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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 



Introduction and scope of the thesis

19

O
N

E

[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 



Chapter 1

24

O
N

E

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. 



Introduction and scope of the thesis

33

O
N

E

[1] Tregoning JS, Schwarze J. Respiratory viral 
infections in infants: causes, clinical symptoms, 
virology, and immunology. Clin Microbiol Rev 
2010;23:74–98. doi:10.1128/CMR.00032-09.

[2] Shi T, McAllister DA, O’Brien KL, Simoes EAF, 
Madhi SA, Gessner BD, et al. Global, regional, 
and national disease burden estimates of 
acute lower respiratory infections due to 
respiratory syncytial virus in young children in 
2015: a systematic review and modelling study. 
Lancet (London, England) 2017;390:946–58. 
doi:10.1016/S0140-6736(17)30938-8.

[3] Meijboom MJ, Rozenbaum MH, Benedictus A, 
Luytjes W, Kneyber MCJ, Wilschut JC, et al. Cost-
effectiveness of potential infant vaccination 
against respiratory syncytial virus infection in 
The Netherlands. Vaccine 2012. doi:10.1016/j.
vaccine.2012.04.072.

[4] Houben ML, Bont L, Wilbrink B, Belderbos ME, 
Kimpen JLL, Visser GHA, et al. Clinical Prediction 
Rule for RSV Bronchiolitis in Healthy Newborns: 
Prognostic Birth Cohort Study. Pediatrics 2011. 
doi:10.1542/peds.2010-0581.

[5] Scheltema NM, Gentile A, Lucion F, Nokes 
DJ, Munywoki PK, Madhi SA, et al. Global 
respiratory syncytial virus-associated mortality 
in young children (RSV GOLD): a retrospective 
case series. Lancet Glob Heal 2017. doi:10.1016/
S2214-109X(17)30344-3.

[6] Thompson WW, Shay DK, Weintraub E, Brammer 
L, Cox N, Anderson LJ, et al. Mortality associated 
with influenza and respiratory syncytial virus in 
the United States. JAMA 2003;289:179–86.

[7] Glezen WP, Taber LH, Frank AL, Kasel JA. Risk 
of primary infection and reinfection with 
respiratory syncytial virus. Am J Dis Child 
1986;140:543–6.

[8] Nair H, Nokes DJ, Gessner BD, Dherani M, 
Madhi SA, Singleton RJ, et al. Global burden 
of acute lower respiratory infections due to 
respiratory syncytial virus in young children: a 
systematic review and meta-analysis. Lancet 
2010;375:1545–55. doi:10.1016/S0140-
6736(10)60206-1.

[9] Blanken MO, Rovers MM, Molenaar JM, 
Winkler-Seinstra PL, Meijer A, Kimpen JLL, et 
al. Respiratory Syncytial Virus and Recurrent 
Wheeze in Healthy Preterm Infants. N 

Engl J Med 2013;368:1791–9. doi:10.1056/
NEJMoa1211917.

[10] Mochizuki H, Kusuda S, Okada K, Yoshihara 
S, Furuya H, Simões EAF, et al. Palivizumab 
prophylaxis in preterm infants and subsequent 
recurrent wheezing: Six-year follow-up study. 
Am J Respir Crit Care Med 2017;196:29–38. 
doi:10.1164/rccm.201609-1812OC.

[11] Falsey AR, McElhaney JE, Beran J, van Essen 
GA, Duval X, Esen M, et al. Respiratory syncytial 
virus and other respiratory viral infections in 
older adults with moderate to severe influenza-
like illness. J Infect Dis 2014;209:1873–81. 
doi:10.1093/infdis/jit839.

[12] Falsey AR, Hennessey PA, Formica MA, Cox 
C, Walsh EE. Respiratory Syncytial Virus 
Infection in Elderly and High-Risk Adults. N 
Engl J Med 2005;352:1749–59. doi:10.1056/
NEJMoa043951.

[13] Falsey AR, Walsh EE. Respiratory syncytial 
virus infection in adults. Clin Microbiol Rev 
2000;13:371–84.

[14] Falsey AR, McCann RM, Hall WJ, Criddle MM. 
Evaluation of four methods for the diagnosis 
of respiratory syncytial virus infection in older 
adults. J Am Geriatr Soc 1996;44:71–3.

[15] Elliot AJ, Fleming DM. Influenza and respiratory 
syncytial virus in the elderly. Expert Rev Vaccines 
2008;7:249–58. doi:10.1586/14760584.7.2.249.

[16] Lozano R, Naghavi M, Foreman K, Lim S, 
Shibuya K, Aboyans V, et al. Global and regional 
mortality from 235 causes of death for 20 age 
groups in 1990 and 2010: a systematic analysis 
for the Global Burden of Disease Study 2010. 
Lancet (London, England) 2012;380:2095–128. 
doi:10.1016/S0140-6736(12)61728-0.

[17] Krilov LR. Respiratory Syncytial Virus: Update 
on Infection, Treatment, and Prevention. Curr 
Infect Dis Rep 2001;3:242–6.

[18] González PA, Bueno SM, Carreño LJ, Riedel CA, 
Kalergis AM. Respiratory syncytial virus infection 
and immunity. Rev Med Virol 2012;22:230–44. 
doi:10.1002/rmv.1704.

[19] Persson BD, Jaffe AB, Fearns R, Danahay H. 
Respiratory syncytial virus can infect basal 
cells and alter human airway epithelial 
differentiation. PLoS One 2014;9:e102368. 
doi:10.1371/journal.pone.0102368.

References



Chapter 1

34

O
N

E

[20] Hall CB. Respiratory Syncytial Virus and 
Parainfluenza Virus. N Engl J Med 2001;344:1917–
28. doi:10.1056/NEJM200106213442507.

[21] Hacking D, Hull J. Respiratory syncytial virus-
-viral biology and the host response. J Infect 
2002;45:18–24.

[22] Dawson-Caswell M, Muncie HL. Respiratory 
syncytial virus infection in children. Am Fam 
Physician 2011;83:141–6.

[23] Hellermann G, Mohapatra S. Respiratory 
Syncytial Virus. Glob. Virol. I - Identifying 
Investig. Viral Dis., New York, NY: Springer New 
York; 2015, p. 73–92. doi:10.1007/978-1-4939-
2410-3_5.

[24] Rudan I, O’Brien KL, Nair H, Liu L, Theodoratou 
E, Qazi S, et al. Epidemiology and etiology 
of childhood pneumonia in 2010: estimates 
of incidence, severe morbidity, mortality, 
underlying risk factors and causative pathogens 
for 192 countries. J Glob Health 2013;3:010401. 
doi:10.7189/jogh.03.010401.

[25] Knudson CJ, Varga SM. The Relationship 
Between Respiratory Syncytial Virus and 
Asthma. Vet Pathol 2015;52:97–106. 
doi:10.1177/0300985814520639.

[26] Hall CB, Long CE, Schnabel KC. Respiratory 
syncytial virus infections in previously healthy 
working adults. Clin Infect Dis 2001;33:792–6. 
doi:10.1086/322657.

[27] Falsey AR, Walsh EE. Respiratory syncytial 
virus infection in elderly adults. Drugs Aging 
2005;22:577–87.

[28] The IMpact-RSV Study Group. Respiratory 
Syncytial Virus Immune Globulin Intravenous: 
Indications for Use. Pediatrics 1997;99:645–50. 
doi:10.1542/peds.99.4.645.

[29] Feltes TF, Cabalka AK, Meissner HC, Piazza 
FM, Carlin DA, Top FH, et al. Palivizumab 
prophylaxis reduces hospitalization due to 
respiratory syncytial virus in young children 
with hemodynamically significant congenital 
heart disease. J Pediatr 2003;143:532–40.

[30] Vogel A, Lennon D, Broadbent R, Byrnes C, 
Grimwood K, Mildenhall L, et al. Palivizumab 
prophylaxis of respiratory syncytial virus 
infection in high-risk infants. J Paediatr Child 
Health 2002;38:550–4. doi:10.1046/j.1440-
1754.2002.00057.x.

[31] Guvenel AK, Chiu C, Openshaw PJ. Current 
concepts and progress in RSV vaccine 

development. Expert Rev Vaccines 2014;13:333–
44. doi:10.1586/14760584.2014.878653.

[32] American Academy of Pediatrics Committee 
on Infectious Diseases, American Academy of 
Pediatrics Bronchiolitis Guidelines Committee. 
Updated Guidance for Palivizumab Prophylaxis 
Among Infants and Young Children at Increased 
Risk of Hospitalization for Respiratory Syncytial 
Virus Infection. Pediatrics 2014;134:415–20. 
doi:10.1542/peds.2014-1665.

[33] Walsh EE. Respiratory syncytial virus infection in 
adults. Semin Respir Crit Care Med 2011;32:423–
32. doi:10.1055/s-0031-1283282.

[34] Blount RE, Morris JA, Savage RE. Recovery of 
cytopathogenic agent from chimpanzees with 
coryza. Proc Soc Exp Biol Med 1956;92:544–9.

[35] Parrish J. ARTICLE II.--Observations on a peculiar 
Catarrhal complaint in Children. North Am Med 
Surg J 1826;1:24.

[36] Afonso C, Amarasinghe GK, Bào Y, Basler CF, 
Bavari S, Beer M, et al. Taxonomy of the order 
Mononegavirales: update 2017. Arch Virol 
2017;162:2493–504. doi:10.1007/s00705-017-
3311-7.

[37] Jeffree CE, Rixon HWM, Brown G, Aitken J, 
Sugrue RJ. Distribution of the attachment (G) 
glycoprotein and GM1 within the envelope of 
mature respiratory syncytial virus filaments 
revealed using field emission scanning electron 
microscopy. Virology 2003;306:254–67.

[38] Liljeroos L, Krzyzaniak MA, Helenius A, Butcher 
SJ. Architecture of respiratory syncytial virus 
revealed by electron cryotomography. Proc 
Natl Acad Sci U S A 2013;110:11133–8. doi:DOI 
10.1073/pnas.1309070110.

[39] Ramaswamy M, Shi L, Varga SM, Barik S, 
Behlke MA, Look DC. Respiratory syncytial 
virus nonstructural protein 2 specifically 
inhibits type I interferon signal transduction. 
Virology 2006;344:328–39. doi:10.1016/j.
virol.2005.09.009.

[40] Zhang W, Yang H, Kong X, Mohapatra S, Juan-
Vergara HS, Hellermann G, et al. Inhibition 
of respiratory syncytial virus infection with 
intranasal siRNA nanoparticles targeting 
the viral NS1 gene. Nat Med 2005;11:56–62. 
doi:10.1038/nm1174.

[41] McLellan JS, Ray W., Peeples ME. Structure and 
function of respiratory syncytial virus surface 
glycoproteins. Curr Top Microbiol Immunol 



Introduction and scope of the thesis

35

O
N

E

2013;372:83–104. doi:10.1007/978-3-642-
38919-1_4.

[42] Johnson SM, McNally BA, Ioannidis I, Flano 
E, Teng MN, Oomens AG, et al. Respiratory 
Syncytial Virus Uses CX3CR1 as a Receptor on 
Primary Human Airway Epithelial Cultures. 
PLoS Pathog 2015. doi:10.1371/journal.
ppat.1005318.

[43] Widjojoatmodjo MN, Boes J, van Bers M, van 
Remmerden Y, Roholl PJ, Luytjes W. A highly 
attenuated recombinant human respiratory 
syncytial virus lacking the G protein induces 
long-lasting protection in cotton rats. Virol J 
2010;7:114. doi:10.1186/1743-422X-7-114.

[44] Teng MN, Whitehead SS, Collins PL. Contribution 
of the Respiratory Syncytial Virus G Glycoprotein 
and Its Secreted and Membrane-Bound Forms 
to Virus Replication in Vitro and in Vivo. Virology 
2001;289:283–96. doi:10.1006/viro.2001.1138.

[45] Techaarpornkul S, Collins PL, Peeples ME. 
Respiratory Syncytial Virus with the Fusion 
Protein as Its only Viral Glycoprotein Is Less 
Dependent on Cellular Glycosaminoglycans 
for Attachment than Complete Virus. Virology 
2002;294:296–304. doi:10.1006/viro.2001.1340.

[46] Graham BS. Vaccine development for respiratory 
syncytial virus. Curr Opin Virol 2017;23:107–12. 
doi:10.1016/j.coviro.2017.03.012.

[47] Gan SW, Ng L, Lin X, Gong X, Torres J. 
Structure and ion channel activity of the 
human respiratory syncytial virus (hRSV) small 
hydrophobic protein transmembrane domain. 
Protein Sci 2008;17:813–20. doi:10.1110/
ps.073366208.

[48] Schmidt ME, Varga SM. Modulation of the host 
immune response by respiratory syncytial 
virus proteins. J Microbiol 2017;55:161–71. 
doi:10.1007/s12275-017-7045-8.

[49] Varga SM, Braciale TJ, Varga SM, Braciale TJ, 
Carter BB. The Adaptive Immune Response 
to Respiratory Syncytial Virus 2013. 
doi:10.1007/978-3-642-38919-1_8.

[50] Falsey AR, Singh HK, Walsh EE. Serum 
antibody decay in adults following natural 
respiratory syncytial virus infection. J Med Virol 
2006;78:1493–7. doi:10.1002/jmv.20724.

[51] Habibi MS, Jozwik A, Makris S, Dunning J, Paras 
A, DeVincenzo JP, et al. Impaired antibody-
mediated protection and defective iga b-cell 
memory in experimental infection of adults 

with respiratory syncytial virus. Am J Respir 
Crit Care Med 2015;191:1040–9. doi:10.1164/
rccm.201412-2256OC.

[52] DeVincenzo JP, Wilkinson T, Vaishnaw A, Cehelsky 
J, Meyers R, Nochur S, et al. Viral Load Drives 
Disease in Humans Experimentally Infected 
with Respiratory Syncytial Virus. Am J Respir 
Crit Care Med 2010;182:1305–14. doi:10.1164/
rccm.201002-0221OC.

[53] Openshaw PJ, Chiu C. Protective and dysregulated 
T cell immunity in RSV infection. Curr Opin Virol 
2013;3:468–74. doi:10.1016/j.coviro.2013.05.005.

[54] Graham BS. Vaccines against respiratory syncytial 
virus: The time has finally come. Vaccine 2016. 
doi:10.1016/j.vaccine.2016.04.083.

[55] Welliver RC, Kaul TN, Putnam TI, Sun M, 
Riddlesberger K, Ogra PL. The antibody 
response to primary and secondary infection 
with respiratory syncytial virus: kinetics of class-
specific responses. J Pediatr 1980;96:808–13.

[56] Melero JA, Moore ML. Influence of respiratory 
syncytial virus strain differences on pathogenesis 
and immunity. Curr Top Microbiol Immunol 
2013;372:59–82. doi:10.1007/978-3-642-38919-
1_3.

[57] McLellan JS, Chen M, Leung S, Graepel KW, Du X, 
Yang Y, et al. Structure of RSV fusion glycoprotein 
trimer bound to a prefusion-specific neutralizing 
antibody. Science 2013;340:1113–7. doi:10.1126/
science.1234914.

[58] Spann KM, Tran K-C, Chi B, Rabin RL, Collins PL. 
Suppression of the induction of alpha, beta, and 
lambda interferons by the NS1 and NS2 proteins 
of human respiratory syncytial virus in human 
epithelial cells and macrophages [corrected]. J 
Virol 2004;78:4363–9.

[59] Le Bon A, Durand V, Kamphuis E, Thompson 
C, Bulfone-Paus S, Rossmann C, et al. Direct 
stimulation of T cells by type I IFN enhances 
the CD8+ T cell response during cross-priming. 
J Immunol 2006;176:4682–9. doi:10.4049/
JIMMUNOL.176.8.4682.

[60] Thomas R. Signal 3 and its role in autoimmunity. 
Arthritis Res Ther 2004;6:26–7. doi:10.1186/
ar1033.

[61] Johnson TR, McLellan JS, Graham BS. Respiratory 
syncytial virus glycoprotein G interacts with DC-
SIGN and L-SIGN to activate ERK1 and ERK2. J 
Virol 2012;86:1339–47. doi:10.1128/JVI.06096-11.

[62] Tripp R a, Jones LP, Haynes LM, Zheng H, Murphy 



Chapter 1

36

O
N

E

PM, Anderson LJ. CX3C chemokine mimicry by 
respiratory syncytial virus G glycoprotein. Nat 
Immunol 2001;2:732–8. doi:10.1038/90675.

[63] Hall CB. The burgeoning burden of respiratory 
syncytial virus among children. Infect Disord 
Drug Targets 2012;12:92–7.

[64] Malloy AMW, Falsey AR, Ruckwardt TJ. 
Consequences of Immature and Senescent 
Immune Responses for Infection with 
Respiratory Syncytial Virus. Curr. Top. 
Microbiol. Immunol., vol. 372, 2013, p. 211–31. 
doi:10.1007/978-3-642-38919-1_11.

[65] Koenig JM, Yoder MC. Neonatal neutrophils: 
the good, the bad, and the ugly. Clin Perinatol 
2004;31:39–51. doi:10.1016/J.CLP.2004.03.013.

[66] Levy O. Innate immunity of the newborn: basic 
mechanisms and clinical correlates. Nat Rev 
Immunol 2007;7:379–90. doi:10.1038/nri2075.

[67] Adkins B, Leclerc C, Marshall-Clarke S. Neonatal 
adaptive immunity comes of age. Nat Rev 
Immunol 2004;4:553–64. doi:10.1038/nri1394.

[68] Siegrist C-A, Aspinall R. B-cell responses to 
vaccination at the extremes of age. Nat Rev 
Immunol 2009;9:185–94. doi:10.1038/nri2508.

[69] Katz JM, Plowden J, Renshaw-Hoelscher M, 
Lu X, Tumpey TM, Sambhara S. Immunity to 
Influenza: The Challenges of Protecting an 
Aging Population. Immunol Res 2004;29:113–
24. doi:10.1385/IR:29:1-3:113.

[70] Franceschi C, Capri M, Monti D, Giunta S, 
Olivieri F, Sevini F, et al. Inflammaging and 
anti-inflammaging: A systemic perspective on 
aging and longevity emerged from studies in 
humans. Mech Ageing Dev 2007;128:92–105. 
doi:10.1016/j.mad.2006.11.016.

[71] Gomez CR, Nomellini V, Faunce DE, Kovacs 
EJ. Innate immunity and aging. Exp 
Gerontol 2008;43:718–28. doi:10.1016/j.
exger.2008.05.016.

[72] Ponnappan S, Ponnappan U. Aging and 
Immune Function: Molecular Mechanisms 
to Interventions. Antioxid Redox Signal 
2011;14:1551–85. doi:10.1089/ars.2010.3228.

[73] Busse PJ, Mathur SK. Age-related changes 
in immune function: Effect on airway 
inflammation. J Allergy Clin Immunol 
2010;126:690–9. doi:10.1016/j.jaci.2010.08.011.

[74] Gomez CR, Boehmer ED, Kovacs EJ. The aging 
innate immune system. Curr Opin Immunol 
2005;17:457–62. doi:10.1016/j.coi.2005.07.013.

[75] Yager EJ, Ahmed M, Lanzer K, Randall TD, 
Woodland DL, Blackman MA. Age-associated 
decline in T cell repertoire diversity leads to 
holes in the repertoire and impaired immunity 
to influenza virus. J Exp Med 2008;205:711–23. 
doi:10.1084/jem.20071140.

[76] Pera A, Campos C, López N, Hassouneh 
F, Alonso C, Tarazona R, et al. 
Immunosenescence: Implications for response 
to infection and vaccination in older people. 
Maturitas 2015;82:50–5. doi:10.1016/j.
maturitas.2015.05.004.

[77] van der Heiden M, de Rond LGH, van Zelm MC, 
Berbers GAM, Boots AMH, Buisman AM. Age-
dependent pre-vaccination immunity affects the 
immunogenicity of varicella zoster vaccination 
in middle-aged adults. Front Immunol 2018;9. 
doi:10.3389/fimmu.2018.00046.

[78] Haynes L, Swain SL. Why Aging T Cells 
Fail: Implications for Vaccination. 
Immunity 2006;24:663–6. doi:10.1016/j.
immuni.2006.06.003.

[79] Henry JL, Jaikaran ES, Davies JR, Tomlinson 
AJH, Mason PJ, Barnes JM, et al. A study of 
poliovaccination in infancy: excretion following 
challenge with live virus by children given killed 
or living poliovaccine. J Hyg, Camb 1966;64.

[80] Nathanson N, Kew OM. From Emergence to 
Eradication: The Epidemiology of Poliomyelitis 
Deconstructed. Am J Epidemiol 2010;172:1213–
29. doi:10.1093/aje/kwq320.

[81] Kim HW, Canchola JG, Brandt CD, Pyles G, 
Chanock RM, Jensen K, et al. Respiratory 
syncytial virus disease in infants despite prior 
administration of antigenic inactivated vaccine. 
Am J Epidemiol 1969;89:422–34.

[82] Fulginiti VA, Eller JJ, Sieber F, Joyner JW, 
Mtnamitani M, Meiklejohn G, et al. Respiratory 
virus immunization. I. A field trial of two 
inactivated respiratory syncytial virus vaccines; 
an aqueous trivalent parainfluenza virus 
vaccine and an alum-precipitated respiratory 
syncytial virus vaccine. AM J Epidemiol 1969;89.

[83] Chin J, Magoffin RL, Shearer LA, Schieble JH, 
Lennette EH. Field evaluation of a respiratory 
syncytial virus vaccine and a trivalent 
parainfluenza virus vaccine in a pediatric 
population. Am J Epidemiol 1969;89:449–63.

[84] Kapikian AZ, Mitchell RH, Chanock RM, Shvedoff 
RA, Stewart CE. An epidemiologic study of 



Introduction and scope of the thesis

37

O
N

E

altered clinical reactivity to respiratory syncytial 
(RS) virus infection in children previously 
vaccinated with an inactivated RS virus. Am J 
Epidemiol 1969;88:405–21.

[85] Collins PL, Fearns R, Graham BS. Respiratory 
Syncytial Virus: Virology, Reverse Genetics, 
and Pathogenesis of Disease. Curr. Top. 
Microbiol. Immunol., vol. 372, 2013, p. 3–38. 
doi:10.1007/978-3-642-38919-1_1.

[86] Murphy BR, Alling DW, Snyder MH, Walsh EE, 
Prince GA, Chanock RM, et al. Effect of age 
and preexisting antibody on serum antibody 
response of infants and children to the F and G 
glycoproteins during respiratory syncytial virus 
infection. J Clin Microbiol 1986;24:894–8.

[87] Murphy BR, Walsh EE. Formalin-inactivated 
respiratory syncytial virus vaccine induces 
antibodies to the fusion glycoprotein that are 
deficient in fusion-inhibiting activity. J Clin 
Microbiol 1988;26:1595–7.

[88] Polack FP, Teng MN, Collins PL, Prince GA, Exner 
M, Regele H, et al. A role for immune complexes 
in enhanced respiratory syncytial virus disease. 
J Exp Med 2002;196:859–65.

[89] Boukhvalova MS, Prince GA, Soroush L, 
Harrigan DC, Vogel SN, Blanco JCG. The TLR4 
agonist, monophosphoryl lipid A, attenuates 
the cytokine storm associated with respiratory 
syncytial virus vaccine-enhanced disease. 
Vaccine 2006;24:5027–35. doi:10.1016/j.
vaccine.2006.03.064.

[90] Waris ME, Tsou C, Erdman DD, Zaki SR, Anderson 
LJ. Respiratory synctial virus infection in BALB/c 
mice previously immunized with formalin-
inactivated virus induces enhanced pulmonary 
inflammatory response with a predominant 
Th2-like cytokine pattern. J Virol 1996;70:2852–
60.

[91] Moghaddam A, Olszewska W, Wang B, 
Tregoning JS, Helson R, Sattentau QJ, et 
al. A potential molecular mechanism for 
hypersensitivity caused by formalin-inactivated 
vaccines. Nat Med 2006;12:905–7. doi:10.1038/
nm1456.

[92] Killikelly AM, Kanekiyo M, Graham BS. Pre-
fusion F is absent on the surface of formalin-
inactivated respiratory syncytial virus. Sci Rep 
2016;6:34108. doi:10.1038/srep34108.

[93] Kruijsen D, Schijf MA, Lukens M V., van Uden 
NO, Kimpen JL, Coenjaerts FE, et al. Local innate 

and adaptive immune responses regulate 
inflammatory cell influx into the lungs after 
vaccination with formalin inactivated RSV. 
Vaccine 2011;29:2730–41. doi:10.1016/j.
vaccine.2011.01.087.

[94] Kool M, Soullié T, van Nimwegen M, Willart 
MAM, Muskens F, Jung S, et al. Alum adjuvant 
boosts adaptive immunity by inducing uric 
acid and activating inflammatory dendritic 
cells. J Exp Med 2008;205:869–82. doi:10.1084/
jem.20071087.

[95] Neuzil KM, Johnson JE, Tang YW, Prieels JP, 
Slaoui M, Gar N, et al. Adjuvants influence the 
quantitative and qualitative immune response 
in BALB/c mice immunized with respiratory 
syncytial virus FG subunit vaccine. Vaccine 
1997;15:525–32.

[96] Belshe RB, Van Voris LP, Mufson MA. Parenteral 
administration of live respiratory syncytial 
virus vaccine: results of a field trial. J Infect Dis 
1982;145:311–9.

[97] Wright PF, Karron RA, Belshe RB, Shi JR, 
Randolph VB, Collins PL, et al. The absence of 
enhanced disease with wild type respiratory 
syncytial virus infection occurring after receipt 
of live, attenuated, respiratory syncytial 
virus vaccines. Vaccine 2007;25:7372–8. 
doi:10.1016/j.vaccine.2007.08.014.

[98] Collins PL, Murphy BR. New Generation Live 
Vaccines against Human Respiratory Syncytial 
Virus Designed by Reverse Genetics. Proc 
Am Thorac Soc 2005;2:166–73. doi:10.1513/
pats.200501-011AW.

[99] Murphy BR, Collins PL. Live-attenuated 
virus vaccines for respiratory syncytial 
and parainfluenza viruses: applications of 
reverse genetics. J Clin Invest 2002;110:21–7. 
doi:10.1172/JCI16077.

[100] Graham BS. Biological challenges and 
technological opportunities for respiratory 
syncytial virus vaccine development. Immunol 
Rev 2011;239:149–66. doi:10.1111/j.1600-
065X.2010.00972.x.

[101] Friedewald WT, Forsyth BR, Smith CB, Gharpure 
MA, Chanock RM. Low-temperature-grown RS 
virus in adult volunteers. JAMA 1968;204:690–4.

[102] Gharpure MA, Wright PF, Chanock RM. 
Temperature-sensitive mutants of respiratory 
syncytial virus. J Virol 1969;3:414–21.

[103] Wright PF, Shinozaki T, Fleet W, Sell SH, 



Chapter 1

38

O
N

E

Thompson J, Karzon DT. Evaluation of a live, 
attenuated respiratory syncytial virus vaccine in 
infants. J Pediatr 1976;88:931–6.

[104] Wright PF, Belshe RB, Kim HW, Van Voris 
LP, Chanock RM. Administration of a highly 
attenuated, live respiratory syncytial virus 
vaccine to adults and children. Infect Immun 
1982;37:397–400.

[105] Paths. RSV Vaccine and mAb Snapshot. Vaccine 
Resour Libr 2017. http://vaccineresources.org/
details.php?i=1562 (accessed April 5, 2018).

[106] Mazur NI, Higgins D, Nunes MC, Melero JA, 
Langedijk AC, Horsley N, et al. The respiratory 
syncytial virus vaccine landscape: lessons 
from the graveyard and promising candidates. 
Lancet Infect Dis 2018. doi:10.1016/S1473-
3099(18)30292-5.

[107] Englund J, Glezen WP, Piedra PA. Maternal 
immunization against viral disease. Vaccine 
1998;16:1456–63.

[108] Scheltema NM, Kavelaars XM, Thorburn K, 
Hennus MP, van Woensel JB, van der Ent CK, 
et al. Potential impact of maternal vaccination 
on life-threatening respiratory syncytial 
virus infection during infancy. Vaccine 2018. 
doi:10.1016/j.vaccine.2018.06.021.

[109] Ngwuta JO, Chen M, Modjarrad K, Joyce MG, 
Kanekiyo M, Kumar A, et al. Prefusion F-specific 
antibodies determine the magnitude of 
RSV neutralizing activity in human sera. Sci 
Transl Med 2015;7:309ra162. doi:10.1126/
scitranslmed.aac4241.

[110] Hancock GE, Heers KM, Pryharski KS, Smith JD, 
Tiberio L. Adjuvants recognized by toll-like 
receptors inhibit the induction of polarized 
type 2 T cell responses by natural attachment 
(G) protein of respiratory syncytial virus. 
Vaccine 2003;21:4348–58. doi:10.1016/S0264-
410X(03)00482-1.

[111] Glenn GM, Fries LF, Thomas DN, Smith G, 
Kpamegan E, Lu H, et al. A randomized, 
blinded, controlled, dose-ranging study of a 
respiratory syncytial virus recombinant Fusion 
(F) nanoparticle vaccine in healthy women of 
childbearing age. J Infect Dis 2016. doi:10.1093/
infdis/jiv406.

[112] Almeida J, Edwards DC, Brand C, Heath T. 
Formation of Virosomes From Influenza 
Subunits and Liposomes. Lancet 1975;306:899–
901. doi:10.1016/S0140-6736(75)92130-3.

[113] Stegmann T, Morselt HWM, Booy FP, Van 
Breemen JFL, Scherphof G, Wilschut J, et al. 
Functional reconstitution of influenza virus 
envelopes. EMBO J 1987;6:2651–9.

[114] Huckriede A, Bungener L, Stegmann T, 
Daemen T, Medema J, Palache AM, et al. The 
virosome concept for influenza vaccines. 
Vaccine 2005;23:26–38. doi:10.1016/j.
vaccine.2005.04.026.

[115] Bron R, Ortiz A, Dijkstra J, Stegmann T, Wilschut 
J. Preparation, properties, and applications 
of reconstituted influenza virus envelopes 
(virosomes). Methods Enzymol 1993;220:313–
31.

[116] de Jonge J, Schoen P, terVeer W, Stegmann 
T, Wilschut J, Huckriede A. Use of a dialyzable 
short-chain phospholipid for efficient 
solubilization and reconstitution of influenza 
virus envelopes. Biochim Biophys Acta - 
Biomembr 2006;1758:527–36. doi:10.1016/j.
bbamem.2006.03.011.

[117] Herzog C, Hartmann K, Künzi V, Kürsteiner 
O, Mischler R, Lazar H, et al. Eleven years 
of Inflexal® V—a virosomal adjuvanted 
influenza vaccine. Vaccine 2009. doi:10.1016/j.
vaccine.2009.05.029.

[118] Bovier PA. Epaxal ® : a virosomal vaccine 
to prevent hepatitis A infection. 
Expert Rev Vaccines 2008;7:1141–50. 
doi:10.1586/14760584.7.8.1141.

[119] Arkema A, Huckriede A, Schoen P, Wilschut J, 
Daemen T. Induction of cytotoxic T lymphocyte 
activity by fusion-active peptide- containing 
virosomes. Vaccine 2000;18:1327–33. 
doi:10.1016/S0264-410X(99)00404-1.

[120] Castilow EM, Olson MR, Varga SM. 
Understanding respiratory syncytial virus 
(RSV) vaccine-enhanced disease. Immunol Res 
2007;39:225–39. doi:10.1007/s12026-007-0071-
6.

[121] Delgado MF, Coviello S, Monsalvo  a C, 
Melendi G a, Mitzner W, Ravetch J, et al. Lack of 
antibody affinity maturation due to poor Toll-
like receptor stimulation leads to enhanced 
respiratory syncytial virus disease. Nat Med 
2010;15:34–41. doi:10.1038/nm.1894.Lack.

[122] Stegmann T, Kamphuis T, Meijerhof T, Goud E, 
de Haan A, Wilschut J. Lipopeptide-adjuvanted 
respiratory syncytial virus virosomes: A safe 
and immunogenic non-replicating vaccine 



Introduction and scope of the thesis

39

O
N

E

formulation. Vaccine 2010;28:5543–50. 
doi:10.1016/j.vaccine.2010.06.041.

[123] Kamphuis T, Shafique M, Meijerhof T, Stegmann 
T, Wilschut J, de Haan A. Efficacy and safety of an 
intranasal virosomal respiratory syncytial virus 
vaccine adjuvanted with monophosphoryl lipid 
A in mice and cotton rats. Vaccine 2013;31:2169–
76. doi:10.1016/j.vaccine.2013.02.043.

[124] Kamphuis T, Stegmann T, Meijerhof T, Wilschut 
J, De Haan A. A virosomal respiratory syncytial 
virus vaccine adjuvanted with monophosphoryl 
lipid A provides protection against viral 
challenge without priming for enhanced 
disease in cotton rats. Influenza Other Respi 
Viruses 2013;7:1227–36. doi:10.1111/irv.12112.

[125] Shafique M, Meijerhof T, Wilschut J, de Haan A. 
Evaluation of an Intranasal Virosomal Vaccine 
against Respiratory Syncytial Virus in Mice: 
Effect of TLR2 and NOD2 Ligands on Induction 
of Systemic and Mucosal Immune Responses. 
PLoS One 2013;8:e61287. doi:10.1371/journal.
pone.0061287.

[126] Kamphuis T, Meijerhof T, Stegmann 
T, Lederhofer J, Wilschut J, de Haan A. 
Immunogenicity and protective capacity of a 
virosomal respiratory syncytial virus vaccine 

adjuvanted with monophosphoryl lipid a in 
mice. PLoS One 2012;7.

[127] Ulrich JT, Myers KR. Monophosphoryl lipid 
A as an adjuvant. Past experiences and new 
directions. Pharm Biotechnol 1995;6:495–524.

[128] Garçon N, Segal L, Tavares F, Van Mechelen 
M. The safety evaluation of adjuvants during 
vaccine development: The AS04 experience. 
Vaccine 2011;29:4453–9. doi:10.1016/j.
vaccine.2011.04.046.

[129] Avanti Polar Lipids. Lipid Products | 3D-PHAD® 
| 699852 2017. https://avantilipids.com/
product/699852/ (accessed December 8, 2017).

[130] Stöver AG, Da Silva Correia J, Evans JT, Cluff CW, 
Elliott MW, Jeffery EW, et al. Structure-activity 
relationship of synthetic toll-like receptor 
4 agonists. J Biol Chem 2004;279:4440–9. 
doi:10.1074/jbc.M310760200.

[131] Hajjar AM, Ernst RK, Tsai JH, Wilson CB, Miller 
SI. Human Toll-like receptor 4 recognizes 
host-specific LPS modifications. Nat Immunol 
2002;3:354–9. doi:10.1038/ni777.


	Chapter 1



