studied. 

Results

Direct activation of DC and B cells by RSV virosomes with incorporated 
MpLA variants
To study direct DC activation and B cell activation by RSV virosomes carrying MPLA variants, 
virosomes were produced as described by Kamphuis et al. [1]. For incorporation of plain 
MPLA (Invivogen, Toulouse, France), 3-OD-MPLA (Mymetics BV, Leiden, The Netherlands) or 
synthetic MPLA, i.e. PHAD® (Avanti Polar Lipids, Alabaster, AL, USA), the MPLA variants were 
added to the protein/lipid mixture at 1 mg per mg virosomal protein and virosomes were 
formed by dialyzing the mixture against HNE buffer. Next, DCs were prepared as described 
before [1] and mouse B cells were isolated from mouse spleens through negative selection 
using MACS beads (Myltenyi, Bergisch Gladbach, Germany). After that, B cells were stained 
with carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, Brede, The Netherlands) as 
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described before [8]. DCs and B cells were plated in duplicate and subsequently stimulated 
with RSV virosomes at 5 µg viral protein/ml or the TLR7 ligand Imiquimod (5 µg/ml) or 
medium as a positive or negative control, respectively. DC activation was assessed after a 
24 hr stimulation period by pooling of cells, adding fluorochrome-labels antibodies specific 
for CD40, CD80 and CD86 and flow cytometric analysis as described before [1]. B cell 
proliferation was assessed after a 3-day stimulation period by analyzing CFSE dye dilution of 
B cells using flow cytometry and analysis by Modfit software (Verity Software House).

The data in Figure 1 (A to C) show that the different variants of virosomal MPLA have a 
comparable capacity to upregulate CD40, CD80 and CD86 in DC, albeit generally lower in 
comparison with the capacity to induce upregulation of Imiquimod. Similar to responses 
in DC, the different variants of MPLA incorporated in virosomes induced a comparable 
proliferation response in B cells (Figure 1D). 
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FIGURE 1 | In vitro analysis of RSV virosomes incorporated with different MPLAs. Virosome preparations 
were added to mouse DCs overnight. Cells were pooled, single stained for expression of costimulatory molecules 
and analyzed by FACS. Cells were gated on monocytes and further on cell populations expressing CD40, CD80 
or CD86 marker. Unstimulated cells were subtracted from positive cells. (A) Upregulation of DC costimulatory 
molecule CD40, (B) upregulation of DC costimulatory molecule CD80, (C) upregulation of DC costimulatory 
molecule CD86. Bars represent the percentage of cells expressing CD40, CD80 or CD86 costimulatory molecule. 
(D) Virosome preparations were added to spleen-derived mouse B cells for three days. Cells were labeled with 
CFSE dye prior to stimulation. Following stimulation, cells were pooled and analyzed by FACS analysis to assess 
proliferation. Bars represent the percentage of proliferated B cells. 
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Effects of RSV virosomes carrying MpLA variants on isotype switching and 
antibody production
Next, the effect of virosome-incorporated MPLA on B cell isotype switching and antibody 
production was studied. For this, an in vitro model for B cell antibody isotype switching 
was adapted from Heer and coworkers [5]. In this in vitro model, B cells are activated using 
a CD40-specific monoclonal antibody (MoAb), which mimics T cell help to B cells through 
CD40L-CD40 interaction. After incubation for 10 days, measurement of antibody (isotype) 
levels in B cell culture supernatants is done by ELISA. In addition to the CD40 signal, B cells 
may also be activated with TLR ligands, such as virosomes with incorporated MPLA variants 
or Imiquimod, and its effect on antibody levels and class switching can be determined. 
Alternatively, third signals may be added, including, for example, soluble factors such as 
IFNα, produced by DC upon their stimulation with the TLR ligands mentioned above. Thus, 
spleen-derived B cells were plated and activated through addition of a MoAb specific for 
mouse CD40 (5 µg/ml). In addition, RSV virosomes carrying MPLA variants were added 
at 5 µg viral protein/ml. Imiquimod (1µg/ml) or medium served as a positive or negative 
control, respectively. In separate cultures, DC were stimulated for 24 hr with RSV virosomes 
carrying different forms of MPLA, added at 5 µg viral protein/ml, Imiquimod (5 µg/ml) or 
medium and supernatants of these cultures were added to corresponding B cell cultures 
stimulated with similar TLR ligands. Alternatively, recombinant IFNα was added at 10 ng/
ml. After incubation for 10 days, supernatants were harvested and antibody levels and 
isotype were determined by ELISA as described before [1].

Figure 2A shows that CD40 activation without TLR triggering results in a low level of 
IgG1 production without significant switching to IgG2a. Addition of virosomes carrying 
MPLA variants, particularly virosomes with native MPLA, promoted IgG2a switching, while 
also stimulating IgG1 production. Imiquimod also induced some switching to IgG2a. 
Addition of IFNα generally stimulated IgG2a switching, particularly when B cells were 
activated with virosomes with native MPLA or Imiquimod, and seemed to reduce levels of 
IgG1 (Figure 2B). Addition of supernatants from DCs activated by virosomal MPLA variants 
or Imiquimod clearly enhanced IgG2a levels, most prominently when DC cultures were 
stimulated with virosomes with plain MPLA or Imiquimod. In contrast to levels of IgG1 
in Imiquimod-stimulated cultures, levels of IgG1 in virosomal MPLA-stimulated cultures 
were increased (Figure 2C). Thus, all three MPLA forms incorporated in virosomes have 
the capacity to induce IgG isotype class switching.
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FIGURE 2 | Influence of RSV virosome with different MPLAs on RSV specific IgG1 and IgG2a levels of B cells 
in vitro. B cells, isolated from spleen, were stimulated for 10 days in different conditions: (A) with different RSV vi-
rosomes and CD40 ligand, (B) with different RSV virosomes, CD40 ligand and recombinant IFN-α and (C) with RSV 
virosomes, CD40 ligand and supernatant of RSV virosome stimulated Dendritic cells. For (C) differentiated DCs, 
isolated from mice, were stimulated, ex vivo, overnight with different RSV virosomes vaccines and supernatant 
was added to B cells. Bars represent specific IgG1 and IgG2a production of B cells measured by ELISA. Statistical 
differences were calculated using the Mann-Whitney-U test (*p<0.05).
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Discussion

In this study, we evaluated the direct and indirect effects of different variants of MPLA 
incorporated in RSV virosomes on DCs and B cells. All three tested MPLA variants (i.e. 
native MPLA, 3-OD-MPLA and PHAD®, the latter representing a synthetic version of MPLA) 
had similar effects on DC maturation with upregulation of CD40, CD80 and CD86 and, also, 
on B cell proliferation. Virosome-incorporated MPLA variants also stimulated antibody 
secretion and isotype switching to IgG2a antibody production in splenic B cells, particularly 
when supernatants were added from DC cultures activated with adjuvanted virosomes. 
These direct and indirect effects of MPLA most likely contribute to immunopotentiation 
which we observed upon immunization of mice with MPLA-containing virosomes. In this 
respect, it is of interest to note that, in vivo, MPLA-containing virosomes induce a similar 
ratio of IgG1 to IgG2a antibodies, as demonstrated previously [1]. Enhanced antibody 
secretion and isotype switching to IgG2a was most prominently seen when RSV virosomes 
containing native MPLA were used but similar effects were observed for virosomes with 
3-OD-MPLA or PHAD®, albeit at a somewhat lower magnitude. The observed enhanced 
antibody secretion and isotype switching to IgG2a in vitro is likely to be a direct effect of 
the adjuvanted virosomes on B cells and an indirect effect from soluble factors produced 
by DCs upon stimulation.

The direct effect on B cells is most likely mediated by TLR4 engagement on B cells. 
In general, TLR4 engagement on immune cells can lead to the triggering of both TRIF 
and MyD88 adaptor molecules [9]. Previous studies demonstrated that TLR7 and TLR9 
activation on murine B cells stimulated proliferation, antibody production and isotype 
switching towards IgG2a and that this activity was MyD88- dependent [5,10]. Although 
the TLR4 agonist MPLA is reported to induce TRIF-based signaling cascade upon TLR4 
activation [11], additional signaling through MyD88 is likely and transcription factors 
that are induced downstream of this adaptor molecule, e.g. NFκB, lead to general B cell 
activation and proliferation [9,12]. 

As indicated above, indirect effects on antibody production and isotype switching 
may be mediated by soluble factors produced by DCs upon their stimulation. Heer and 
coworkers reported that type I IFN inhibits production IgG1 isotype antibodies and 
enhances isotype switching to IgG2a in B cells that are activated through CD40 and TLR 
ligands [5]. Type I IFN, such as IFNα, is produced by DCs upon TLR4 activation and thus 
could represent a soluble factor that aids in the indirect effect of DC supernatant on B cell 
antibody production and isotype switching. Indeed, we observed reduced IgG1 isotype 
production in IFNα-supplemented cultures of B cells with anti-CD40 and virosomes 
with MPLA variants (Figure 2B versus Figure 2A), although enhanced IgG2a production 
was not evident. Antibody production and switching was most prominently seen when 
supernatants from DC cultures stimulated with MPLA-containing virosomes were added to 
B cell cultures. It is likely that these supernatants contained other B cell-supporting factors 
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such as BAFF and APRIL [13]. These factors are produced upon TLR activation in DCs [14]. 
In line with this reasoning, receptors for BAFF and APRIL, such as TACI, are upregulated 
on B cells upon TLR4 activation [15]. It is likely that enhanced antibody production and 
isotype switching in B cells results the above (direct and indirect) effects of MPLA variants 
in virosomes, not only in vitro as demonstrated here, but also in vivo, as shown before [1].

We conclude that all three MPLA variants used in this study activate B cells and 
DCs. 3-OD-MPLA and PHAD® are less toxic than natural MPLA, which makes them both 
attractive for use in vaccines. In addition, PHAD® is a synthetic molecule, which would 
be particularly preferred for use vaccines, such as the RSV virosomal vaccine used in this 
study. Indeed, PHAD® is a well-defined molecule and suitable for production of vaccines 
under Good Manufacturing Practices (GMP). 
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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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Purpose
Characterization of virosomes, in late stage preclinical development as vaccines 
for Respiratory Syncytial Virus (RSV), with a membrane-incorporated synthetic 
monophosphoryl lipid A, 3D-PHAD® adjuvant.

Methods
Virosomes were initially formed by contacting a lipid film containing 3D-PHAD® 
with viral membranes solubilized with the short chain phospholipid DCPC, 
followed by dialysis, later by adding solubilized 3D-PHAD to viral membranes, or 
to preformed virosomes from DMSO. 

Results
Virosomes formed from lipid films contained the membrane glycoproteins G and 
F, at similar F to G ratios but lower concentrations than in virus, and the added 
lipids, but only a fraction of the 3D-PHAD®. By single particle tracking (SPT), the 
virosome size distribution resembled that seen by cryo-electron microscopy, but 
dynamic light scattering showed much larger particles. These differences were 
caused by small virosome aggregates. Measured by SPT, virosomes were stable for 
300 days. 3D-PHAD® incorporation in virosomes could be enhanced by providing 
the adjuvant from DCPC solubilized stock, but also by adding DMSO dissolved 
adjuvant to pre-formed virosomes. Virosomes with 0.1 mg/mg of 3D-PHAD®/
viral protein from DMSO induced antibody titers similar to those by virosomes 
containing 0.2 mg/mg of DCPC-solubilized 3D-PHAD®.

Conclusions 
Stable 3D-PHAD® adjuvanted RSV virosomes can be formulated. 
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Abbreviations

Cryo-TEM cryogenic-Transmission Electron Microspcopy
DCPC  1,2 dihexanoyl-sn-glycero-3-phosphocholine
DLS  Dynamic Light Scattering
DOPC  1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
DOPE  1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
FI-RSV  Formalin Inactivated-RSV
F protein Fusion glycoprotein
GMP  Good Manufacturing Process
G protein Attachment glycoprotein
HPLC  high-performance liquid chromatography
LC-MS  Liquid chromatography–mass spectrometry
MPLA  Monophosphoryl lipid A
PdI  Polydisperse Index
RSV  Respiratory Syncytial Virus
SARI  Severe Acute Respiratory Infection
SPT  Single Particle Tracking
TLC  Thin Layer Chromatography
TLR4  Toll-like Receptor 4
VN  Virus Neutralizing
3D-PHAD® 3-deacyl-phosphorylated hexa-acyl disaccharide
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Introduction

Respiratory Syncytial Virus (RSV) is a major cause of viral bronchiolitis among infants and 
young children, and also causes serious disease in immunocompromised individuals and 
the elderly. Worldwide, approximately 120 million people are affected by a severe acute 
respiratory infection (SARI) each year, among whom 1 million patients do not survive 
the infection [1,2]. It has been shown that RSV is one of the most common pathogens to 
cause SARI [3]. Despite the impact of RSV on global health, there is no vaccine available 
for prevention of RSV infection. This is in part due to the disastrous outcome of an early 
clinical study among young children in the 1960s. In this trial, a formalin-inactivated RSV 
vaccine (FI-RSV) induced enhanced respiratory disease in vaccinees upon natural infection, 
leading to increased morbidity and the death of two children [4–7]. This unexpected 
response was found to be due in part to the induction by the FI-RSV vaccine of low-affinity 
and poorly neutralizing antibodies directed to the fusion (F) glycoprotein of RSV. [8–13]

While RSV vaccine development has been delayed, an effective RSV vaccine remains 
urgently needed. At the same time, there is an increasing awareness that different 
vaccine formulations may be required for different target groups for vaccination. Live-
attenuated vaccines, which mimic exposure to wild-type RSV, aim at protection of infants 
and young children, while avoiding enhanced respiratory disease. Alternatively, young 
infants in the first critical months after birth may be protected through vaccination of 
the mothers during the third trimester of pregnancy [14]. In this case, the main aim of 
vaccination is a short-term induction of high titers of virus-neutralizing (VN) antibodies 
for efficient transfer through the placenta. An inactivated vaccine comprising at least the 
RSV F glycoprotein may well be optimally suited for this purpose. Finally, an RSV vaccine 
is also needed for the elderly and immunocompromised individuals. Here, it is a gradual 
senescence or dysfunction of the immune system that may cause symptomatic disease 
after RSV infection, despite repeated exposure to the virus earlier on in life. Clearly, here 
the aim of vaccination is to boost the pre-existing immune response. A particle-based 
formulation comprising both the F and G glycoproteins of the virus and containing a 
powerful adjuvant, would appear to be optimal. [8,15–18] 

We are developing a virosomal vaccine targeting the elderly and pregnant women. 
Virosomes are reconstituted viral envelopes that contain the membrane glycoproteins of 
the virus but lack the viral nucleocapsid. Properly produced virosomes retain the receptor-
binding and membrane fusion characteristics of the virus from which they are derived, as 
has been shown extensively for influenza virosomes, [19–21], indicating that the native 
structure of the membrane proteins was preserved. For RSV, this could be crucial, since 
with the early FI-RSV vaccine, discussed above, critical epitopes of the viral F glycoprotein 
were disrupted, which led to induction of low-affinity antibodies with a deficient capacity 
to neutralize the virus [22,23]. It has been shown that potently neutralizing antibodies 
directed against the F glycoprotein bind to the native conformation of the [24–26]. The 
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second envelope protein, the attachment (G) protein, is the receptor binding protein of 
the virus [27]. Combinations of F and G protein in RSV vaccines have been shown to be 
substantially more immunogenic than F or G alone [4,28].

In initial RSV virosome vaccine candidates, we tested a lipophilic adjuvant, 
monophosphoryl lipid A (MPLA) (Kamphuis et al., 2012) and a derivative, 3-desacyl 
MPLA, incorporated in the virosomal membrane [29]. 3-desacyl MPLA is used as an 
adjuvant in several marketed human vaccines.  3-desacyl MPLA is 10.000x less toxic 
than bacterial lipopolysaccharide (LPS), from which it is derived. Nonetheless, it remains 
a potent activator of the immune system [30]. MPLA is known to activate the immune 
system through engagement of Toll-like-receptor 4 (TLR4) [31]. This activation skews the 
immune response towards a Th1 T-cell response, leading to increased antibody levels of 
the favorable IgG1 subtype [32]. Kamphuis et al. have shown that incorporation of MPLA 
in RSV virosomes results in increased virus-neutralizing antibody responses in mice and 
cotton rats compared to non-adjuvanted virosomes [33]. The experiments of Kamphuis 
et al. also demonstrated protection of mice and cotton rats against viral challenge after 
immunization with MPLA-containing virosomes [34]. Thus, MPLA is a potentially suitable 
adjuvant for RSV virosome vaccines. However, MPLA and 3-desacyl MPLA are complex 
mixtures of about 20 molecules, differing in the number and length of acyl chains, for 
example, complicating vaccine production. 

The present study describes biochemical and physical characterization of a virosomal 
RSV candidate vaccine containing the synthetic adjuvant 3D-PHAD®, identical to one of 
the most active molecules present in 3-desacyl MPLA. The study provides size distribution 
analysis by various techniques, including single-particle tracking (SPT), dynamic light 
scattering (DLS) and cryogenic transmission electron microscopy (cryo-TEM), as stability 
studies by SPT, as well as a quantitative account of the lipid, adjuvant and protein 
composition of the virosomes, methods for incorporating the adjuvant, and initial 
comparative immunogenicity studies. 
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Materials and Methods  

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), 
with a multiplicity of infection (MOI) of 0.001, at a nucleus 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 a filter train combining 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 
using a Midikros 145cm2, pore size 0.05 μm, polysulfone (PS) UF/DF filter (Spectrum labs, 
Breda, The Netherlands) 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 was concentrated by tangential flow ultrafiltration using a 26 cm2, 
molecular weight cut-off (MWCO) 30 kDa PS ultrafiltration hollow-fiber filter (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 100 mM 1,2 dihexanoyl-sn-
glycero-3-phosphocholine (DCPC) (Avanti Polar Lipids, Alabaster, AL, USA) in HNE buffer. 
The nucleocapsid was removed by ultracentrifugation in a table-top ultracentrifuge, S100 
AT4 rotor, at 50k rpm for 30 min, and the viral supernatant was collected. In a first set of 
experiments, a mixture of 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), 
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and cholesterol (all from Avanti), 
also containing 3-deacyl-phosphorylated hexa-acyl disaccharide (3D-PHAD®) [35] (Avanti), 
in a 2:1 chloroform/methanol solution was evaporated to form a dry lipid film in a glass tube. 
The film was dissolved in the viral supernatant to attain final concentrations of 850 nmol 
DOPE, 425 nmol DOPC, 255 nmol cholesterol, and 300 nmol 3D-PHAD® per mg of total viral 
protein in the supernatant. 
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Alternatively, stock solutions of lipids were prepared in 200 mM DCPC in HNE and a 
stock solution of 3D-PHAD® (1mg/ml) was prepared in 500 mM DCPC in HNE, and these 
were mixed with the viral supernatant, as further indicated in the Results section. The 
supernatant/lipid mixtures were incubated for 15 min on ice, filtered through an 0.22 
μm cellulose acetate 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.

Sucrose density gradient analysis
The virosomes were analyzed by equilibrium sucrose density gradient centrifugation on 
a 10-60% (w/v linear sucrose gradient in HNE buffer as described earlier [36]. Gradients 
were centrifuged in a Hitachi centrifuge for 60 hr in an AH650 rotor at 50k rpm (296,005 
g). Fractions of 0.5 ml were collected from the gradient and analyzed for protein using a 
Bio-Rad Bradford protein assay (BioRad, Veenendaal, The Netherlands) [37], phospholipid 
phosphate as described before [38] and density by refractometry. 

Biochemical analysis of RSV virosomes
Thin Layer Chromatography: The virosomes were analyzed for the presence of incorporated 
lipids and adjuvant by TLC. TLC plates were activated at 150°C for 30 min before use. 
Virosome samples (non-extracted), and control samples (dissolved in chloroform/
methanol, 2:1) were applied onto the TLC plates with a Hamilton syringe. Control samples 
were DOPE, DOPC and synthetic 3D-PHAD®, 1 to 1.5 nmol each. The plates were dried 
and then eluted with chloroform/methanol/water (100:75:15 by vol), and subsequently 
dried and incubated, under gentle shaking, for 30 sec in 15 ml cerium molybdate stain 
(Hanessian stain: ammonium molybdate, cerium sulfate, and sulfuric acid), and developed 
for 10 min at 150 °C. TLC plates were scanned and the intensity of each spot (DOPE, DOPC 
and 3D-PHAD®) was semi-quantified by ImageJ.

HPLC and LC-MS. To quantify the incorporated amounts of lipid and synthetic 
3D-PHAD®, virosome preparations, prepared with pre-dissolved lipids and 3D-PHAD®, 
were analyzed by TNO Triskelion (Zeist, The Netherlands) by high-performance liquid 
chromatography (HPLC) for DOPC, DOPE and cholesterol. The HPLC system Thermo 
Scientific Ultimate 3000 was used for this analysis with a Waters Acquity BEH Phenyl 
1.7 μm, 2.1 x 100 mm column, at a column temperature of 40°C and a flow rate of 0.5 
ml/min. Mobile phase A contained 0.1 % formic acid, 10 mM NH4Ac, 5 % methanol and 
water, mobile phase B contained 0.1 % formic acid, 10 mM NH4Ac in 100 % methanol and 
the injection volume was 1 µl. Liquid chromatography–mass spectrometry (LC-MS) was 
conducted by M-Scan (Geneva, Switzerland) and or by Avanti Polar Lipids (Alabaster, AL, 
USA), using proprietary methods, to determine the amount of 3D-PHAD®, incorporated in 
the virosomal membrane.
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SDS-PAGE: Virosomes were analyzed on a SDS-PAGE gel (RunBlue SDS Gel 16%, 
Westburg, The Netherlands) followed by silver staining according to manufactures 
protocol (ProteoSilver Silver stain kit, Sigma-Aldrich, Zwijndrecht, The Netherlands). 
Mark12 (Thermofisher, Breda, The Netherlands) protein standard was taken along to 
determine the size of each protein.

Electron microscopy 
Immunogold labeling: For immunogold labeling, Palivizumab a humanized monoclonal 
antibody against F protein (ASD Specialty Heath Care Inc., Chicago IL) and MAB858-2 
(Millipore), a mouse-derived monoclonal antibody against G protein were used. FCF-300-
Ni Mesh grids (Electron Microscopy Science, Hatfield, PA, USA) were first incubated, face 
downward, on a droplet of sample (virosomes 1:10 dilution, virus undiluted), pH 7.4 for 
5 min, then blocked with blocking agent (Aurion, Wageningen, The Netherlands) for 30 
min and incubated for 1 hr with Palivizumab and MAB858-2, at a dilution of 1:100 in PBS 
(Lonza, Breda, The Netherlands) containing 5% blocking agent (Aurion). After washing in 
PBS with 5% blocking agent, grids were incubated for 1 hr with secondary antibody, 1:20 
diluted in PBS/5% blocking agent, then washed in PBS/5% blocking agent and afterwards 
in PBS. Secondary antibodies were a 6-nm gold-coupled goat anti-human antibody for 
Palivizumab and a 15-nm gold-coupled goat anti-mouse antibody for MAB858-2. Grids 
were fixed with 1% glutaraldehyde in PBS for 10 min, followed by washing with water. 
Grids were stained for 30 sec with 1% uranyl acetate and air dried for EM analysis. Samples 
were also single -labeled to detect either F or G proteins. For this, same protocol was 
used as described here. Secondary antibodies were a 10-nm gold coupled goat anti-
human antibody for Palivizumab and a 6-nm gold coupled goat anti-mouse antibody for 
MAB858-2. Sample preparation was done in duplicate. For negative controls a random IgG 
mouse antibody and human-anti-human actin-beta antibody (AbD Serotec, Oxford, UK) 
were used. Images were recorded with a Veleta camera on a JEOL JEM 1011 transmission 
electron microscope and analyzed with the software iTEM (Soft Imaging System, Munster, 
Germany).

Cryogenic TEM: Cryogenic transmission electron microscopy (TEM) analyses were 
performed at the Electron Microscopy Centre of the Wageningen University (The 
Netherlands). Quantifoil R2/2 holey carbon grids were exposed to a glow discharge in air 
for 20 sec. Four µl of the suspension was applied to each grid, which were then blotted 
and vitrified in liquid ethane using a Vitrobot (FEI Company). Frozen specimens were 
observed at -180°C in a JEOL JEM2100 transmission electron microscope (JEOL Ltd, Japan) 
equipped with a Gatan CT3500 cryoholder and a Gatan US4000 camera. Images were 
taken at 2-4 µm under focus.
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Single-particle tracking
Particle size distribution of the virosomal RSV vaccine was evaluated using a NanoSight 
LM10 nanosizer with a 60 mW 405 nm laser (NanoSight, Malvern Instruments Ltd, UK) 
and a Hamamatsu Ocra Flash 2.8 CMOS camera (Hamamatsu Photonics KK, Hamamatsu, 
Japan). Before and after each sample measurement, the sample cell was cleaned and dried 
according to instructions of Malvern Instruments. An appropriate dilution of the samples 
was prepared to obtain an optimal particle concentration between 40 – 100 particles/
frame. Samples were diluted in HNE buffer in two or three steps. Seven consecutive 60-sec 
videos were recorded for each dilution. Shutter and gain settings were optimized for each 
sample. The camera histogram gating was adjusted for each individual measurement 
to maximize sensitivity. Data analysis was performed in NanoSight NTA 3.0 or NTA 3.1 
software (Malvern Instruments) in batch mode, using finite track length adjusted (FTLA) 
weighting.

Dynamic light scattering (DLS)
The particle size of the virosomes was also determined using dynamic light scattering 
(DLS) in a Zetasizer Nano-ZS90 (Malvern Instruments). Intensity-size distribution graphs, 
Z-average (mean cluster size based on the intensity of scattered light) and polydispersity 
index values were recorded. Each analysis typically comprised 3 consecutive measurements 
including the Z-average diameter.

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 were conducted under isoflurane anesthesia, and every effort was made 
to minimize animal suffering.

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), at a dose of 5 μg of viral protein per immunization. 

Anti-RSV IgG ELISAs and neutralizing antibody tests were performed as described before 
[33,36] Briefly, for ELISA, 96-well plates were coated overnight with betapropiolactone 
(BPL)-inactivated RSV. After blocking, SV-coated plates were incubated with two-fold 
serial dilutions of mouse sera and then incubated with horseradish-peroxidase-coupled 
goat anti-mouse IgG, (Southern Biotech) for detection of serum IgG antibody levels, 
stained with o-Phenylenediamine (OPD; Sigma-Aldrich, St Louis, MO, USA), and read in a 
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ELISA plate reader at 492 nm. IgG titers were 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. The titers of virus neutralizing antibodies in were determined by incubation of 
serial two-fold dilutions of decomplemented serum with infectious virus, and infecting 
Hep-2 cells with the mixtures [33].

Results

physical and biochemical analysis of the composition of RSV virosomes
Virosomes were prepared from purified RSV virus, strain A2, as described in Materials and 
Methods. Briefly, purified RSV virus was solubilized with DCPC, the viral nucleocapsid was 
removed by ultracentrifugation, the supernatant was added to a dry lipid film consisting of 
DOPC, DOPE, cholesterol and 3D-PHAD®, the film was solubilized in the DCPC-containing 
supernatant and, after sterile filtration, the final mixture was dialyzed.

FIGURE 1 | 3D-PHAD® molecular structure. Phosphorylated HexaAcyl Disaccharide, a fully synthetic produced 
monophosphoryl lipid A (source illustration: https://avantilipids.com/product/699852; Accessed March 20, 
2018).

The formation of virosomes was analyzed by equilibrium sucrose density-gradient 
centrifugation. Figure 2 shows the results for a typical virosome preparation. Protein 
and phosphate were found to co-migrate in a single peak in the gradient, indicating 
successful reconstitution of the viral envelope. The absence of phosphate outside the 
virosome peak indicates that DOPC, DOPE and 3D-PHAD® (which all have phosphate 
groups) were essentially quantitatively associated with the virosomal membrane. Some 
non-incorporated protein was present in fraction 3 of the gradient.
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FIGURE 2 | Equilibrium density sucrose gradient analysis of virosomes. An RSV A2 virosome preparation 
was analyzed by equilibrium density gradient centrifugation on a 10-60% sucrose gradient. Fractions of 0.5 ml 
were taken from the bottom (left side), and the density, protein and phosphate concentration of each fraction 
was determined.

The protein composition of the virosomes was analyzed by SDS-PAGE. In unfractionated 
virosome preparations, the F and G membrane proteins were found (Figure 3A), along with 
the viral matrix (M), and phosphoprotein (P). G, uncleaved or non-reduced F (F0), and its 
F1 subunit were identified by blot (not shown); the F1 subunit has an apparent molecular 
weight of 54 kDa, and the G-protein was around 120 kDa in size, corresponding to the 
sizes of F and G reported in the literature [39–41]. On the gel, the position of uncleaved F 
(F0) overlaps with that of G (Figure 3A). In the virosome fraction of the gradient, F, G and M 
were present. The non-incorporated protein consisted mainly of M and P, most likely from 
residual nucleocapsid (Figure 3B). Semi-quantitative analysis of M and P band intensity of 
fraction 3 and 8 by ImageJ revealed that 46 % of M and 40 % of P are present in virosome 
fraction 8.

The incorporation of lipids and adjuvant into the virosomes was analyzed by thin-layer 
chromatography (TLC). The results of the TLC analysis confirmed that DOPC, DOPE and 
3D-PHAD® were present in the virosome preparation (Figure 3C). To roughly quantify the 
amount of incorporated lipids and adjuvant, the intensities of the spots observed after 
TLC analysis of the virosomal lipids, shown in Figure 3C, were determined using ImageJ 
analysis. The relative recoveries of DOPE and DOPC in the virosomes were essentially 
equal and represented approximately half of the amounts that were initially added, 
indicating a somewhat lower recovery than that of the viral protein (64%). However, the 
total quantity of virosome-associated adjuvant 3D-PHAD® was found to be less than 10% 
of the amount initially added. It therefore appeared that 3D-PHAD® was specifically lost 
during the production process.
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FIGURE 3 | Biochemical analysis of RSV virosomes. (A) SDS PAGE analysis of virosomes. G: G glycoprotein, 
F0: inactive precursor F glycoprotein, F1: large subunit of F glycoprotein, P: nucleocapsid protein, and M: Matrix 
protein. (B) SDS-PAGE of fractions from the gradient in Figure 1. (C) Virosomes were analyzed for DOPC, DOPE, 
3D-PHAD® incorporation by thin layer chromatography (TLC), sample is present at two different dilutions 
(sample 1 and sample 2). Spot intensity measurements were done using ImageJ software.

Immunogold labeling
The presence of F and G protein in the virosomal membrane, as shown in Figure 3A, 
was further examined by double immunogold electron microscopy staining. With this 
technique, F and G were visualized simultaneously using specific monoclonal antibodies 
and secondary staining antibodies coupled to 6-nm gold particles for the F protein and 
to 15-nm particles for G protein. The double immunogold staining gives an indication for 
the ratio of F and G protein incorporated in the virosomal membrane compared to that 
in the native virus. 

Several experiments showed that, in different virosome samples, the amount of 
virosome-incorporated F protein was higher than that of G, in agreement with the F-to-G 
ratio in native RSV virions. Detailed examination of the electron micrographs showed 
that the F-to-G ratio in the virus sample shown in Figure 4B/C was 7.1:1, while that in the 
virosomes shown in Figure 4A was 5.3:1. Whereas the F-to-G ratio was thus similar in virus 
and virosomes, the overall membrane surface density of both envelope glycoproteins 
together appeared substantially lower in the virosomes than in the virus (Figure 4). This 
reduced density results from the presence of added lipids in the virosome membrane, 
which expands the membrane, and also from the fact that in virosomes, in contrast to 
virus, the membrane glycoproteins are randomly oriented, facing the inside of the 
virosome as well as the outside [21].
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Control single immunogold staining was performed to exclude possible interference 
between the gold-conjugated monoclonal antibodies directed to F and G. The results 
showed that the number of gold particles bound to F or G did not vary between the 
single or double immunogold staining procedures (results not shown). This indicates 
that during double immunogold staining, the mAbs did not interfere with each other. 
Other controls (as described in Materials and Methods) showed that there was no cross-
reactivity between the antibodies binding to F or G (results not shown). 
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FIGURE 4 | Double immunogold labeling of virosomes and purified RSV. Virosomes (A) and purified virus 
(B and C) were labeled with two different sizes of gold particles. The G protein was labeled with 10 nm gold 
particles and the F protein with 6 nm gold particles. Negative stain EM images, scale bars are 100 nm.

Size distribution analysis of the virosomes
The size distribution of virosomes is usually determined by dynamic light scattering (DLS) 
[42]. By cryo-electron microscopy the virosomes appeared heterogeneous, and a large 
majority was smaller than 100 nm (Figure 5). However, by DLS it appeared as though the 
particles were much larger, with a broad size distribution, indicating a large fraction of 
particles with sizes between 200 and 500 nm (Figure 6D). Such particles were not seen at 
all by microscopy. 
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FIGURE 5 | Cryo-electron micrograph of RSV virosomes. 

To understand these discrepancies and find a reliable method to accurately determine 
the size of the virosomes, size measurements by single-particle tracking (SPT) were 
tested, and some model studies were undertaken. DLS is a population-based technique, 
which measures the mean hydrodynamic diameter of particles in suspension based on 
fluctuations in the light scattering produced by the particles [43–46]. Particles are best 
described by the Z-average diameter, the intensity weighted harmonic mean using this 
technique, but that parameter may not accurately measure particle size in heterogeneous 
populations of particles. A Polydispersity Index (PdI) is therefore calculated from the 
data. The lower the PdI the more homogenous the suspension. For virosomes, a PdI of 
<0.4 is acceptable [42]. Single-particle tracking (SPT) measures the Brownian motion of 
individual particles in liquid, which is directly related to the size of the particles by the 
Stokes-Einstein equation [47]. For this technique, the best measure of size is the mode, the 
particle size that is most frequent in the population.

The reliability of size measurements in samples by DLS vs. SPT was first examined using 
monodisperse suspensions of polystyrene beads of 100 nm and 200 nm particle diameter, 
as well as a mixture of beads of 100 nm and 200 nm in a ratio of 2.5:1.

DLS and SPT measured similar Z-average diameters and modes, respectively, for 
either 100-nm (93 nm by SPT, 106 nm by DLS) and 200-nm (179 nm SPT, 212 nm DLS) 
polystyrene beads in suspension alone, showing a single peak of in the size distribution 
histogram (Figure 6). Compared to SPT, the size distribution as measured by DLS was 
much broader, from 50 to 200 nm for the 100-nm beads, and 110-400 nm for the 200-nm 
beads. The polydispersity Index (PdI) of the DLS measurements was low, 0.026 for the 
100-nm and 0.021 for the 200-nm beads. However, with the mixture of 100- and 200-nm 
beads, DLS did not resolve the two populations (Figure 6C). DLS showed one broad peak 
for the mixture, with a mean size of 207 nm, which is biased towards the larger particle 
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size, although the majority of the particles was 100 nm. In spite of this, the calculated PdI 
was low also, 0.095, for the mixture of 100-nm and 200-nm beads, which would indicate 
a monodisperse sample. Therefore, the DLS data do not accurately represent the size 
distribution of the sample, without revealing the problem by an elevated PdI. In contrast, 
SPT clearly showed a large peak at around 100 nm (mode 96 nm) as well as a small peak 
at around 200 nm.
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FIGURE 6 | Polystyrene beads in monodisperse and polydisperse suspension and virosome sample 
measured with SPT and DLS. Panel (A), size distribution of 100 nm polystyrene beads, Panel (B) size distribution 
of 200 nm polystyrene beads, panel (C) mixture (2.5:1) of polystyrene beads of 100 nm and 200 nm and panel 
(D) Size distribution of virosome sample. Size distributions were measured by DLS (red) and SPT (black). Notice 
different scales.

Figure 6D shows the size distribution of the virosomes measured by SPT and DLS. The 
SPT measurement showed a modal size of 96.3 nm. There was a clear right-hand shoulder 
in the size distribution, indicating a population of larger particles, or aggregates of smaller 
particles. The same virosome preparation measured by DLS showed a much broader 
peak with a Z-average of 113.1 nm and a PdI of 0.358. As for the mixture of polystyrene 
beads, DLS measurements of the virosomes thus showed larger mean particle diameters 
than SPT and a broader size distribution, which could be caused by the larger particles 
or aggregates revealed by SPT dominating the signal in DLS. By SPT, D10, D50 and D90 
values for the virosome preparation were 52.8 nm, 75.3 nm and 107.1 nm. The D50 value, 
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the median, is defined such that half of the particle population has a diameter smaller 
than this value. Likewise, 90 percent of the particles have a diameter below the D90 value, 
and 10 percent below the D10 value. It was concluded that SPT measurements were much 
more representative of the virosomes as observed by electron microscopy (Figure 5), with 
the exception of the right-hand shoulder; by EM, particles larger than 100 nm were not 
observed. It is possible that in solution, some virosomes would aggregate and move as 
one large particle. By EM that cannot be verified. 

Stability and aggregation of RSV virosomes
Virosome samples were analyzed over time for their long-term stability to investigate if 
aggregates were accumulating. A fresh preparation of virosomes was measured immediately 
after production and then stored at 4°C for 300 days. Periodically, samples were taken and 
the size distribution was measured with SPT (Figure 7, Table 1) and cryo-TEM (Table 2). It was 
observed that the virosomes would sediment over time, potentially indicating aggregation 
of the particles. Before each SPT measurement, or electron microscopy, samples were 
inverted several times to resuspend the sediment, and diluted with buffer. As measured by 
SPT, the mode and D10 changed very little over time. However, between freshly produced 
virosomes and all other time points, there was a slight increase in D90, and in the number 
of particles in the right-hand shoulder of the distribution. An arbitrary cut-off of 150 nm 
was chosen to characterize these (Table 1). The size of the particles as measured by EM 
was consistently smaller than that measured by SPT and showed no trend over time. The 
difference was not due to the size limit in SPT; SPT cannot measure particles smaller than 30 
nm, but by EM, such particles were not detected.

TABLE 1 | Size distribution of virosomes measured by SPT over a period of 300 days.

Date Day 0 Day 57 Day 78 Day 300

% <150 nm 97% 93% 91% 90%

% >150 nm 3% 7% 9% 10%

Mode (nm) 69 82.4 75.3 72.4

D10 (nm) 50.7 57.4 53.8 52.1

D90 (nm) 110.9 142.4 140.3 155.2

For each time point, the reported parameters were the average of at least 6 individual particle size distribution 
measurements, each representing about 10 000 complete particle tracks.

TABLE 2 | Size distribution of virosomes measured by cryo-TEM over a period of 300 days.

Day 40 Day 80 Day 300

Average (nm) 57.7 60.5 55.3

Mode (nm) 48.3 73.3 48.3

Particle count 330 225 1597
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FIGURE 7 | SPT and Cryo-TEM size distributions of RSV virosomes. Panel (A) Size distribution measured by 
SPT. Each time point is the average modal size of at least six individual measurements, each representing at least 
10 000 finite tracks (about 1500 particles). Panel (B) Average diameter of particles as measured by cryo-electron-
microscopy, 330 particles were measured for the 40-day time point, 225 for the 80-day, and 1597 for the 300-day 
point. For comparison, some of the corresponding SPT measurements are shown.

Improved incorporation of 3D-phAD® in the virosomes 
As indicated above, the recovery of the 3D-PHAD® adjuvant in the virosomes was 
significantly lower than that of the other virosomal components (Figure 2). In the initial 
virosome production process, the lipids were deposited as a thin lipid film on the wall 
of a glass tube, which was then dissolved in the viral supernatant, which contained 100 
mM of the short-chain phospholipid DCPC, acting as a detergent (its critical micelle 
concentration is about 17 mM). The 3D-PHAD®/viral protein ratio in the mixture was 1 
mg/mg. The resulting mixture was clear, suggesting all components were dissolved. After 
sterile filtration, virosome were formed from the filtrate by dialysis.
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In order to investigate the loss, and to measure 3D-PHAD® more precisely, two contract 
research organizations independently developed methods to measure its concentration 
in a virosome sample by LC-MS, reaching similar conclusions (Table 3); indeed, less than 
1% of the added adjuvant was incorporated in the virosomes. Heating the glass tube with 
the lipid film/viral supernatant mixture to about 45°C for about 30 min, increased the 
virosome-incorporated amount of 3D-PHAD® tenfold. It was next attempted to dissolve 
3D-PHAD® in 100 mM DCPC and add it to the viral supernatant. Although the solution 
appeared clear, after filtration the resulting virosomes still contained less than 10% of the 
initial amount of 3D-PHAD®. Subsequently, 1 mg/ml of 3D-PHAD® was dissolved in 500 
mM DCPC (the limit of DCPC solubility in water), with bath sonication for 5-8 min at 56°C, 
and mixed with stock solutions of the lipids, also in DCPC. The mixture was added to the 
viral supernatant, and virosomes were prepared without filtration. At these concentrations 
of DCPC, it took 48 hr with seven changes of buffer, to completely dialyze out the DCPC. 
The 3D-PHAD® was incorporated quantitatively (Table 3). This was then repeated with 
sterile filtration of the mixture. Apparently, filtration led to the loss of viral protein, but all 
the 3D-PHAD® was incorporated in the virosomes, leading to an elevated 3D-PHAD® over 
protein ratio (Table 3).

TABLE 3 | 3D-PHAD® incorporation in virosomes.

Preparation
3D-PHAD® 

incorporated 
(mg/mg of protein)

Virosomes from a dry film of lipids and 3D-PHAD®, filtration 0.009

Virosomes from a dry film of lipids and 3D-PHAD®, heated, filtration 0.09

Virosomes from a dry film of lipids, 3D-PHAD® solubilized @ 100 mM DCPC, filtration 0.08

Virosomes from solubilized lipids @ 200 mM and 3D-PHAD® @ 500 mM, without filtration 0.995

Virosomes from solubilized lipids and 3D-PHAD® @ 500 mM, filtration 1.5

In all cases, 1 mg of 3D-PHAD® was added to 1 mg of viral protein during the production of virosomes.

Although it was thus possible to incorporate 3D-PHAD® quantitatively in virosomes, 
the final concentrations of DCPC in the protein/lipid/adjuvant mixture were more than 
250 mM, prolonging dialysis times. It was therefore attempted to incorporate 3D-PHAD® 
in pre-formed virosomes from a solution of 10 mg/ml of 3D-PHAD® in DMSO. Virosomes 
were prepared without 3D-PHAD®, and a small aliquot of 3D-PHAD® in DMSO (25 µl) was 
slowly added to 975 µl of virosomes with constant stirring at room temperature, at a 
ratio of 0.1 mg of 3D-PHAD® per mg of viral protein, and incubated overnight at 4°C. The 
virosomes were then analyzed by sucrose density gradient centrifugation (Figure 8). As 
in Figure 2, a single peak of phosphate was found for the virosomes. The 3D-PHAD® was 
found to be quantitatively incorporated in the virosomes. 
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FIGURE 8 | Equilibrium density sucrose gradient analysis of virosomes. After adding from DMSO to 
virosomes and overnight incubation, virosomes were analyzed by equilibrium density gradient centrifugation 
on a 10-60% sucrose gradient. Fractions of 0.5 ml were taken from the bottom (left side), and the density, protein 
and phosphate concentration of each fraction were determined.

Immunogenicity in mice of RSV virosomes with improved levels of 3D-phAD®
To evaluate the immunogenicity of RSV virosomes with improved incorporation of 
3D-PHAD® and to compare virosomes prepared by the DMSO method and the DCPC 
method, an immunization experiment in mice was performed. Mice were immunized 
twice, on day 1 and day 15 with virosomes, prepared by the DMSO method at 5 µg of 
protein per injection. In the comparator group, mice were immunized with virosomes 
containing 0.2 mg 3D-PHAD® per mg of protein, with 3D-PHAD® dissolved in DCPC, as 
described above, reasoning that the 3D-PHAD® added from DMSO would only be present 
in the outer leaflet of the virosomal bilayer, and that only 3D-PHAD® presented to the 
immune system on the outside of virosomes would act as an adjuvant. Blood samples 
were taken at day 28 and analyzed for neutralizing antibodies (Figure 9) and anti-RSV 
IgG (Figure 10) as described before [33]. Both preparations were found to induce similar 
antibody titers, indicating the quality of the virosomal vaccines produced by either 
method is equivalent.
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FIGURE 9 | RSV-specific neutralizing antibodies. Mice 
(10 animals per group) were vaccinated twice IM with RSV 
virosomes containing 3D-PHAD®. Control groups were 
vaccinated with buffer. Each injection contained 5 µg of 
protein. Group 0.2 mg/mg represents 0.2 mg/mg 3D-PHAD®/
viral protein in virosomes prepared by the classical, thin 
lipid film methodology RSV. Group 0.1 mg/mg represents 
0.1 mg 3D-PHAD®/viral protein post-inserted after virosome 
preparation. Neutralizing antibody titers in serum obtained 
at day 28. Logarithmic (base 2) representation of the titer, the 
line denoting the average.
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FIGURE 10 | Anti-RSV IgG as determined by ELISA. Mice 
(10 animals per group) were vaccinated twice IM with RSV 
virosomes containing 3D-PHAD®. Control groups were 
vaccinated with buffer. Each injection contained 5 µg of 
protein. Group 0.2 mg/mg represents 0.2 mg/mg 3D-PHAD®/
viral protein in virosomes prepared by the classical, thin 
lipid film methodology RSV. Group 0.1 mg/mg represents 
0.1 mg 3D-PHAD®/viral protein post-inserted after virosome 
preparation. Logarithmic (base 10) representation of the 
geometric mean titer, the line denoting the average.

Discussion

In earlier studies, an MPLA-containing virosomal RSV vaccine was tested in mice and cotton 
rats, and found to induce a good immune response with a favorable safety profile [33,34,36]. 
Those virosomes were made by dissolving the viral membrane in DCPC, removing the 
nucleocapsid, adding the dissolved membranes to a dry lipid film of lipids containing MPLA, 
followed by sterile filtration and then dialysis of the DCPC. However, MPLA is a complex 
mixture of molecules which is difficult to produce and to reproduce. Aiming to produce 
virosomes under GMP, in the current paper, a synthetic variant of MPLA, 3D-PHAD®, was 
incorporated in the virosomal membrane and the virosomes were analyzed extensively. As 
expected, the viral membrane proteins F and G were found in the virosomes, in a ratio similar 
to that of the virus, albeit at a lower surface density than on virions. The lower surface density 
resulted from the expanded membrane, as lipids were added during virosome formation 
to the solubilized viral membrane components, and because of the random orientation of 
the membrane proteins in the virosomal membrane as opposed to the virus, where they 
face outward only. The lipid addition serves mainly to accommodate the adjuvant in the 
virosomal membrane. If the virosomes are not further purified, the preparation additionally 
contains at least the viral proteins P and M. About half the M protein was found to be 
virosome-associated after sucrose density gradient purification; the rest of the M and P were 
not virosome-associated. Most likely, associated M is bound to the C-terminus of F, as M 
drives the budding of virus by associating with F [48]. While virosomes, which were made 
using a mixed dry lipid film of DOPE, DOPC and 3D-PHAD®, contained approximately 50% of 
the added lipids, and all 3D-PHAD® was found in the peak of the gradient (not shown), only 
a fraction of the 3D-PHAD® appeared to be virosome-incorporated. 

These virosomes were then further characterized by size distribution measurements. 
Although the standard method for virosome size measurements is DLS, DLS showed much 
larger virosomes than could be seen by cryo-electron microscopy. When virosomes were 
measured by SPT, the size distribution partially overlapped with diameters determined 
from cryo-electron micrographs, except for two features; EM showed more particles with 
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a diameter between 30-50 nm, while SPT showed relatively more particles of 100-125 
nm, and the size distribution by SPT had a right-hand tail, showing a fraction of particles 
with sizes between 150-200 nm (Figure 7B). These data suggest that small particles might 
aggregate in solution, with small aggregate movements jointly producing a single track in 
SPT measurements. Model studies were then undertaken with polystyrene beads. These 
studies showed that a 2.5:1 mixture of 100- to 200-nm beads is resolved by SPT (Figure 
6C), but produces essentially a single, broad size distribution around the size of the larger 
particles if measured by DLS, just as the distribution found for the virosomes by DLS (Figure 
6D). Therefore, we conclude that small aggregates, whose presence is suggested by the SPT 
measurement, are causing the scattering giving rise to the distribution measured by DLS. As 
an indication for the underlying polydispersity of a sample, DLS instruments calculate a PdI. 
A PdI of < 0.7 is usually taken to mean that polydispersity is low, and the size distribution 
measurement reliable [49]. However, both virosomes and the latex beads mixture have a 
polydispersity index lower than 0.7.

We noticed that virosomes would sediment after weeks to months of storage in the 
refrigerator, suggesting they may have a tendency to agglutinate or aggregate. Irreversible 
aggregation would not be acceptable within the context of production under the 
regulations of Good Manufacturing Practice (GMP) [50,51]. Also, particle size can have a 
substantial influence on the immunogenicity of vaccines. Therefore, the size distribution 
of the virosomes was followed for a prolonged period of ten months. Virosomes had to 
be resuspended before each measurement. Over this period, the modal size and D10 
remained unchanged, while there was an only slight increase in D90 and the number of 
particles > 150 nm between production and the first time-point, 8 weeks later. After that, 
the size distribution remained constant. We conclude that the virosomes are stable and that 
aggregation, if it occurs al all, is largely reversible. It is possible that upon long-term storage 
the particles do not even agglutinate, but simply sediment because of their higher density 
relative to that of the medium. 

Although the optimal concentration of 3D-PHAD® in virosomes is not currently 
known pending further animal experiments, more control over the extent of 3D-PHAD® 
incorporation was desired. 3D-PHAD® is less soluble than phospholipids in organic solvents, 
with a solubility limit of around 1 mg/ml in chloroform/methanol 2:1, suggesting it is more 
amphiphilic. However, since DOPC and DOPE were incorporated into virosomes from a dry 
lipid film also containing 3D-PHAD®, while the adjuvant was not, the solubility of 3D-PHAD® 
in DCPC seemed limited. A solution of 3D-PHAD® in 100 mM of DCPC appeared clear, but 
when added to the viral supernatant and filtered, it did not lead to more incorporation. We 
suspect that the filtration removed aggregates or micelles of 3D-PHAD® which were not 
visible to the naked eye. 3D-PHAD® in 500 mM DCPC, dissolved by heating and sonication 
and immediately added to the viral supernatant, was incorporated quantitatively, and this 
3D-PHAD®/DCPC mixture could be filtered, either mixed with the viral supernatant (Table 
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3) or on its own (not shown). However, this is not the most convenient production method, 
as the high concentrations of DCPC may damage proteins and lead to long dialysis times, 
and low temperatures are preferred. Finally, virosomes without adjuvant were formed first, 
and then 3D-PHAD®, which dissolves in DMSO at up to 10 mg/ml, was added from DMSO. 
As the DMSO mixes with water, 3D-PHAD® becomes insoluble and inserts into the virosomal 
membrane; the sugar residues most likely prevent translocation across the membrane, so 
that it is only present in the outer leaflet of the virosomal membrane. In accordance with 
this, an equivalent immune response was obtained with virosomes containing 0.2 mg/mg 
3D-PHAD®/protein in both leaflets of the membrane, and 0.1 mg/mg after post-formation 
insertion from DMSO (Figure 9, 10). An added advantage of post-formation insertion of 
3D-PHAD® is that the amount of adjuvant per virosome can be halved.
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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 
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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 



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

123

SI
X

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.
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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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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.
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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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FIGURE 7 | Activation of CD8+ T cells in lung by PreF and PostF conjugated liposomes. Mice were 
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-
stimulation of 5 mice per group. Error bars represents the min to max per group. Note different Y-asses. Statistical 
differences were calculated with Mann-Whitney non-parametric t-test (*p<0.05, **p<0.01). 
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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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Background

Despite extensive research over the past several decades, there is still no vaccine against 
RSV infection. Nonetheless, the need for such a vaccine remains urgent since RSV is a 
major pathogen, causing considerable morbidity and mortality among different target 
groups, including infants and the elderly [1,2]. 

There have been many hurdles on the way toward an effective RSV vaccine. Difficulties 
have been twofold. First, the disastrous outcome of the 1960 vaccine trial, in which 
children were vaccinated with an alum-precipitated, formalin-inactivated vaccine (FI-RSV) 
[3,4]. Upon vaccination, natural infection resulted in enhanced disease, due to which two 
children died [3,4]. Even though the FI-RSV vaccine induced high titers of RSV-specific 
antibodies, these antibodies appeared to have weak virus-neutralizing activity [5,6]. There 
is no doubt that the disastrous outcome of this trial and the fear of another vaccine failure 
have severely impeded the development of an RSV vaccine. 

Secondly, RSV vaccine development has also been hampered by a lack of knowledge 
about the immunological correlates of protection against RSV infection. Indeed, natural 
RSV infection does not lead to life-long protection and re-infection may occur several 
times later on in life [1]. The basis of frequent re-infection is still unknown. One possibility 
could be an ineffective primary infection which does not lead to sustained immunological 
protection. In addition, it is still not completely clear why RSV infection causes such 
severe disease in infants. It has been suggested that it is a combination of the limitations 
of the infant’s immune system together with viral mechanisms of immune subversion 
and environmental factors that result in severe disease [7–9]. The lack of insight in the 
immunological correlates of protection have made it difficult to define the requirements 
and characteristics of a potential RSV vaccine. 

During the course of RSV vaccine research over the past decades, it has become 
increasingly clear that different vaccine modalities may be required for different target 
populations [10,11]. The distinction between these target groups is whether the subject 
is naïve to RSV antigen and, thus, vaccination will be the first priming event, or whether 
the subject has already experienced a natural RSV infection and vaccination thus involves 
boosting of pre-existing immunity. The most important target groups for vaccination 
include infants (< 6 months of age), young children (> 6 months of age), pregnant 
women, and the elderly and immunocompromised individuals. A live-attenuated virus 
vaccine mimicking exposure to wild-type RSV will probably be most suitable for RSV-naïve 
infants and young children. However, since natural infection with RSV does not lead to 
life-long protection, one may question the potential efficacy of a live-attenuated vaccine.  
In addition, the development of an attenuated virus is challenging, since it is difficult to 
produce a virus that is neither under- nor over-attenuated. An alternative strategy for 
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protecting newborns, gaining considerable interest recently, is to vaccinate mothers 
during the third trimester of pregnancy [10]. In this approach, maternal RSV-specific 
antibodies are transported through the placenta to the unborn child [12]. Finally, with 
respect to the elderly and immunocompromised individuals, it is the dysfunction of the 
immune system that causes symptomatic disease after RSV infection, despite previous 
priming of the immune system by earlier infections. In this group, pre-existing immune 
responses need to be boosted, preferably with a particle-based formulation containing a 
powerful adjuvant, as further discussed below [13–15]. 

Requirements for an RSV Vaccine

Ideally, an RSV vaccine candidate for the elderly should be designed in such a way that 
it boosts memory immune responses and induces high levels of virus-neutralizing (VN) 
antibodies blocking infection. Antibodies towards prefusion F glycoprotein (preF) prevent 
virus cell entry as a result of inhibition of the viral fusion process with the target cell 
membrane. Antibodies directed against site Ø, which is only present on preF, neutralize 
the virus 10- to 100-fold more efficiently  compared to antibodies directed against 
antigenic site II, such as Palivizumab [16]. Antibodies towards antigenic site I, II, and IV, 
which are displayed on both preF and postF, also contribute to neutralization [16,17]. It has 
been shown in several studies that RSV infection induces a rise in antibody levels, which 
then decline within two years to a non-sufficient protection level [18,19]. The induction 
of potently neutralizing antibodies as well as an effective immunological memory by 
vaccination is thus of utmost importance to retain a sufficient protection level.

Virus-neutralizing (VN) antibodies can diminish the number of infected cells from the 
initial infection and delay the spread of the virus into the lower airways. However, once 
infection has been established, T-cells are critical for complete viral clearance. Thus, the 
ideal vaccine should also stimulate CD8 T-cell immunity. Important signals, needed to 
prime naïve T-cells to become functional cytotoxic T-cells (CTLs), include presentation 
of major histocompatibility complex (MHC) class I molecule-peptide complexes, and 
the expression of co-stimulatory molecules, like CD80 and CD86, on mature antigen-
presenting cells (APCs). Through the mechanism of cross-presentation, non-infected 
APCs may take up exogenous antigens and present them on MHC class I molecules to 
T-cells [20]. This mechanism is mostly used by dendritic cells (DCs) if they are not directly 
infected. Additionally, only DCs that are fully mature and activated can successfully cross-
present exogenous antigens. For cross-presentation, a particulate antigen is taken up 
by endocytosis or phagocytosis and, subsequently, the antigen escapes into either the 
cytosolic or vacuolar pathway of cross-presentation [21]. It has been shown that Toll-like-
receptor (TLR) signaling stimulates CD8 T-cell activation by APCs [22]. Specifically, TLR4 
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activation of APCs induces the recruitment of transporters of antigenic peptides (TAP) 
to the early endosome. Exogenous antigens that are transported into the cytosol, are 
processed to peptides by the proteasome and imported by TAP from the cytosol to the 
endosome for loading onto MHC class I molecules [23]. Incorporation of a TLR4-adjuvant 
in a (particulate) vaccine, that stimulates APCs, therefore, will lead to activation of the 
adaptive immune system, including RSV-specific CD8 T cells, which is needed for the full 
protective effect of vaccination. Consequently, as will be discussed later, adjuvants play a 
crucial role in the induction of T-cell immunity.

An RSV candidate vaccine should also be stable upon long-term storage and additionally 
should have a low toxicity profile without reducing the vaccine’s immunogenicity and 
efficacy. Furthermore, the vaccine needs to be amenable to production under GMP 
conditions. Especially aggregation of particulate vaccine antigen is not acceptable in 
the context of GMP guidelines [24]. Besides that, adjuvants included in the vaccine 
need to have an excellent safety profile with the lowest possible chance of immediate 
adverse effects like pain, swelling or fever or any other adjuvant-associated problem 
upon injection. It should be noted that in pregnant women, potential adverse effects of 
adjuvanted vaccines on pregnancy have not been extensively studied yet [25].

prior research and aims of the project at the start 

This thesis is based on a 2+2 sandwich PhD trajectory involving a close collaboration 
between industry (Mymetics BV, Leiden, The Netherlands) and academia (University 
Medical Center in Groningen – UMCG – in Groningen, The Netherlands). The first two years 
of this particular PhD trajectory were accomplished at the premises of Mymetics BV in 
Leiden and the last two years at the UMCG. This unique cooperative project fuses industry 
and academia together and besides that, information was gained about how to work in an 
industrial surrounding compared to academia. Here we set out to develop an efficacious 
RSV vaccine for the elderly and/or pregnant women based on virosome technology. 
Mymetics BV has extensive expertise in the area of virosomal vaccine development. 
Besides the RSV virosomal vaccine candidate, Mymetics BV is also developing virosomal 
vaccines for HIV/AIDS, malaria, influenza, and chikungunya virus infection. 

As mentioned previously, vaccination of the elderly or pregnant women relies on 
boosting of pre-existing immune responses. Here, we describe a particle-based vaccine 
formulation, based on the use of virosomes, containing a built-in adjuvant. Virosomes are 
reconstituted viral envelopes that contain all the membrane glycoproteins of the virus, 
but lack the viral nucleocapsid containing the viral genome. Due to the removal of the 
nucleocapsid, virosomes are non-replicating particles. During reconstitution an adjuvant, 
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derived from the TLR4 ligand Monophosphoryl lipid A (MPLA), is incorporated in the 
virosomal membrane. 

Earlier studies of Stegmann et al. and Kamphuis et al. have shown that RSV virosomes, 
with an incorporated Pam3CSK4 (a TLR2 ligand) or MPLA adjuvant, administered 
intramuscularly, induce protective levels of VN antibodies, a favorable balanced Th1/Th2 
response, and no signs of enhanced respiratory disease (ERD) upon virus infection in mice 
and cotton rats [26–28]. Moreover, these virosomes were also tested by Shafique et al. 
for their immunogenicity when administered through the mucosal route of vaccination 
[26]. Upon intranasal administration, virosomes induced not only RSV-specific serum IgG 
antibodies but also local IgA antibody responses in the upper and lower respiratory tract. 
Also, the vaccine conferred protection against a virus challenge without signs of ERD.  

Our aim in the present study was to optimize the RSV virosomal vaccine candidate 
that as described by Kamphuis et al., Stegmann et al. and Shafique et al. [26–29]. We set 
out to improve the formulation of the vaccine by testing a synthetic variant of MPLA. 
Additionally, the vaccine’s long-term stability was monitored. Furthermore, we attempted 
to improve the capacity of virosomes to induce VN antibodies by employing thermostable 
virus strains with enhanced preF stability. Finally, with the knowledge that we gained 
from the initial virosome studies, we improved the concept of virosomes by switching 
to synthetic liposomes with conjugated stabilized recombinant preF and/or postF 
glycoprotein derived from RSV.

The choice of the adjuvant

The addition of an adjuvant is crucial in the development of an RSV vaccine for the elderly 
or pregnant women since it will stimulate antibody responses and help to induce cross-
presentation of viral antigens. To date, only a few adjuvants are accepted for use in human 
vaccines [30]. MPLA is a derivative of bacterial lipopolysaccharide (LPS), and 10,000x less 
toxic than LPS. MPLA is one of the adjuvants that is already used in vaccines licensed for 
use in humans with an acceptable safety profile [31]. The molecule is lipophilic; therefore, 
it is possible to incorporate it into the membrane of virosomes. MPLA is a TLR4-agonist and 
has been shown to stimulate/boost the immune response against antigens with which it 
is co-administered [32]. The characteristics of MPLA were reasons to use this molecule for 
our studies.

In Chapter 2 we investigated in detail the immunoactivating properties of RSV-MPLA 
virosomes in vitro and in vivo. Using a TLR4-expressing cell line with an inducible secreted 
embryonic alkaline phosphatase (SEAP) gene that is fused to the NFκB and AP-1 binding 
site, we showed that the TLR4-activating capacity of RSV virosomes is strongly enhanced 
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by the incorporation of MPLA in the virosomal membrane. Also, upregulation of co-
stimulatory molecules in DCs is enhanced when the cells are incubated with RSV-MPLA 
virosomes. MPLA has been shown to induce a TRIF-based signaling cascade upon TLR4 
activation. Additional activation through MyD88 is likely and transcription factors that 
are induced downstream of both adaptor molecules stimulate the induction of type-I 
IFN (via TRIF) and NFκB (via MyD88) [33]. As TLR4 is expressed on different immune cells, 
including DCs and B cells [34], multiple effects of the virosome-incorporated TLR ligand 
on these cells are to be expected, including activation of these cells and expression of co-
stimulatory molecules.

In Chapter 3, we were interested if we can replace MPLA with a synthetic variant of the 
molecule. A switch to a synthetic, well-defined version of MPLA is advantageous for use 
under conditions of GMP. This will reduce the possibility of batch-to-batch variation during 
vaccine production significantly. Particularly, the bioactivity of the adjuvant is better 
controlled as it consists of a single variant of the MPLA molecule -with known bioactivity- 
instead of a mix of different variants of MPLA, with varying bioactivity, as is the case with 
LPS-derived MPLA. However, the synthetic adjuvant replacement should not lead to 
reduced immunopotentiating properties, therefore the potency of the synthetic adjuvant 
should be at least similar to that of LPS-derived MPLA. We evaluated the direct and indirect 
effects of virosome-incorporated MPLA on DC and B cell activation and isotype switching 
in vitro with two MPLA variants: 3-OD-MPLA and PHAD®. 3-OD-MPLA, a derivative of MPLA 
produced by alkaline hydrolysis, is already present in marketed vaccines, like Cervarix® 
[35,36], and PHAD® is currently tested in the context of influenza vaccines in pre-clinical 
non-human primate trials [37]. The MPLA variant 3-OD-MPLA contains a phosphorylated 
carbohydrate backbone and variable numbers of acyl chains that also vary in length. 
PHAD®, however, contains six 14-carbon fatty acid acyl groups and is synthetic [38]. In 
vitro, the three studied variants of MPLA, incorporated in virosomes, had the same 
potential to activate murine DCs. Furthermore, in vivo, the different MPLA-containing 
virosomes induced a ratio of IgG1 to IgG2a antibodies similar to that observed with LPS-
derived MPLA incorporated in virosomes in Chapter 2. Direct signaling on B cells through 
TLR4 is sufficient to support B cell proliferation and IgG1 production, although IFNα in 
addition appears to be important for fine-tuning of the IgG subtype switch towards IgG2a 
[39–41]. Indeed, we observed a reduced IgG1 production when IFNα was added to B cells 
cultured with anti-CD40 and virosomes with different MPLAs (Chapter 3). Indirect effects 
on antibody production and subtype switch can also be mediated by soluble factors 
produced by DCs upon their stimulation [39]. The data in Chapter 3 revealed that not only 
native MPLA, but also 3-OD-MPLA and PHAD®, incorporated in virosomes, are capable of 
activating DC and B cells, and inducing an IgG subtype switch (from IgG1 to IgG2a). Since 
DC and B cell activation was not different with the two alternative variants of MPLA and 
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isotype switching was induced, albeit at a lower level compared to that induced by LPS-
derived MPLA, we decided to use synthetic MPLA which is more suitable for production 
under conditions of GMP than the semisynthetic 3-OD-MPLA.

A fully synthetic alternative to 3-OD-MPLA or PHAD®, which is preferred under GMP 
conditions, is 3D-PHAD®. It is a single synthetic MPLA molecule compared to the mixture 
of different molecules in 3-OD-MPLA or PHAD®. 3D-PHAD® is identical to one of the most 
active molecules present in 3-desacyl MPLA and similar to PHAD®. Since 3D-PHAD® seems 
to have the characteristics of a promising synthetic adjuvant, we used this well-defined 
molecule in our subsequent studies.

In Chapter 4 we studied the induction of protective VN antibodies and cellular immunity, 
i.e. RSV-specific CD8 T-cells, upon immunization of mice with RSV virosomes containing 
3D-PHAD®, in comparison with virosomes containing LPS-derived MPLA. Surprisingly, 
3D-PHAD® virosomes were found to be superior to MPLA-containing virosomes in 
potentiating RSV-specific IgG and VN antibodies. Further, 3D-PHAD®, similar to MPLA [26], 
potentiated the induction of RSV-specific CD8 T-cells through cross-presentation. Similar 
results were found by Genito et al. who used a soluble malaria circumsporozite protein 
vaccine adjuvanted with 3D-PHAD® and QS21 [43]. Increased B and T cells responses 
and higher IgG2c antibody titers were found when C57BL/6J mice were immunized 
with the 3D-PHAD®/QS21-containing malaria vaccine compared to immunization with 
vaccine formulations without 3D-PHAD®, underlining the potent adjuvant activity of 
3D-PHAD® on humoral responses and also T cell responses [43]. The synthetic version of 
MPLA, 3D-PHAD®, thus appears to be an excellent replacement for MPLA as it has strong 
immune-stimulatory capacity, it is advantageous for use under GMP conditions, and it has 
a safety profile similar to that of LPS-derived MPLA [42]. Clearly, 3D-PHAD® is the preferred 
adjuvant for use in a virosomal RSV vaccine.

Lower levels of the synthetic adjuvant could further improve the safety of the vaccine. In 
Chapter 6, low levels of the adjuvant 3D-PHAD® incorporated in RSV virosomes appeared 
to be sufficient to boost IgG levels and induce a balanced IgG1/IgG2a response in vivo. 
Current commercially available vaccines, like Cervarix® or Fendrix® [35,44], use 1250 µg 
or even 2500 µg per mg of vaccine protein. In Chapter 6, 18 µg 3D-PHAD® per mg of 
vaccine protein boosted (VN) antibody responses and induced IgG2a-type antibodies. 
Also, 66 µg 3D-PHAD® per mg of virosomal protein was as effective as a high level of 460 
µg 3D-PHAD® per mg vaccine antigen, a dose used in a previous study of this project. 
These adjuvant levels are at least 19-fold lower compared to the levels of MPLA used 
in the commercial vaccines. The potent immune response induced by RSV virosomes 
containing relatively low amounts of 3D-PHAD®, as described in Chapter 6, is likely due 
to the improved bio-availability of 3D-PHAD® and its tight association with the virosomal 
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membrane that carries also the vaccine antigens. The use of low concentrations of an 
adjuvant in human vaccines is a considerable advantage, especially when the vaccine is 
to be used for vaccination of pregnant women [25]. 

Virosome characterization

Another important feature of GMP production is related to quality control. Besides a 
low toxicity profile and high immunogenicity of the vaccine, the manufacturability of 
the final product under GMP conditions is also of importance. In Chapter 5, quantities 
of 3D-PHAD® and lipids incorporated in RSV virosomes were evaluated as well as the 
long-term stability of the particles. After weeks to months of storage, we noticed that the 
virosomes sedimented which suggests that they aggregate over time. However, during 
a follow-up study of ten months, the size distribution of the stored virosomes remained 
almost the same with only a small increase in particles > 150 nm. Thus, the sedimentation 
that occurred during storage is largely reversible and the virosomes appeared to be stable. 
Moreover, the virosomes retain the two major envelope glycoproteins F and G in a similar 
ratio compared to the ratio in the native virus.

Initially, a relatively low recovery of 3D-PHAD® was observed after virosome production. 
This loss of adjuvant was noticed upon filtration of the dissolved dry-lipid film with 
DCPC. It appeared that under this condition only a fraction of 3D-PHAD® was completely 
solubilized, even though the solution appeared clear to the naked eye. Probably 
aggregates or micelles of 3D-PHAD® are subsequently lost during the filtration step. In 
Chapter 5, several techniques were used to improve the incorporation of 3D-PHAD® in 
the virosomal membrane. During the final optimization process, the yield of incorporated 
3D-PHAD® was improved by pre-dissolving 3D-PHAD® in DMSO and adding this mixture to 
preformed virosomes. Under these conditions, the adjuvant was essentially quantitatively 
inserted into the virosomal membrane.

Improvement of the virosome concept

In the course of our studies, we encountered various issues related to the virosome 
production process. During the virus solubilization step, probably a fraction of the 
metastable preF protein flips into its stable postF form (unpublished observations). This 
premature conformational change of the F protein is possibly due to the loss of anchoring 
of F in the virus membrane and its concomitant dissociation from the matrix protein 
[45,46]. Yet, it is very important not to lose the preF conformation of the F glycoprotein in 
an RSV vaccine, Indeed, recent failures of RSV vaccines based on the use of postF antigen, 
like the subunit vaccine of Novavax [47], support the use of F glycoprotein antigen in its 
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preF conformation, such that more potent VN antibody responses are induced. Currently, 
a subunit vaccine which contains a stabilized version of preF (DS-Cav1) is being evaluated 
in initial clinical trials [48]. 

In Chapter 6, we compared virosomes derived from RSV A2 with virosomes derived from 
two thermostable virus strains with increased preF stability. L19F was originally derived 
from a sick infant at the University of Michigan in 1967 [49]. The other strain is a mutated 
version of L19F, L19F I557V, with a mutation leading to a substitution of isoleucine for 
valine in the membrane anchor sequence of the viral F glycoprotein [50]. Both strains 
display a higher thermostability and higher levels of preF compared to RSV A2 [51]. 
Indeed, virosomes produced from these two strains were found to have an increased 
capacity to induce VN antibodies compared to RSV A2 virosomes (Chapter 6), but, they 
did not induce higher levels of preF-specific IgG titers compared to levels induced by RSV 
A2 virosomes. Perhaps, solubilization of the viral envelope proteins with DCPC induces 
some conversion of preF into postF regardless of the thermostability of the (envelope-
anchored) protein. Additionally, it is also not known if the thermostable strains contain 
overall more viral F glycoprotein compared to RSV A2 virions. Thus, virosomes derived 
from both thermostable strains L19F or L19F I557V are suitable vaccine candidates. 
However, more research is needed to validate (and perhaps improve) the level of preF 
that is present on virosomes derived from these thermostable virus strains. 

An alternative and potential improvement to the original virosomal vaccine is presented 
in Chapter 7, where we evaluated a novel RSV vaccine concept: proteoliposomes. 
These liposomes contain a lipid molecule, DGS-NTA(Ni2+), bearing a chelated nickel ion 
at the polar head group. His-tagged (recombinant) proteins may be coupled through 
an electrostatic interaction between the His-tag and the Ni2+ ion of the DGS-NTA(Ni2+). 
Using this approach, it is possible to produce proteoliposomes that carry (recombinantly 
expressed and His-tagged) stabilized preF or postF. Different groups have already 
developed proteoliposomes with other proteins conjugated to liposomes in a similar 
manner [52–55]. In Chapter 7, we created preF- or postF-proteoliposomes with a high 
density of conjugated protein on their surface. Based on recovered protein and lipids, we 
calculated that one proteoliposome has an average of ~350 preF trimers or ~200 postF 
trimers conjugated to the outer surface of the liposomal membrane. 

In Chapter 5 we found that the F protein incorporated in the virosomal membrane is 
present at a lower concentration than on a virion. This is due to the addition of synthetic 
phospholipids and cholesterol during virosome production. The ratio of recovered 
protein and phospholipid of the virosomes is approximately 1:1 (1 µmol phospholipid/ 1 
mg protein). Approximately one third of the recovered protein is the Matrix (M) protein. In 
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Chapter 5 we measured an F to G ratio of 5.3:1 on the virosomes. Thus, one mg of virosomal 
protein probably contains 0.33 mg M protein, 0.13 mg G protein and 0.54 mg F protein. 
Additionally, during reconstitution of the virosomes, the viral envelope glycoproteins 
appear to be randomly incorporated into the virosomal membrane, with part of the 
proteins’ ectodomains being oriented toward the exterior surface of the virosomes and 
part toward the virosomal lumen. This was already noticed with influenza virosomes [61], 
and implies that fewer spikes are presented on the surface of virosomes compared to 
virion particles, even though the membrane protein/lipid ratio is the same in either case. 

In the proteoliposomes described in Chapter 7, the ratio of lipid and protein was 
also 1:1. However, compared to virosomes, clearly, more F protein is presented on the 
surface of the proteoliposomes, since all F trimers are conjugated to the outer leaflet of 
the liposomal membrane. We calculated that each proteolipossome particle contains on 
average 300 F protein trimers. If we compare this to virosomes, of which 0.54 mg F protein 
is recovered and 50% of the protein is outwards orientated, only 75 trimers per particle 
are presented on the outer surface. Furthermore, characterization by cryo-EM of preF- 
and postF-proteoliposomes revealed uniform densely packed spherical particles, carrying 
antigens that display intact epitopes, like antigenic site Ø on preF (Chapter 7). 

Proteoliposomes have several advantages compared to RSV virosomes. The 
production of proteoliposomes does not require the culture of virus, the particles are 
fully synthetic, the adjuvant 3D-PHAD® is easy to incorporate during production and 
proteoliposomes can carry higher levels of F protein than found in RSV virosomes. On 
the other hand, the recombinant RSV F needed for the proteoliposomes, needs to be 
produced in high quantities in cell culture and purified, which can be expensive. Taken 
together, proteoliposomes form an attractive alternative to virosomes for use in a future 
RSV vaccine. 

Vaccine-induced immunity

One of the vaccine requirements mentioned previously is the induction of high VN 
antibody titers to prevent binding and/or fusion of the virus to the target cell [17]. RSV A2 
virosomes with MPLA induce VN antibodies, in levels that are protective in mice after virus 
challenge (Chapter 2). In Chapter 4, RSV A2 virosomes with 3D-PHAD® induce even higher 
VN antibody titers in mice compared to MPLA-containing virosomes. VN antibody titers 
were further increased when mice were vaccinated with 3D-PHAD® virosomes produced 
with the L19F mutant strain (Chapter 6). The incorporation of MPLA or 3D-PHAD® in the 
virosomes leads to the induction of antibodies with higher neutralizing capacity, possibly 
through improved antibody affinity maturation. Generally, inclusion of TLR ligands in 
vaccines has been shown to facilitate the induction of high-affinity antibodies [56]. 
Finally, 3D-PHAD®-containing preF-proteoliposomes induced significantly higher titers 
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of RSV preF- and postF-specific IgG antibodies than non-adjuvanted proteoliposomes 
but not significantly higher VN antibodies (Chapter 7). The latter was expected, based 
on the outcome of ELISA antibody levels. Notably, neutralization titers in most groups 
showed a rather high variance which highly influenced the outcome of the statistical 
comparison between groups. A higher (intra-assay) variance in the NIH neutralization 
assay used in Chapter 7 -compared to variance observed in the UMCG variant of the 
neutralization assay (Chapters 2, 4, 5 and 6)- may have obscured the boosting effect of 
MPLA on VN antibody titers . Clearly, both virosomes and preF-proteoliposomes induced 
protective levels of VN antibodies in mice, as evidenced by the protection of virosome/
proteoliposome-immunized mice against viral infection (Chapters 2, 4, 6 and 7).

The cellular arm of the adaptive immune system aids in reducing virus infection. As 
described previously, an RSV vaccine should induce CD8 T cells, e.g. CTL, responses to 
clear already infected cells. 

Early studies with influenza virosomes by Stegmann et al. revealed that reconstituted 
virosomes retain the membrane-fusion capacity of the native virus or whole inactivated 
virus particles (WIV) [57,58]. Due to the fusion activity of the viral HA, virosome-
encapsulated antigen, or the nucleocapsid in case of WIV, is deposited in the cytosol of 
APCs, where it is processed to peptides by proteasomes, thereby providing access to 
the MHC class I presentation route [59]. For a long time it was believed that only this 
route leads to MHC class-I restricted antigen processing which implements that only 
fusion-active virosomes (or WIV particles) are able to induce a MHC class I-restricted CTL 
responses, as only fusion-active virosomes or WIV particles would have the capacity to 
deposit antigens in the cytosol of APCs [59]. However, Budimir et al. noticed that not only 
vaccination with fusion-active WIV primes NP-specific CTLs activation in vivo, but also 
vaccination with fusion-inactive WIV, albeit to a significantly lower extent [60]. This means 
that fusion activity, with deposition of antigen into the cytosol is not mandatory for MHC 
class-I restricted antigen processing and induction of CTLs. It has been established that 
APCs can also process exogenous antigens, e.g. antigens taken up through phagocytosis 
or endocytosis, and present peptides thereof in the context of MHC class I molecules. 
This process is referred to as ‘cross-presentation’. In order to induce cross-presentation, 
vaccine particles should properly activate the APC through, for example, TLRs on APCs. 
A TLR ligand, such as single-stranded RNA (a TLR7 ligand) in the case of WIV or virosomal 
MPLA (a TLR4 ligand) should therefore be included in the vaccine particle in order to  
induce cross-presentation [61]. It is not known whether RSV virosomes are fusogenic like 
influenza virosomes. But, as mentioned above, the incorporation of a TLR4-stimulating 
adjuvant in RSV virosomes most likely potentiates CD8 T cell activation by DCs through 
the induction of cross-presentation of exogeneous antigen, thereby (in part) bypassing 
the need for fusogenic activity of the particles.  
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The incorporation of MPLA in a particle, like RSV virosomes or proteoliposomes, allows 
delivery of both antigen and adjuvant at the same time to the same APC, leading to 
efficient activation of the target cell. Virosomal MPLA activates TLR4 through the myeloid 
differentiation primary-response protein (MyD88), initiating signal transduction from the 
plasma membrane. Subsequently TLR4 is internalized into endocytic compartments and 
activation of TLR4 engages TRIF. It is important to note that simultaneous activation of the 
MyD88 and TRIF pathways is important for priming adaptive T cell responses [62]. 

In Chapter 4, RSV-F specific IFNγ-producing CD8 T cells could be observed in the 
3D-PHAD® virosome vaccinated groups. Clearly, these class-I MHC-restricted CD8 T cells 
must have been induced by the vaccine. In Chapter 7 we showed that immunization of 
mice with proteoliposomes with 3D-PHAD® induces higher numbers of RSV F-specific IL2-, 
IFNγ- and TNFα-producing CD8+ T-cells in lungs of infected mice compared to numbers 
induced by soluble antigen mixed with 3D-PHAD®-containing liposomes. This means 
that virosomal and proteoliposomal antigens must have gained access to the MHC class I 
route of antigen cross-presentation. Incorporation of the adjuvant 3D-PHAD® most likely 
results in adequate activation of DCs via the TLR4 receptor, like LPS-derived MPLA does. 
Several groups have shown that co-delivery of antigen and adjuvant are required for the 
induction of primary CD8+ CTL responses [63–65]. Thus, antigens that are conjugated 
to 3D-PHAD®-containing proteoliposomes or incorporated in the virosomal membrane 
are able to enter the cross-presentation pathway of DCs to finally activate CD8+ CTL 
responses. This underlines the immunopotentiating effect of delivering adjuvant and 
antigen in one particle. Indeed, the incorporation of the adjuvant in the particle does not 
only improve immunogenicity of the vaccine in terms of antibody induction but can also 
lead to the induction of a cell-mediated immune responses 

To summarize, both virosomes and proteoliposomes with incorporated 3D-PHAD® 
induce protective levels of neutralizing antibodies and CD8+ T-cell responses. 

Concluding remarks and future perspectives

Based on the data presented in this thesis, we conclude that RSV virosomes and 
proteoliposomes, with 3D-PHAD® as an immunomodulating adjuvant, represent 
promising RSV vaccine candidates. As described previously, an RSV vaccine should meet 
the following requirements: 1) optimal induction of VN antibodies against antigenic site 
Ø, II, III, IV and V, 2) induction of antigen-specific CD8 T-cell responses 3) stability upon 
long-term storage and 4) robust production under GMP conditions. 

So far, we have shown that RSV virosomes and proteoliposomes fulfill a number 
of these requirements. Because of the presence of the F protein, RSV virosomes and 
proteoliposomes induce protective VN titers. However, at what levels antibodies towards 
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antigenic site Ø, II, III, IV and V are induced needs to be further investigated. The adjuvant 
3D-PHAD® aids in induction of CD8 T-cells. Additionally, 3D-PHAD® in RSV virosomes 
resulted in a balanced Th1/Th2 immune response, as evidenced by the induction of Th1-
signature IgG2a isotype antibodies, in addition to the induction of Th2-signature IgG1 
isotype antibodies. Furthermore, our experiments show that 3D-PHAD® virosomes are 
stable after long-term storage. Whether or not RSV virosomes or proteoliposomes will 
induce a robust immune response in humans, as has been shown in mice, has to be 
assessed in clinical trials.

At least for two target populations, newborns and the elderly, an RSV vaccine is urgently 
needed. As described, these groups have notable differences in the properties of 
their immune system. Due to the immaturity of the immune system of newborns, this 
population may not benefit optimally from vaccination. However, with the vaccination of 
pregnant women in the last trimester, newborns may well be protected during the first 
few, most vulnerable, months after birth. It is important that a vaccine for pregnant women 
induces high titers of VN IgG antibodies in the mother, as this will lead to translocation 
of sufficiently high levels of VN IgG to the (unborn) child resulting in protection against 
RSV infection. Besides indirect protection of newborns by their mothers’ antibodies, an 
attenuated virus vaccine could further support the induction of protective immunity. 
However, this vaccine may be more suitable when the newborn has grown to the age 
of three to six months. Therefore, protecting the most vulnerable group, the newborns, 
through their mother will probably be safer and more efficient than vaccinating newborns 
with an attenuated virus vaccine.

The elderly suffer from an age-related dysfunction of the immune system. Specifically, 
a decline in cell signaling efficiency and CD4+ T cell function can contribute to a reduced 
vaccine efficacy [66]. In the elderly, incorporation of the adjuvant might not only improve 
immunogenicity of the vaccine but also act on APCs to produce inflammatory cytokines 
that support a boosting of the aged immune system. A particle-based or subunit vaccine 
containing a strong adjuvant will be the most suitable vaccine for this target group. 

In this thesis, two possible RSV vaccine candidates, RSV virosomes and proteoliposomes, 
were analyzed and discussed. Both vaccines are promising RSV vaccine candidates. 
However, several questions remain. Which of these two candidates is more immunogenic 
and/or which of these two vaccines is easier to produce and more cost-effective in large-
scale production? Both vaccines should be compared in a head-to-head animal experiment 
to determine if there is a difference in the induction of RSV-specific IgG antibodies, VN 
antibodies and RSV-specific CD8 T cells. Clearly, proteoliposomes have the advantage of 
being fully synthetic, they are easier to produce under GMP and their production may 
be less labor-intensive than production of virosomes. However, the use of DGS-NTA(Ni2+) 
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could have some drawbacks. For example, the conjugation of His-tagged protein to the 
nickel ion has proven to be not that strong [52]. These particles might therefore be less 
stable during long-term storage, although using cobalt as an alternative to nickel has 
been shown to improve the binding stability of protein antigens [52]. Also, the production 
of high amounts of recombinant stabilized protein can be labor-intensive and expensive. 
Furthermore, a number of aspects of proteoliposomes need to be further explored, like 
their stability, optimal lipid composition and the antigens that they carry. With respect to 
the latter, the addition of G-protein to the vaccine could induce additional VN antibodies 
which are also helpful to prevent natural infection [67]. Furthermore, a mixture of preF 
and postF presented on proteoliposomes could result in a different composition of RSV-
specific IgG antibodies induced by antigenic sites that are differentially displayed on preF 
and postF, such as sites Ø, I, II, III, IV and V. This composition may be steered towards an 
antibody response with optimal virus-neutralizing capacity by changing ratios of preF to 
postF. 

So far, proteoliposomes carrying stabilized preF, i.e. DS-Cav1 [15], have induced protective 
levels of VN antibodies in mice, but the levels are not as high as those induced by soluble 
DS-Cav1 co-administered with alum to mice (Chapter 7). Additionally, proteoliposomes 
probably do not have the fusogenic characteristics of influenza virosomes or WIV because 
of the stabilization of the preF conformation. DS-Cav1 is probably able to bind to the 
cells’ target receptor but fusion cannot take place since the protein is not able to change 
its conformation. However, the incorporation of 3D-PHAD into the proteoliposomes, as 
mentioned previously, allows the delivery of both antigen and adjuvant at the same time, 
leading to efficient activation of the target cell. Furthermore, our preF-protoeliposomes 
induced RSV-specific CD8 T-cells, probably through cross-presentation. 

DS-Cav1 shows great promise as a (component of ) future RSV vaccine(s): DS-Cav1 
combined with alum is currently used in a clinical trial [48]. Besides DS-Cav1, many 
other promising vaccine approaches are currently under development. The focus in 
RSV vaccine development remains mostly on vaccine designs based on the F protein 
in its pre- or postfusion conformation. Novavax is currently the farthest in RSV vaccine 
development, however, their vaccine contains postF, which might not be ideal to induce 
sufficient protection. Additionally, not much information is available about the long-term 
protection afforded by those vaccine candidates.

To date, there is not a uniform reporting system to present data on RSV-neutralizing 
antibodies, like for influenza. This makes it difficult to compare RSV vaccine candidates 
with each other. The RSV community is currently working to implement an international 
unit/standard to report neutralization data which hopefully in future will help to compare 
different clinical trials.
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Taken together, the data presented in this thesis, demonstrate that RSV virosomes or 
proteoliposomes containing 3D-PHAD® as an adjuvant, represent promising RSV vaccine 
candidates. We optimized and improved the RSV virosomal vaccine that was earlier 
described by Kamphuis et al., Stegmann et al. and Shafique et al. [26–28] and improved the 
capacity of virosomes to induce VN antibodies by employing thermostable virus strains 
with a stabilized preF. Considering the advantages and disadvantages of virosomal and 
proteoliposomal vaccine formulations, I tend to conclude that proteoliposomes represent 
the most promising RSV vaccine candidate, particularly since proteoliposomes provide 
the ability to control the amount of the viral preF on the surface of the particle. 

Hopefully, an effective RSV vaccine for the high-risk groups will soon become available. 
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Ondanks uitgebreid onderzoek in de afgelopen decennia is er nog steeds geen vaccin 
tegen infectie met het respiratoir syncytieel virus (RSV). Desalniettemin blijft de behoefte 
aan een dergelijk vaccin urgent. RSV is een belangrijke ziekteverwekker die aanzienlijke 
ziekte en sterfte veroorzaakt bij jonge kinderen en ouderen. In 2015 waren er wereldwijd 
naar schatting 33.1 miljoen RSV-infecties bij kinderen jonger dan vijf jaar, van wie 94.000-
149.000 de infectie niet hebben overleefd. Bij ons in Nederland hebben jaarlijks ongeveer 
28.000 baby’s medische zorg nodig voor de behandeling van bronchiolitis, veroorzaakt 
door RSV; van deze patiëntjes moeten rond 2.000 opgenomen worden in het ziekenhuis. 
Hoge sterftecijfers komen vooral voor in ontwikkelingslanden, dit voornamelijk vanwege 
het gebrek aan toegang tot een adequate gezondheidszorg. Op dit moment omvat 
de enige behandeling van RSV-infectie het gebruik van het monoklonale antilichaam 
Palivizumab. Dit wordt alleen profylactisch aan pasgeboren baby’s met een hoog risico 
op complicaties bij een RSV-infectie toegediend.

Naast de hoge infectiegraad bij pasgeborenen en jonge kinderen, worden er in de 
USA jaarlijks ongeveer 200.000 gevallen van ziekenhuisopnamen door RSV-infectie 
bij de ouderen gerapporteerd. Onder deze 200.000 patiënten, vallen naar schatting 
14.000 dodelijke slachtoffers. Doordat er op dit moment geen behandelingsmethoden 
beschikbaar zijn voor deze doelgroepen, is de enige optie om de ziektelast en sterfte door 
RSV-infectie te verminderen de ontwikkeling van een effectief RSV-vaccin.

RSV wordt overgedragen via druppels of besmette oppervlakken naar de neus of soms 
ook het oog. RSV infecteert in eerste instantie epitheelcellen in de bovenste luchtwegen 
en vermenigvuldigt zich in deze cellen. Vervolgens verspreidt het zich na één tot 
drie dagen naar de onderste luchtwegen. RSV-geïnfecteerde cellen brengen op de 
celmembraan het virale F-glycoproteïne tot expressie, dat fusie van geïnfecteerde cellen 
met niet-geïnfecteerde cellen kan veroorzaken. Dit leidt tot de vorming van grote clusters 
van cellen, ook wel syncytia genoemd. De vorming van syncytia induceert mucussecretie 
in de luchtwegen, wat vervolgens tot de obstructie van de luchtwegen kan leiden. In het 
algemeen kan het vier tot acht weken duren van het begin van de infectie tot volledig 
herstel.

RSV is een membraanvirus met een enkelstrengs RNA-genoom met een negatieve 
oriëntatie. Het virus behoort tot de genus Orthopneumovirus van de familie Pneumoviridae. 
RSV-virusdeeltjes zijn pleiomorf. Virussen geproduceerd in het laboratorium bestaan 
voornamelijk uit bolvormige deeltjes met een diameter van 100-350 nm, maar ook 
uit lange filamenten met een diameter van 60-200 nm en een lengte tot 10 μm. Het 
membraan van het virus bevat de virale F- en G-glycoproteïnen en het kleine hydrofobe 
SH-proteïne. RSV infecteert het luchtwegepitheel doordat het G-eiwit aan een receptor 
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op het celoppervlak bindt en vervolgens het F-eiwit fusie met de celmembraan induceert. 
Het F-eiwit is het meest geconserveerde eiwit onder de verschillende RSV subtypes. In 
tegenstelling tot G, is F absoluut vereist voor het induceren van een infectie. Het F-eiwit 
heeft een prefusie (preF) en postfusie (postF) conformatie. Een irreversibele overgang van 
preF naar postF drijft het fusieproces tussen de virale membraan en de celmembraan. De 
preF-conformatie van het F-eiwit is onstabiel, waardoor het eiwit ook in afwezigheid van de 
celmembraan kan overgaan naar de postF-conformatie. Hierdoor is op RSV-virusdeeltjes 
het F-eiwit deels aanwezig in de preF-conformatie en deels in de postF-conformatie.  

Tijdens een infectie met RSV induceert het lichaam zowel neutraliserende antilichamen 
tegen F als G. Antilichamen tegen het G-eiwit blokkeren de receptorbinding van het virus, 
terwijl antilichamen tegen het F-eiwit fusie remmen. Het zijn de antilichamen tegen de 
preF-conformatie van het F-eiwit die fusie van het virus met de gastheercel remmen. 
Antilichamen tegen postF kunnen ook fusie remmen, maar alleen voor zover deze gericht 
zijn tegen antigene epitopen die gedeeld worden tussen preF en postF. Momenteel 
zijn zes bekende antigene epitopen op het F-eiwit geassocieerd met virus-neutralisatie: 
Ø (zero), I, II, III, IV en V. Antilichamen die aan de antigene plaats Ø binden hebben een 
neutraliserende potentie die 10-100x groter is dan die van Palivizumab.

Zoals hierboven al aangegeven bestaat er grote behoefte aan een effectief RSV-vaccin. 
Een dergelijk vaccin moet niet alleen virus-neutraliserende antilichamen, geproduceerd 
door B lymfocyten en plasmacellen, maar ook T-celimmuniteit induceren, zodat het 
afweersysteem van het lichaam snel kan reageren op een infectie. Helaas is er nog steeds 
geen RSV-vaccin beschikbaar, deels vanwege het negatieve resultaat van een vaccinstudie 
in de USA in de jaren zestig van de vorige eeuw.

Tussen 1965 en 1967 werden in de USA vier klinische studies uitgevoerd om de 
beschermende werking van een experimenteel RSV-vaccin te evalueren. Na het succes 
van het geïnactiveerde poliovaccin, geproduceerd door middel van inactivering van 
poliovirus met formaline, gebruikten de onderzoekers dezelfde benadering om het 
RSV-vaccin (FI-RSV) te produceren. Dit vaccin werd getest bij jonge kinderen, maar de 
resultaten waren desastreus. In één van de studies leidde vaccinatie met het FI-RSV-
vaccin niet tot bescherming tegen het virus, maar juist tot verergering van ziekte (ERD, 
enhanced respiratory disease) toen de gevaccineerde baby’s een natuurlijke RSV-infectie 
doormaakten. Van de 31 met FI-RSV gevaccineerde kinderen moesten 25 worden 
opgenomen in het ziekenhuis en twee baby’s, 14 en 16 maanden oud, overleefden de 
infectie niet.

Na de rampzalige resultaten van deze klinische studie, werd de nadruk bij het RSV-
vaccinonderzoek verlegd naar de onderliggende mechanismen van ERD. Dit leidde tot de 
ontdekking dat het FI-RSV-vaccin weliswaar hoge concentraties antilichamen induceert, 
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die in staat zijn aan het virus te binden, maar die het virus niet neutraliseren of de fusie 
remmen. Verder zijn er ook aanwijzingen dat zodra het afweersysteem al eerder een RSV-
infectie heeft waargenomen, het FI-RSV-vaccin niet langer leidt tot ERD. Dit is waarschijnlijk 
de reden waarom oudere gevaccineerde kinderen in het onderzoek uit 1967 geen ERD-
symptomen na natuurlijke RSV-infectie vertoonden.

Het wordt steeds duidelijker dat verschillende vaccins nodig zijn voor verschillende 
doelgroepen voor vaccinatie tegen RSV. De belangrijkste doelgroepen voor een RSV-
vaccin zijn baby’s, jonge kinderen en ouderen. Een belangrijke factor voor de keuze van 
een geschikt vaccin heeft betrekking op de vraag of de persoon RSV-antigeen-naïef is 
en de vaccinatie de eerste expositie aan RSV-antigeen is, of dat de persoon al eerder 
in het leven een natuurlijke RSV-infectie heeft doorgemaakt. Naast baby’s en ouderen, 
kunnen ook zwangere vrouwen als een potentiële vaccinatiegroep worden gezien. Zij 
kunnen pasgeborenen beschermen door de overdracht van maternale antilichamen aan 
de ongeboren baby. Deze maternale antilichamen bieden bescherming tegen infectie 
gedurende de eerste maanden na de geboorte.

Een veilige manier om tegen RSV-infectie te beschermen is het gebruik van RSV-
virosomen. Virosomen zien eruit als virusdeeltjes, maar bevatten niet meer het virale 
RNA. Hierdoor kan een virosoom nog wel door het immuunsysteem worden herkend, 
maar het kan geen ziekte veroorzaken. Onderzoekers in ons laboratorium hebben al 
uitgebreid laten zien dat het mogelijk is om virosomen van RSV te maken. Het virus wordt 
behandeld met DCPC, een fosfolipide met korte acylketens, dat werkt als een soort zeep, 
waardoor de membraanlipiden en integrale membraaneiwitten in oplossing gaan. In 
de volgende stap wordt door middel van ultracentrifugatie het nucleocapside met het 
virale RNA verwijderd, waardoor alleen de membraaneiwitten en –lipiden over blijven. 
Vervolgens wordt er extra lipide en een adjuvant, een lipofiel molecuul, toegevoegd. 
Als daarna het DCPC door middel van dialyse wordt verwijderd, vormen zich weer 
spontaan membraanblaasjes met, ingebouwd, de virale membraaneiwitten, het virale en 
toegevoegde lipide en het adjuvant. In eerder (promotie)onderzoek uitgevoerd in ons 
laboratorium werd een experimenteel virosomaal RSV-vaccin getest op immunogeniciteit 
bij muizen en cotton rats.   

Het doel van het onderzoek beschreven in dit proefschrift was om het eerder in ons 
laboratorium onderzochte virosomale RSV-vaccin verder te optimaliseren. We zijn 
begonnen met het verbeteren van de formulering van het vaccin en het testen van 
een synthetische variant van het adjuvant monophosphoryl lipid A (MPLA). Bovendien 
hebben we de stabiliteit van de virosomen op lange termijn onderzocht. Daarnaast 
hebben we geprobeerd om de inductie van virus-neutraliserende antistoffen door het 
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vaccin te verbeteren door een RSV-stam te gebruiken met een verhoogde stabiliteit van 
het preF-eiwit. Ten slotte hebben we het virosomale concept aangepast en verbeterd 
door over te schakelen op een synthetisch liposoom met een geconjugeerd recombinant 
gestabiliseerd preF-eiwit afgeleid van het originele F-eiwit van RSV. 

Hoofdstuk 2 beschrijft de immunogeniciteit en beschermende werking van RSV-virosomen 
die het lipofiele adjuvant MPLA bevatten. MPLA is een ligand voor Toll-like receptor 4 
(TLR4), dat de TLR4-receptor op immuuncellen activeert. Virosomen met MPLA werden 
geëvalueerd op hun vermogen om TLR4-bevattende cellen te activeren. Vervolgens 
hebben we gekeken of deze virosomen ook in staat zijn om beschermende antilichamen 
bij muizen te induceren. De resultaten in hoofdstuk 2 hebben geleid tot verder onderzoek 
naar de eigenschappen van MPLA die betrokken zijn bij de activering en stimulering 
van geïsoleerde immuuncellen uit muizen. Bovendien werden deze eigenschappen 
vergeleken met twee varianten van MPLA: 3-O-deacyl MPLA (3-OD-MPLA), dat al gebruikt 
wordt in ander geregistreerd vaccin, en het synthetische PHAD®. Beide MPLA-varianten, 
die minder toxisch zijn dan natief MPLA, werden geanalyseerd op hun vermogen om 
geïsoleerde dendritische cellen (DCs) uit muizen te activeren en B-cellen tot celdeling en 
antilichaamproductie aan te zetten. De resultaten, beschreven in hoofdstuk 3, laten zien 
dat niet alleen virosomen met ingebouwd MPLA, maar ook virosomen met 3-OD-MPLA 
of PHAD®, DCs en B-cellen kunnen activeren. Daarnaast induceren de virosomen ook de 
gewenste IgG-subklasse, in het bijzonder een switch van IgG1 (geassocieerd met een Th2-
respons) naar IgG2a (Th1-respons). Omdat er geen significante verschillen waren in de 
activering van de bovengenoemde cellen en de inductie van de gewenste IgG subklasse 
switch, hebben we ervoor gekozen om met een synthetische versie van MPLA verder te 
werken. 

Een volledig synthetisch alternatief voor MPLA heeft de voorkeur omdat daarmee 
het productieproces van het vaccin makkelijker te controleren is. Een adjuvant moet een 
uitstekend veiligheidsprofiel hebben met de laagst mogelijke kans op het induceren van 
schadelijke effecten zoals pijn, zwelling of koorts na injectie. Een synthetisch alternatief 
voor MPLA is 3D-PHAD®. 3D-PHAD® bestaat uit een enkel synthetisch goed gedefinieerd 
molecule tegenover het mengsel van verschillende moleculen waaruit natuurlijk MPLA 
bestaat. Omdat 3D-PHAD® alle kenmerken heeft van een potent adjuvant, hebben we dit 
goed gedefinieerde molecuul in onze vervolgstudies gebruikt.

In hoofdstuk 4 hebben we in eerste instantie onderzocht of het synthetische adjuvant 
3D-PHAD®, ingebouwd in de RSV virosomen, dezelfde capaciteit heeft als MPLA, om bij 
muizen een beschermende antilichaamrespons op te wekken of die respons misschien zelfs 
te verhogen. Verrassenderwijs bleek 3D-PHAD® veel beter te zijn in het induceren van RSV-
specifieke IgG en ook virus-neutraliserende antilichamen dan MPLA. Daarnaast beschrijft 
hoofdstuk 4 de inductie van RSV-specifieke CD8 T-cellen door deze virosomen. Het blijkt 
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dat synthetisch 3D-PHAD® een prima vervanger is voor MPLA, omdat het een uitstekende 
capaciteit heeft om het immuunsysteem te stimuleren. In vervolg op hoofdstuk 4 hebben 
we in hoofdstuk 6 geanalyseerd hoe ver we de concentratie van het adjuvant 3D-PHAD® 
in de virosomen kunnen verlagen. Het gebruik van een lage adjuvantconcentratie in 
een vaccin is een aanzienlijk voordeel, vooral wanneer het vaccin bij zwangere vrouwen 
toegepast wordt. In de handel verkrijgbare vaccins, zoals Cervarix® of Fendrix®, bevatten 
1250 μg of zelfs 2500 μg MPLA adjuvant per mg vaccineiwit. In hoofdstuk 6 laten we 
onder andere zien dat een bijna 20 keer lagere hoeveelheid 3D-PHAD® in RSV-virosomen, 
in vergelijking met de concentratie in bovengenoemde commerciële vaccins, een goede 
immuunrespons bij muizen opwekt. Dit komt waarschijnlijk door de directe associatie van 
het adjuvant met de virosomale membraan. 

In hoofdstuk 6 vergeleken we vervolgens virosomen die gemaakt zijn van het natieve RSV 
A2 virus met twee thermostabiele virusstammen met een verhoogde stabiliteit van preF. 
Vanuit literatuur is bekend dat het preF in de membraan van deze virusstammen minder 
temperatuurgevoelig is. In overeenstemming hiermee bleek het zo te zijn dat virosomen 
geproduceerd op basis van deze twee stammen, bij muizen meer virus-neutraliserende 
antilichamen induceren dan RSV A2 virosomen.

Naast de effectiviteit van een kandidaatvaccin speelt de mogelijkheid om het vaccin 
uiteindelijk in grotere hoeveelheden te produceren een belangrijke rol bij de beoordeling 
van de haalbaarheid van verdere ontwikkeling. Van groot belang is hierbij dat het vaccin 
stabiel blijft gedurende opslag op lange termijn. In hoofdstuk 5 hebben we daarom de 
samenstelling, morfologie en lange-termijn stabiliteit van de RSV-virosomen onderzocht. 
In deze studie hebben we een kwantitatieve analyse uitgevoerd van de inbouw van 
3D-PHAD® in de virosomale membraan. Verder werd de lipide samenstelling van de 
virosomen geoptimaliseerd en werd de verhouding van het ingebouwde F- en G-eiwit in 
de virosomale membraan bepaald. Uit het onderzoek kwam naar voren dat de virosomen 
tijdens opslag gedurende een aantal maanden neerslaan, wat erop zou kunnen wijzen 
dat de deeltjes aggregeren. Echter, tijdens vervolgonderzoek gedurende een periode van 
tien maanden werd vastgesteld dat de waargenomen agglutinatie van de virosomen een 
omkeerbaar proces is en dat de grootteverdeling van de virosomen nagenoeg hetzelfde 
blijft. De conclusie van dit onderzoek is dat de virosomen stabiel blijven tijdens opslag 
gedurende een periode van tenminste 10 maanden.  

De bevindingen beschreven in de hoofdstukken 2 - 6 laten zien dat RSV-virosomen met 
ingebouwd synthetisch 3D-PHAD®, hoge concentraties virus-neutraliserende antilichamen 
en CD8 T-cellen induceren bij muizen. Het gebruik van gezuiverd virus voor de productie 
van virosomen heeft echter een nadeel. Het is moeilijk om grote hoeveelheden RSV op 
commerciële schaal te produceren. Bovendien is het moeilijk om de verhouding van 
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ingebouwd preF en postF in de virosomen te controleren, vooral omdat het virale F-eiwit 
onstabiel is. Daarom werd in hoofdstuk 7 getracht het virosomale concept aan te passen en 
te verbeteren. In de studie beschreven in dit hoofdstuk werd een nieuw vaccin ontwikkeld 
op basis van synthetische liposomen met geconjugeerd recombinant gestabiliseerd 
preF- of postF-eiwit. Deze liposomen bevatten een lipide, DGS-NTA (Ni2+), dat een nikkel-
ion in de polaire kopgroep draagt. Conjugatie van preF- en/of postF-trimeren werd 
teweeggebracht op basis van een elektrostatische interactie tussen de “His-tag”, die zich 
op het eiwit bevindt, en het Ni2+-ion van het DGS-NTA (Ni2+). Het gebruik van volledig 
synthetische lipiden en adjuvant, samen met recombinant preF/postF-eiwit, staat garant 
voor een consistent productieproces en een consistente vaccinkwaliteit. Deze liposomale 
nanodeeltjes werden gekarakteriseerd en beoordeeld op hun immunogeniciteit in 
muizen. De resultaten lieten zien dat deze liposomale nanodeeltjes een hoge dichtheid 
van geconjugeerd preF-of postF-eiwit op het liposoomoppervlak hebben. Gemiddeld 
bleken er, onder de condities van de experimenten, ongeveer 350 preF- of 200 postF-
trimeren aan een liposoom geconjugeerd te zijn. Bovendien induceerden deze liposomale 
nanodeeltjes beschermende virus-neutraliserende antilichamen en specifieke RSV CD8 
T-cellen bij muizen.

Op basis van de resultaten beschreven in dit proefschrift kunnen we concluderen dat 
RSV-virosomen en ook liposomen met geconjugeerd preF-eiwit, beide met ingebouwd 
3D-PHAD® als een adjuvant, veelbelovende RSV-vaccinkandidaten zijn. We hebben 
het virosomale RSV-vaccin dat eerder in ons laboratorium werd onderzocht, verder 
geoptimaliseerd en verbeterd. Een ideaal RSV-vaccin moet aan de volgende eisen 
voldoen: 1) optimale inductie van virus-neutraliserende antilichamen tegen antigene 
plaats Ø, II, III, IV of V, 2) inductie van antigeen-specifieke CD8 T-cellen 3) lange-termijn 
stabiliteit en 4) een robuust productieproces. Tot nu toe hebben we laten zien dat RSV-
virosomen en liposomale nanodeeltjes aan een aantal van deze eisen voldoen. Zowel RSV-
virosomen als liposomale nanodeeltjes induceren beschermende virus-neutraliserende 
antilichamen. Het adjuvant 3D-PHAD® helpt bij de activatie van CD8 T-cellen. Bovendien 
resulteert de inbouw van 3D-PHAD® in virosomen of liposomen in een gebalanceerde 
Th1/Th2-immuunrespons, zoals blijkt uit de inductie van Th1-specifieke IgG2a-subklasse 
antilichamen bij muizen, naast de inductie van Th2 IgG1-subklasse antilichamen. 
Bovendien laten de uitgevoerde experimenten zien dat RSV-virosomen met ingebouwd 
3D-PHAD®-stabiel zijn tijdens langdurige opslag. Of RSV-virosomen en liposomen met 
geconjugeerd preF een robuust beschermend immuunrespons bij de mens induceren, 
zoals bij de muizen werd aangetoond, moet in klinische onderzoeken worden beoordeeld.

Hopelijk zal binnenkort een effectief RSV-vaccin beschikbaar komen.
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Deutsche Zusammenfassung

Trotz umfangreicher Forschung in den letzten Jahrzehnten gibt es immer noch 
keinen Impfstoff gegen das Respiratory Syncytial Virus (RSV). Aus diesem Grund ist die 
Notwendigkeit für einen solchen Impfstoff dringend erforderlich. RSV ist ein bedeutender 
Krankheitserreger, der bei Kleinkindern und älteren Menschen signifikante Erkrankungen 
aufweist und Todesfälle verursacht. Im Jahr 2015 sind weltweit 33,1 Millionen Kinder 
im Alter von fünf Jahren oder jünger am RSV erkrankt. Für 94.000 bis 149.000 endet 
die Infektion tödlich. Diese hohe Todesrate tritt hauptsächlich in Entwicklungsländern 
auf. Die Hauptursachen hierfür sind unter anderem der mangelhafte Zugang zu einer 
angemessenen Gesundheitsversorgung. In den Niederlanden benötigen jährlich etwa 
28.000 Babys eine Behandlung zur Bekämpfung des durch das RS Virus verursachte 
Bronchiolitis. Von 28.000 Fällen müssen ca. 2000 im Krankenhaus stationär aufgenommen 
werden.

Gegenwärtig beinhaltet die einzige Behandlung der RSV-Infektion die Verwendung 
des monoklonalen Antikörpers Palivizumab. Dieser Antikörper wird allerdings nur bei 
Neugeborenen, die eventuell ein hohes Risiko für Komplikationen mit RSV-Infektion 
haben können, prophylaktisch verabreicht.

Neben der hohen Infektionsrate bei Neugeborenen und Kleinkindern, müssen allein 
in den USA jährlich etwa 200.000 ältere Menschen aufgrund einer RSV Infektion stationär 
aufgenommen werden. Von den 200.000 genannten Fällen enden schätzungsweise 
14.000 tödlich. Da derzeit keine Behandlung für diese Zielgruppen zur Verfügung steht, 
ist die einzige Option zur Reduzierung von Morbidität und Mortalität von RSV-Infektion, 
die Entwicklung eines effektiven RSV Impfstoffes. 

Das RSV wird durch Tröpfchen oder kontaminierte Oberflächen in die Nase oder Augen 
übertragen. Das RSV infiziert zunächst die Epithelzellen in den oberen Atemwegen, in 
denen es sich vermehrt, anschließend breitet es sich nach ein bis drei Tagen auf die 
unteren Atemwege aus. RSV infizierte Zellen exprimieren das virale F-protein auf der 
Zellmembran. Das F-protein verursacht eine Fusion von infizierten Zellen mit nicht 
infizierten Zellen. Dies führt zur Bildung großer Zellhaufen -auch Synzytien genannt. Die 
Bildung von Synzytien induziert eine Schleimsekretion in den Atemwegen, die dann zur 
Obstruktion der Atemwege führen kann. Im Allgemeinen kann es von dem Beginn der 
Infektion bis zur vollständigen Genesung vier bis acht Wochen dauern.

RSV ist ein Membranvirus mit einem einzelsträngigen RNA Genom, welches eine 
negative Orientierung hat. Das Virus gehört zur Gattung Orthopneumovirus, der Familie 
Pneumoviridae. RSV Viruspartikel sind pleomorph. Viren im Labor hergestellt, bestehen 
hauptsächlich aus kugelförmigen Teilchen mit einem Durchmesser von 100-350 nm, aber 



Deutsche Zusammenfassung

192

auch aus langen Filamenten mit einem Durchmesser von 60-200 nm mit einer Länge von 
bis zu 10 Mikrometern. Die virale Membran enthält die viralen F- und G-Proteine sowie 
das kleine hydrophobe SH-Protein. RSV infiziert das Atemwegsepithel durch Anbindung 
an einen Rezeptor auf der Zelloberfläche mit dem G-Protein und induziert mit dem 
F-Protein die Fusion von Virus und Zelle. Das F-Protein ist unter den verschiedenen RSV-
Subtypen das am meisten konservierte Protein. Im Gegensatz zu G ist F zur Induktion 
einer Infektion unbedingt erforderlich. Das F-Protein weist eine Prefusion- (preF) oder 
eine Postfusion-Konformation (postF) auf. Ein irreversibler Übergang von preF zu postF 
treibt den Fusionsprozess zwischen der viralen Membran und der Zellmembran voran. Die 
preF-Konformation des F-Proteins ist instabil, sodass das Protein selbst in Abwesenheit 
der Zellmembran in die postF-Konformation übergeht. Als Ergebnis ist das F-Protein 
bei RSV-Viruspartikeln teilweise in der preF-Konformation und teilweise in der postF-
Konformation vorhanden.

Während einer Infektion mit RSV werden im Körper Antikörper induziert, die sowohl F 
als auch G blockieren können. Antikörper gegen das G-Protein verhindern die Bindung 
des Virus an den Zellrezeptor, wohingegen Antikörper gegen das F-Protein das Virus 
neutralisieren können. Es sind die Antikörper gegen die preF-Konformation des F-Proteins, 
die die Fusion des Virus mit der Gastzelle hemmen. Antikörper, die gegen postF gerichtet 
sind können ebenfalls die Fusion hemmen, jedoch nur, wenn sie gegen Antigene Epitope 
gerichtet sind, die zwischen preF und postF geteilt werden. Derzeit sind sechs Antigene 
Epitope auf dem F-Protein bekannt, die die Virusneutralisation beeinflussen: Ø (Null), I, II, 
III, IV und V. Antikörper, die an die Antigene Stelle Ø binden, haben eine neutralisierende 
Wirksamkeit, die 10-100x größer ist als Palivizumab.

Wie oben beschrieben, besteht ein großer Bedarf an einem wirksamen RSV Impfstoff. 
Ein wirksamer RSV Impfstoff sollte nicht nur B-Lymphozyten und Plasmazellen die 
virusneutralisierende Antikörper produzieren, sondern auch T-Zell-Immunität induzieren, 
sodass das Immunsystem des Körpers schnell auf eine Infektion reagieren kann. Leider 
gibt es immer noch keinen RSV Impfstoff, teilweise auch aufgrund negativer Ergebnisse 
einer Impfstoffstudie in den USA in den sechziger Jahren.
Zwischen 1965 und 1967 wurden vier klinische Studien in den USA durchgeführt, die 
die protektive Wirkung eines experimentellen RSV-Impfstoffes  untersuchten. Nach dem 
Erfolg des inaktivierten Polio-Impfstoffs durch Inaktivierung des Poliovirus mit Formalien, 
verwendeten die Forscher den gleichen Ansatz bei der Herstellung des Impfstoff RSV 
(FI-RSV). Dieser Impfstoff wurde an Kleinkindern getestet jedoch mit katastrophalen 
Ergebnissen. In einer der Studien resultierte die Impfung mit dem FI-RSV-Impfstoff nicht in 
einem Schutz gegen das Virus, sondern verursachte eine Verschlechterung der Krankheit 
(ERD, erhöhte Atemwegserkrankung), nachdem die geimpften Kinder einer natürliche 



Deutsche Zusammenfassung

193

RSV-Infektion ausgesetzt waren. Von den 31 mit FI-RSV geimpften Kindern mussten 25 
ins Krankenhaus eingeliefert werden. Zwei 14 und 16 Monate alte Babys überlebten die 
Infektion nicht.

Nach den erschreckenden Ergebnissen der klinischen Studie wurde der Schwerpunkt 
der RSV Impfstoffforschung auf die bisher vorliegenden Mechanismen der ERD verschoben. 
Dies führte zu der Erkenntnis, dass der FI-RSV-Impfstoff einen hohen Antikörper Level 
induziert die das Virus binden, es jedoch trotzdem nicht neutralisieren können. Es 
gibt auch Hinweise, dass der FI-RSV Impfstoff nicht mehr zu einer ERD führt, wenn das 
Immunsystem bereits einer RSV-Infektion ausgesetzt war. Dies ist möglicherweise der 
Grund, weshalb ältere geimpfte Kinder in der Studie von 1967 keine ERD-Symptome nach 
einer natürlichen RSV-Infektion zeigten.

Daraus folgt sehr deutlich, dass für die unterschiedlichen Zielgruppen unterschiedliche 
Impfstoffe benötigt werden. Die Hauptzielgruppen für einen RSV Impfstoff sind Babys, 
Kleinkinder und ältere Menschen. Entscheidend für die Auswahl eines geeigneten 
Impfstoffs ist dabei , ob die Person RSV-Antigen-naiv und die Impfung somit der erste 
Kontakt mit dem RSV Antigen ist, oder ob die Person im früheren Leben an einer 
natürlichen Infektion mit RSV erkrankte. Neben Babys und älteren Menschen können 
schwangere Frauen ebenfalls als potentielle Impfgruppe angesehen werden. So können 
beispielsweise Neugeborene geschützt werden, indem Schwangere ihre Antikörper auf 
das ungeborene Kind über die Nabelschnur übertragen. Diese Antikörper schützen das 
Neugeborene in den ersten Monaten nach der Geburt.

Ein sicherer Weg zum Schutz vor einer RSV Infektion ist die Verwendung von RSV 
Virosomen. Virosomen sehen wie Viruspartikel aus, enthalten jedoch keine virale RNA. So 
kann ein Virosom noch immer vom Immunsystem erkannt werden, jedoch keine Krankheit 
mehr verursachen. Forscher in unserem Labor haben bereits ausführlich gezeigt, dass es 
möglich ist, nicht nur Virosomen des Influenzavirus, sondern auch von RSV herzustellen. 
Das Virus wird mit DCPC, einem Phosphorlipid mit kurzen Acylketten behandelt, welches 
wie eine Art Seife wirkt. Durch diesen Effekt werden Membranlipide und integrale 
Membranproteine aufgelöst. In einem weiteren Schritt wird das Nukleokapsid mit der 
viralen RNA durch Ultra Zentrifugation entfernt, dass nur die Membranproteine und Lipide 
zurückbleiben. Anschließend werden zusätzliche Lipide und ein Hilfsstoff in Form eines 
lipophilen Moleküls hinzugefügt. Sobald das DCPC durch Dialyse entfernt wird, erfolgt 
die spontane Bildung von Membranbläschen, welche die viralen Membranproteine, die 
zugegebenen Lipide sowie den Hilfsstoff enthalten. In früheren (PhD) Forschungen in 
unserem Labor wurde ein experimenteller virosomaler RSV Impfstoff auf Immunogenität 
an Mäusen und Baumwollratten getestet.
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Ziel meiner Forschungsarbeit ist es, den in unserem Labor zuvor untersuchten 
virosomalen RSV Impfstoff zu optimieren. Zu Beginn lag der Fokus meiner Arbeit auf der 
Verbesserung der Formulierung des Impfstoffes und dem Testen einer synthetischen 
Variante des Hilfsstoffes MPLA. Darüber hinaus haben wir die Stabilität der Virosomen 
auf Lagerungsbeständigkeit untersucht. Zusätzlich haben wir versucht, durch die 
Verwendung eines RS Virusstamms, mit einer erhöhten Stabilität des preF-Proteins, 
die durch den Impfstoff hervorgerufene Induktion virusneutralisierender Antikörpern 
zu verbessern. Schließlich haben wir das virosomale Konzept durch Verwendung eines 
synthetisches Liposoms, welches rekombinante, stabilisierte preF-Proteine über eine 
Nickel-His-tag Verbindung an das Liposom konjugiert hat, getestet.

Kapitel 2 beschreibt die Immunogenität und Schutzwirkung von RSV Virosomen, die den 
lipophilen Hilfsstoff MPLA enthalten. MPLA ist ein Ligand für den Toll-like-Rezeptor 4 
(TLR4), der den TLR4-Rezeptor auf Immunzellen aktiviert. Virosomen mit MPLA wurden 
auf ihre Fähigkeit untersucht, TLR4-enthaltende Zellen zu aktivieren. Anschließend 
untersuchten wir, ob diese Virosomen auch in Mäusen schützende Antikörper induzieren 
können. Zusätzlich wurde in Kapitel 3 untersucht ob andere MPLA Varianten die gleiche 
Eigenschaft wie MPLA haben. Die zwei MPLA Varianten sind: 3-O-Deacyl-MPLA (3-OD-
MPLA), das bereits in anderen registrierten Impfstoffen verwendet wird, sowie der 
synthetische Hilfsstoff PHAD®. Beide MPLA-Varianten, die geringere Toxizität als MPLA 
aufweisen, wurden auf ihre Fähigkeit analysiert, aus Mäusen isolierte dendritische 
Zellen (DCs) zu aktivieren und B-Zellen in die Zellteilung und Antikörperproduktion zu 
aktivieren. Die in Kapitel 3 beschriebenen Ergebnisse zeigen, dass nicht nur Virosomen 
mit eingebautem MPLA, sondern auch Virosomen mit 3-OD-MPLA und PHAD®, DCs und 
B-Zellen aktivieren können. Zusätzlich induzieren die Virosomen auch die gewünschte 
IgG-Klasse, insbesondere einen Wechsel von IgG1 (assoziiert mit einer Th2-Aktivierung) 
zu IgG2a (Th1-Aktivierung). Da es keine signifikanten Unterschiede in der Aktivierung der 
obigen Zellen und der Induktion der gewünschten IgG-Klasse gab, entschieden wir uns, 
mit einer synthetischen Version von MPLA fortzufahren.

Eine vollständig synthetische Alternative zu MPLA wird bevorzugt, damit 
der Produktionsprozess leichter kontrolliert werden kann. Ein Hilfsstoff muss ein 
ausgezeichnetes Sicherheitsprofil mit der geringstmöglichen Wahrscheinlichkeit 
aufweisen dass nach der Injektion schädliche Wirkungen wie Schmerzen, Schwellungen 
oder Fieber hervorgerufen werden. Eine synthetische Alternative zu MPLA ist 3D-PHAD®. 
Anders als MPLA, besteht 3D-PHAD® aus einem einzigen synthetischen definierten 
Molekül. Da 3D-PHAD® alle Eigenschaften eines potenten Hilfsstoffes aufweist, haben wir 
dieses wohldefinierte Molekül in unseren Folgestudien verwendet.
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In Kapitel 4 haben wir zunächst untersucht, ob der in die RSV Virosomen eingebaute 
synthetische Hilfsstoff 3D-PHAD® die gleiche Kapazität wie MPLA besitzt, schützende 
Antikörperantwort in Mäusen hervorzurufen oder sogar zu verstärken. Überraschenderweise 
wurde festgestellt, dass 3D-PHAD® RSV-spezifische IgG- und auch virusneutralisierende 
Antikörper viel besser induziert als MPLA. Darüber hinaus beschreibt Kapitel 4 die Induktion 
von RSV-spezifischen CD8-T-Zellen durch diese Virosomen. Es zeigt, dass synthetisches 
3D-PHAD® ein ausgezeichneter Ersatz für MPLA ist, da es die Fähigkeit besitzt das 
Immunsystem ausreichend zu stimulieren. In Kapitel 6 haben wir analysiert, wie weit wir 
die Konzentration des 3D-PHAD® Hilfsstoffes senken können. Die Verwendung niedriger 
Hilfsstoff Konzentrationen in Impfstoffen ist ein bedeutender Vorteil, insbesondere 
wenn der Impfstoff für schwangeren Frauen geeignet sein soll. Im Handel erhältliche 
Impfstoffe, wie Cervarix® oder Fendrix® enthalten 1250 µg oder sogar 2500 µg per mg 
der Impfstoffantigendosis an MPLA- Hilfsstoff. In Kapitel 6 zeigen wir unter anderem, dass 
eine fast 20-fach geringere Menge an 3D-PHAD® in RSV-Virosomen ausreichend ist eine 
gute Immunreaktion bei Mäusen hervorzurufen. Dies ist wahrscheinlich auf die direkte 
Assoziation des Hilfsstoffes mit der virosomalen Membran zurückzuführen.

In Kapitel 6 haben wir hergestellte RSV A2-Virus Virosomen mit zwei verschiedenen 
thermostabilen Virusstämmen, die eine erhöhte preF-Stabilität aufweisen, hergestellt 
und verglichen. Aus der Literatur ist bekannt, dass diese Virusstämme weniger 
temperaturempfindliches preF-Protein in der Membran aufweisen. Tatsächlich scheinen 
Virosomen, die von diesen beiden Stämmen produziert werden im Vergleich zu RSV A2-
Virosomen mehr virusneutralisierende Antikörper zu induzieren. 

Neben der Wirksamkeit eines Impfstoffkandidaten, spielt das Potential, den Impfstoff 
in größeren Mengen zu produzieren, eine wichtige Rolle bei der Bewertung der 
Durchführbarkeit und Weiterentwicklung eines Impfstoffproduktes. Wichtig ist, dass 
der Impfstoff während der Lagerung langfristig stabil bleibt. In Kapitel 5 haben wir 
daher die Zusammensetzung, Morphologie und Lagerungsbeständigkeit von RSV-
Virosomen untersucht. In dieser Studie haben wir eine quantitative Analyse des Einbaus 
von 3D-PHAD® in der virosomalen Membran durchgeführt. Darüber hinaus wurde die 
Lipidzusammensetzung der Virosomen optimiert und das Verhältnis des eingebauten 
F- und G-Proteins in der virosomalen Membran quantifiziert. Die Ergebnisse zeigen, dass 
sich die Virosomen während der Lagerung auf dem Boden ablagern, was darauf hinweisen 
könnte, dass die Partikel aggregieren. Es wurde jedoch während einer Follow-Up-Studie 
über einen Zeitraum von zehn Monaten analysiert, dass die beobachtete Verklumpung der 
Virosomen ein reversibler Prozess ist der zeigt, dass die Größenverteilung der Virosomen im 
Wesentlichen gleichbleibt. Die Schlussfolgerung dieser Forschung ist, dass die Virosomen 
während der Lagerung für einen Zeitraum von mindestens 10 Monaten stabil bleiben.
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Die Ergebnisse in den Kapiteln 2-6 zeigen, dass RSV-Virosomen mit eingebauten 
synthetischem Hilfsstoff 3D PHAD® hohe Konzentrationen von virusneutralisierenden 
Antikörpern und CD8 + T-Zellen in Mäusen induzieren. Die Verwendung purer Viren zur 
Herstellung von Virosomen hat jedoch einen großen Nachteil: Es erweist sich als äußerst 
schwierig, große Mengen an RSV herzustellen. Da das virale F-Protein instabil ist, ist es 
außerdem schwierig, das Verhältnis der eingebauten preF und postF in den Virosomen zu 
kontrollieren. Deshalb haben wir uns in Kapitel 7 darauf fokussiert, das virosomale Konzept 
anzupassen: In dieser Studie wurde ein neuer Impfstoff entwickelt, der auf synthetischen 
Liposomen mit konjugiertem, rekombinantem stabilisierten preF- oder postF-Protein 
basiert. Diese Liposomen, oder auch liposomale Nanopartikel genannt, enthalten ein 
Lipidmolekül, DGS-NTA (Ni2+), das an der polaren Kopfgruppe ein Nickel Molekül trägt. 
Die Konjugation wird durch die elektrostatische Wechselwirkung zwischen dem His-tag 
durchgeführt, welches sich im Protein befindet und dem Ni2+-Ion des DGS-NTA (Ni2+). Die 
Verwendung von synthetischen Lipiden und synthetischem Hilfsstoff, zusammen mit dem 
stabilen, rekombinantem preF-Protein garantiert einen konsistenten Produktionsprozess 
und eine konsistente Impfstoffqualität. Diese liposomalen Nanopartikel wurden 
hinsichtlich ihrer Immunogenität in Mäusen charakterisiert und bewertet. Die Ergebnisse 
zeigten, dass die liposomalen Nanopartikel eine hohe Dichte an konjugierten preF- 
oder postF-Protein an der Liposomoberfläche aufweisen. Wir konnten berechnen, dass 
ca. ein liposomaler Nanopartikel durchschnittlich ~350 PreF-Trimere oder ~200 PostF-
Trimere besitzt. Des weiterem induzierten diese liposomalen Nanopartikel schützende 
virusneutralisierende Antikörper und spezifische RSV CD8 T-Zellen in Mäusen.

Basierend auf den in dieser Arbeit beschriebenen Ergebnissen, gelangen wir zu der 
Erkenntnis, dass RSV Virosomen- und Liposomen mit konjugiertem PreF-Protein, beide 
mit integrierten 3D-PHAD® als Hilfsstoff, vielversprechende RSV-Impfstoffkandidaten sind. 
Wir haben den in unserem Labor zuvor untersuchten virosomalen RSV Impfstoff weiter 
optimiert und verbessert. Ein idealer RSV-Impfstoff sollte die folgenden Anforderungen 
erfüllen: 1) die beste Induktion von virusneutralisierenden Antikörpern gegen die 
antigenen Stellen Ø, II, III, IV oder V, 2) Induktion von antigen-spezifischen CD8-T-Zellen, 
3) langfristige Lagerungsbeständigkeit und 4) einen robusten Produktionsprozess 
ermöglichen. Bisher haben wir gezeigt, dass RSV-Virosomen und liposomale Nanopartikel 
einige dieser Anforderungen erfüllen. Sowohl RSV-Virosomen als auch liposomale 
Nanopartikel induzieren schützende virusneutralisierende Antikörper in Mäusen. Des 
weiterem hilft der Hilfsstoff 3D-PHAD® bei der Aktivierung von CD8 T-Zellen. Darüber 
hinaus wird gezeigt, dass der Einbau von 3D-PHAD® in Virosomen oder liposomalen 
Nanopartikel eine ausgewogenen Th1/Th2-Immunantwort induziert. Darüber hinaus 
zeigen die durchgeführten Experimente, dass RSV-Virosomen mit eingebautem 3D-PHAD® 
während einer längeren Lagerung stabil sind. Ob RSV-Virosomen und liposomale 
Nanopartikel mit konjugiertem PreF-Protein eine schützende Immunaktivierung beim 
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Menschen hervorrufen, wie wir dies bei Mäusen nachgewiesen haben, muss in einer 
klinischen Studie untersucht werden.

Hoffentlich wird in naher Zukunft ein wirksamer RSV Impfstoff für die Menschheit 
verfügbar sein.
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