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Respiratory Syncytial Virus  

 

Respiratory Syncytial Virus (RSV) is a negative-sense nonsegmented single stranded RNA 

virus of the Pneumovirus genus belonging to the family Paramyxoviridae. The RNA genome 

contains 10 genes that encode 11 proteins (1). RSV consists of a nucleocapsid surrounded 

by a lipid envelope with a diameter of 150-300 nm. There are four nucleocapsid proteins: the 

nucleocapsid N protein, phosphoprotein P, large polymerase subunit L and transcription 

elongation factor M2-1 (2). The envelope contains three virally encoded surface 

transmembrane glycoproteins. The heavily glycosylated attachment protein G is the most 

variable protein of the virus (3). The fusion protein F is involved in viral penetration which 

occurs at the cell surface (4). The function of the small hydrophobic (SH) protein which is 

predominantly found in the infected cell membrane, is unknown (5). There are two non-

structural proteins NS1 and NS2, which are abundantly expressed in the infected cells early 

after infection. These proteins suppress the type I interferon response and thus enhance 

interferon resistance of the virus (6). The matrix M protein, connects the viral nucleocapsid 

with the lipid envelope,  and M2-2 acts as an RNA regulatory factor (7).  

 

 

Epidemiology 

 

RSV causes seasonal outbreaks of respiratory disease (8). Nearly seventy percent of 

newborns are infected in their first year of life. RSV infections vary widely in disease severity, 

causing mild colds, bronchiolitis and pneumonia. Three percent of infants exposed to RSV 

require hospitalization because of respiratory failure and feeding problems (9). Of the 

hospitalized infants up to twenty percent need mechanical ventilation (10). Severe RSV 

disease peaks around 2-3 months of age (11;12). Risk groups for developing severe lower 

respiratory tract symptoms are premature infants and children with pre-existing lung 

conditions or congenital heart diseases (13;14). In addition, RSV is a well recognized cause 

of morbidity from pneumonia in elderly people and immunosuppressed patients (15). Healthy 

adults are regularly reinfected despite the presence of high levels of neutralizing antibodies 

(16). These reinfections usually cause mild symptoms, however they show that immune 

memory established during naturally infection wanes in time.  

Infants that experienced severe lower respiratory tract disease during primary 

infection have an increased risk to develop recurrent episodes of wheezing during childhood 

that disappear usually between the age of 8 and 13 (17-19). 

 

 

Pathology 

 

RSV spreads through aerosols and contaminated surfaces. Initially the upper respiratory 

tract is infected. The virus spreads to the lower respiratory tract via cell to cell contact. RSV 

primarily infects epithelial cells in the small airways and alveolar epithelium. In vitro infection 
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of explanted broncho-epithelial cells does not lead to extensive cytopathology. However, it 

has been shown that in immune compromised individuals such as patients with severe 

combined immunodeficiency (SCID) cytopathology induced by RSV might be the direct 

cause of morbidity (20). In addition to prolonged virus shedding the characteristic syncytium 

formation was observed in these patients caused by the fusion protein F.  

It is currently unclear why disease course is mild in most children but severe in a 

small group. Even though there are risk groups that are more prone to develop severe 

disease, most hospitalized children do not belong to one of these groups. Because of the 

long term asthma-like effects found in a group of children that experienced severe 

bronchiolitis during primary infections, it was hypothesized that common genetic factors 

might predispose children to develop asthma and RSV bronchiolitis (21;22). Indeed 

correlations have been found with genetic differences in cytokine and cytokine receptors and 

enhanced vulnerability to severe RSV lower respiratory tract disease (23-25). Another crucial 

factor might be the immature immune system that is prone to develop a type two immune 

response characterized by signature cytokines Interleukin-4 (IL-4) and IL-5.  

 

Disease severity has been associated with several factors. Among them are environmental 

factors, genetic factors, virus strain, viral load etc. At present, the exact mechanism which is 

responsible for disease severity is still a matter of debate, none of the studies performed are 

fully conclusive and conflicting data have been reported. Several studies indicate that 

cytokine pattern or chemokine expression can correlate with disease severity. Chemokines 

are necessary to evoke the immune response. RANTES and MIP-1α which are ligands for 

chemokine receptor CCR5, have been found in higher amounts in infants with more severe 

disease (26). A study in which genetic associations were analyzed, showed that CCR5 gene 

variants played a role in the determination of disease severity (27). 

 In some studies group A viruses were found to be responsible for more severe 

disease (28). But there are reports in which B strain infections were more severe. Most 

studies however, report no difference between the two strains (29;30). In addition, other 

studies show that the course of RSV lower respiratory disease was found to correlate with 

viral load (31). 

 

 

Vaccine 

 

An early vaccination trial with a formalin-inactivated (FI-) RSV preparation formulated with 

the adjuvant alum has shown that diverted cellular immune response can enhance disease 

severity. Vaccinees in this trial developed enhanced disease upon exposure to the natural 

virus (32). A strong type two immune response and an influx of eosinophils into the lung were 

observed. Currently there is no licensed vaccine for RSV available. The dramatic outcome of 

the FI-RSV trial has obviously been a major setback in the development of an RSV vaccine. 

Moreover, there is currently considerable interest in the development of vaccines that in 

contrast to the old fashioned inactivated vaccines are aimed at the induction of protective T 
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cell rather than humoral responses. CD8 T cell responses exert direct activity against 

infected cells and are targeting a broader array of viral proteins than antibodies, that to be 

effective need to neutralize the virus which is accomplished by recognition of epitopes 

present on the viral surface proteins. These viral surface proteins are usually the most 

variable proteins due to antigenic drift causing escape of the virus from the established 

humoral immunity. However, there is no procedure yet available for the rational development 

of a vaccine that elicits effective T cell mediated immunity. Generation of such vaccines 

requires detailed knowledge on how effective T cell immunity is naturally initiated and 

maintained.  

 

 

Innate immune response to RSV 

 

Innate immunity provides the first line of resistance to infectious diseases. The defense 

systems of innate immunity are effective in combating many pathogens, but they can only 

recognize microorganisms carrying surface molecules that are common to many pathogens 

and that have remained unchanged during evolution. Human RSV primarily infects 

respiratory epithelium. RSV infection of epithelial cells induces the production of a spectrum 

of chemokines and cytokines that affect the balance between virus elimination and 

pathogenesis (33). An important group of cytokines produced by infected tissues are type I 

interferons (IFN), which have potent antiviral and antiproliferative activities and contribute to 

the induction and regulation of innate and adaptive antiviral mechanisms (34;35). Many 

viruses have evolved mechanisms to block the induction of these type I IFNs or interfere with 

type I IFN induced intra-cellular signals. RSV is also capable inhibiting the production of IFN 

type I and suppressing the antiviral effects of type I IFN (36). The nonstructural proteins 1 

and 2 of RSV are produced early in infection and interfere with type I IFN production of 

infected cells. With NS1 and NS2 deleted viruses it has been shown that both proteins 

cooperatively suppressed the pathway leading to phosphorylation of IFN regulatory factor 

(IRF)3 a crucial step in the induction of IFN-γ production (6;37;38). Type I IFNs bind to a 

single IFN-α receptor (IFNAR), which is associated with tyrosine kinases. Binding of IFN to 

IFNAR results in activation of the latent transcription factors Stat1 and Stat2, which results in 

dimerization with (IRF)9 (39). Several studies have shown that NS2 suppresses the type I 

IFN response via the decrease of Stat 2 levels (40;41). While the anti-IFN effect of NS1 of 

human RSV is more potent than the role of NS2, the exact mechanism of suppression of the 

type I IFN response by this protein is unknown.  

 

Type I interferons are induced as a consequence of viral infection which can be 

sensed by the infected cells in several ways, for instance by members of the Toll receptor 

(TLR) family. TLRs are pattern recognition receptors (PRRs) which recognize pathogen-

associated molecular patterns (PAMPs) which represent conserved molecular features of a 

given microbial class like bacteria, viruses and other microorganisms. TLRs activate 

signaling pathways that are critical for induction of the immune response to the given 
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microbial challenge. The TLRs differ in the location in the cell where they are expressed (cell 

surface versus endosomal compartments) and the repertoire of cells on which they are 

expressed (epithelial cells, dendritic cells, monocytes etc). There are at least 11 different 

receptors. The different receptors are specialized in recognition of particular PAMPs. For 

example, TLR2 generally recognizes peptidoglycan of Gram-negative bacteria, TLR3 

recognizes viral ds RNA, TLR4 recognizes LPS, TLR7/8 recognize ss viral RNA and TLR9 

recognizes bacterial/viral DNA (42-46). TLR4 plays a role in the innate immune response to 

RSV infection. RSV F binds to TLR4 and CD14 on human monocytes stimulating the release 

of cytokines IL-1β, IL-6 and TNF-α (47). In addition to TLRs there are also other membrane 

receptors that are specifically recognized and triggered by pathogen specific structures like 

for instance C-type lectin receptors, DC-SIGN (48).  

Besides recognition by membrane receptors expressed at the cell surface or in 

endosomal compartments, replicating virus can be sensed in the cytosol in several ways 

involving RNA helicase molecule RIG-I, PKR etc. (49;50). Exposure to different viruses 

initiates different innate responses. Depending on which cell type is infected/exposed to the 

virus and the route of cell entry the innate mechanisms that are triggered can vary. 

Moreover, most viruses have evolved immune evasion mechanisms that interfere with the 

signaling pathways initiated upon triggering of innate receptors. 

 

 

Adaptive immune response to RSV 

 

Humoral immune response 

Mucosal and serum antibodies contribute to protection against RSV infection or re-infection. 

The levels of IgG, IgM, IgA and IgE are dependent of age and the viral epitopes they 

recognize. Full-term newborns have maternal RSV-specific virus neutralizing IgG antibodies 

in the serum. However, the level of maternal antibodies (Ab) declines rapidly during the first 

few months of life. Upon encountering a virus, serum Ab levels increase again, but in young 

infants the antibody response to RSV is lower in magnitude and frequency than in older 

infants and children. In older individuals, specific antibody levels increase after RSV infection 

however this does not always result in complete protection against infection. Antibodies to 

most RSV proteins are generated, but antibodies against the F and G protein are most 

important in the host defense against RSV infection because these proteins elicit neutralizing 

Ab.  

 

Cellular immune response 

T lymphocytes are a crucial component of the anti-viral immune response. T cell activation 

requires recognition of a particular MHC-antigen fragment complex by the T cell receptor. 

Initiation of primary T cell responses depends on additional co-stimulatory signals provided 

on professional antigen presenting cells. MHC class II molecules present antigenic fragments 

to CD4+ T cells. CD4+ T cells can be divided into two major groups: type 1 (Th1) helper T 

cells secrete interleukin-2 (IL-2) and interferon-γ (IFN-γ) and type 2 (Th2) helper T cells 
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secrete IL-4, 5 and 13. Th1 cells are important in the immune response to intracellular 

pathogens such as viruses. CD8+ T cells are mainly cytotoxic cells that eliminate virally 

infected cells. CD8+ T cells recognize infected cells by the presentation of peptide fragments 

from intracellular viral proteins in the context of MHC class I molecules on the infected cell 

surface.  

Cell mediated responses are important in controlling the extent of infection and viral 

clearance. In mouse models both CD4+ and CD8+ T cells are involved in ending RSV 

replication during infection, but they also appear to mediate immunopathology. In mice 

lacking CD4+ and CD8+ T cells virus clearance was inefficient, but no disease enhancement 

occurred (51;52).  

 

 

Aspects of antigen presentation 

 

Dendritic cells 

Dendritic cells (DC) are bone marrow-derived cells which act as professional antigen 

presenting cells (APC). DC can be found at those locations where pathogen exposure occurs 

like underneath the skin or just below the airway and gastrointestinal mucosae. In the 

respiratory tract immature DC are present throughout the epithelium and underlying mucosa 

of the conducting airways (53;54). 

DC develop from myeloid and lymphoid precursors. Several subsets of DC exist. 

Myeloid DC are located in peripheral tissues at the site of entry of most pathogens. 

Langerhans cells (LC) are found in the epidermis and interstitial DC in the dermis, mucosae 

and peripheral tissues (55). Two subsets of DC precursors circulate in the blood, the lineage 

negative CD11c+ myeloid DC and CD11c-, CD123+ (IL-3Rα) plasmacytoid DC (PDC) which 

are related to the lymphoid lineage (56;57). PDC are important in innate immunity because of 

their capacity to produce type I IFN especially during viral infections. Type I IFNs can directly 

inhibit viral replication and in addition activate immune effector cells that eliminate infected 

cells  (58). 

DC exist in an immature or a mature state. Immature DC have a high phagocytic and 

endocytic capacity; they capture antigens by macropinocytosis and receptor-mediated 

endocytosis (59-61). Immature DC are poor stimulators of T cell immunity. They are 

characterized by intermediate levels of MHC class II molecules, low levels of co-stimulatory 

molecules CD80 and CD86, intermediate levels of CD1a and the absence of CD83, which is 

only expressed on mature DC (62). Upon encounter with an antigen and the exposure to 

danger signals immature DC migrate to the lymphoid organs. During this migration, which is 

regulated by altered expression of chemokine receptors, DC undergo a maturation process 

that is characterized by the down regulation of the ability to capture antigen and the up-

regulation of antigen processing and presentation. In the mean time there is an increase in 

the expression of co-stimulatory molecules and adhesion molecules (63). Thus upon arrival 

in the tissue draining lymphnodes these mature DC have an increased capacity to stimulate 

naive T cells to respond.  
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Dendritic cells and cross-presentation 

DC can initiate CD8+ T cell responses through direct priming or cross-priming. When DC are 

infected by viruses, endogenously produced viral proteins can be degraded which results in 

the presentation via the MHC class I pathway, which involves protein degradation in the 

cytosol by proteasomes and translocation of peptidic fragments into the endoplasmic 

reticulum via the TAP translocator complex. Cross-presentation or cross-priming is the 

capacity to process exogenous antigens into the MHC class I pathway (64). This indirect 

route of antigen presentation may be of great importance during infections with pathogens 

that do not infect professional antigen presenting cell types.   

 

 

RSV interactions with cells of the immune system and immune escape 

 

CD4 T cells  

The outcome of the FI-RSV trial led to the development of several animal models to study 

RSV vaccine enhanced disease. From these models it was suggested that CD4+ Th2 cells 

were a crucial component in the enhanced disease which was further characterized by an 

eosinophilic influx in the lungs. The observations in the mouse model resembled the clinical 

observations in FI-RSV vaccinated children (65). However, the exact mechanisms 

contributing to FI-RSV enhanced disease are still not fully understood. Priming T cell 

responses with a recombinant vaccinia virus (vv) expressing the RSV G protein, resulted 

upon exposure with live RSV to similar enhanced pathology. CD4+ T cells responding to the 

G protein caused enhanced disease in adoptive transfer models (66;67). However, it has 

recently been shown that a formalin inactivated virus recombinant lacking the G protein also 

sensitized vaccinated animals for enhanced disease. Thus, it appears that the G protein 

does not have a unique role in the context of an FI-vaccine (68). 

 

Role of CD8 T cells during RSV infections 

MHC class I restricted CD8+ T cells, also called cytotoxic T lymphocytes (CTLs), are crucial 

in virus clearance after infection. They recognize virally infected cells and can control 

infection by initiating apoptosis in virus-infected cells. CTLs are a major source of IFN-γ. It 

has been demonstrated that IFN-γ producing CTLs can modulate the induction of pulmonary 

eosinophilia by CD4+ Th2 cells (69).  

Studies with vaccinia recombinants have shown that NS2, N, M, M2, F, SH and NS1 

proteins are targets for CTLs (70-72). T cell responses against these proteins have been 

found in adults, young children and also in animal models. Although CD8+ T cells proliferate 

extensively after RSV-infection, M2-specific CD8+ T cells in a mouse model, showed an 

impaired cytokine secretion and cytoxicity in the lung. This effect was not observed in the 

spleens (73). Therefore, the expression of CD8+ CTL effector function seems to be 

dysregulated by RSV, which could ultimately result in delayed virus clearance from the lungs 

and prolonged expression of inflammatory effector activities of T cells. Functional inactivation 

of T cells has also been described for other viruses of the Paramyxoviridae (74;75). 
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Other mechanisms employed by RSV to control T cell responses have been 

described.  IL1-ra, a soluble factor produced by monocytes and macrophages results in 

decreased proliferation of T cells (76). Also the F protein was found to inhibit T cell 

proliferation via direct contact (77).  

 

Dendritic cell-virus interactions 

Since DC are very important in initiating T cell responses, they have become a target for 

virus escape mechanisms. Viruses can infect DC which can lead to virus uptake, virus 

replication, transcription and translation of viral products. Examples of such viruses are 

Influenza virus and Dengue virus, which can induce DC maturation, resulting in the activation 

of T cells that protect against the infection (78;79). 

 Viruses can escape the immune response by interfering with or suppressing DC 

function either directly or indirectly. Several mechanisms have been observed:  

1. By suppressing the capacity of DC to mature or migrate, viruses can persist in the host. 

Because of this, DC can serve as reservoirs for viruses or serve as transport vehicles for the 

viruses which is the case for HIV (80). Examples of viruses that can inhibit DC maturation are 

Herpes simplex virus (HSV), vaccinia virus and human cytomegalovirus (HCMV) (81;82;83). 

Those viruses infect DC, and suppress DC maturation by decreasing the expression of 

costimulatory molecules, the expression of antigen presenting molecules HLA class I or II or 

molecules which are necessary to direct the migration of the DC to the lymph nodes. 2. By 

mediating impairment of DC function, viruses can alter the T cell response by active 

suppression of the immune response. Impairment of DC function can occur via the release of 

soluble factors, which is observed during CMV infections. DC infected with CMV produce 

soluble CD83 which suppresses the T cell response (84). 3. Impairment of DC function can 

also occur via direct contact. For example the expression of glycoproteins on the surface of 

measles virus infected DC induces CD4 T cell suppression (85). Altogether these examples 

show that viruses have numerous ways of exploiting DC to escape or suppress the T cell 

immune response. 

 In a bovine model it has been shown that RSV could not replicate in DC but the 

survival of infected DC was affected as well as the pattern of cytokines produced (86). 

Moreover, it has been reported that hRSV infects cord blood derived DC (87). 

 

 

Outline of this thesis 

 

The scope of this thesis was to investigate the mechanism of the initiation of the cellular 

immune response after RSV infection. New insights of the interaction of the virus with the 

immune system can provide new directions for the rational design of a vaccine. In the first 

part of the studies we focused on characterization of T cell epitopes which could be used for 

investigating cellular immune responses against RSV. In the second part of this thesis we 

describe the effect of RSV infection on DC function.  

Chapter 1 gives an introduction of the subjects that are studied in this thesis. CD4 T 

cells have been implicated as crucial players in the process leading to severe RSV disease. 
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In mouse models this has been studied in great detail. To evaluate the role of CD4 T cells in 

human patients during episodes of mild and severe RSV infections we have previously 

characterized the target peptides in the F protein, recognized by CD4 T cells restricted to 

some of the most prevalent HLA class II alleles (88). In chapter 2 we extended this work by 

studying the role of antigenic epitopes derived from the conserved region of the G protein 

during human CD4+ T cell responses. In chapter 3 we searched for new epitopes that could 

elicit a strong CD8+ T cell response. Candidate T cell epitopes were screened for their 

efficacy to stimulate T cell responses in adults as well as RSV-infected children. The 

information obtained from these studies allowed us to monitor virus specific CD4+ and CD8+ 

T cell responses and extend the knowledge on the interplay of RSV with the adaptive and 

innate immune systems. This is exemplified in the study described in chapter 4. In this 

chapter we addressed the question whether mutations in the NS proteins of natural RSV 

isolates would lead to altered cytotoxic T cell responses. Functional integrity of the non 

structural proteins NS1 and NS2 is of great importance for the virus to propagate. This is 

underscored by the fact that these proteins are highly conserved. Yet, some diversity has 

been found in natural virus isolates. To address the question whether differences in virus 

strains might contribute to disease severity most emphasis in the literature has been focused 

on the two viral membrane proteins G and F. However, mutations in nonstructural and 

internal viral proteins might impact on the ability of the virus to replicate and therefore play a 

role in disease severity. Mutant viruses may result as a consequence of the selection 

pressure imposed by cytotoxic T cells. Therefore, we hypothesized that CTL pressure and 

viral fitness may be important components in the balance between viral eradication and 

(immune mediated or viral) pathology. 

Dendritic cells are considered professional antigen presenting cells crucial for the 

initiation of immune responses. They have the ability to direct and polarize T cells. For 

several infectious agents DC were the targets of immune manipulation. Since DC are 

abundantly present in the airways, we studied the effect of RSV infection on DC and how 

RSV infection impacted on the ability of DC to initiate naive CD4+ T cell activation. The 

results of these studies are described in chapter 5. In chapter 6 we extended these studies 

by investigating the effects on memory CD4+ and CD8+ T cells. We compared the effect of 

RSV infection on cultured monocyte-derived DC and myeloid DC directly isolated from 

peripheral blood. We also investigated the effects of inactivated preparations of RSV on DC 

function. A summarizing discussion is presented in chapter 7. 
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Abstract 

 

CD4 T cells play a crucial role during virus infections, by producing antiviral cytokines and by 

regulating humoral and cellular immune responses. Unfortunately however, exaggerated CD4 

T cell responses can cause significant immune mediated disease as was observed during 

RSV infections in children previously vaccinated with a formalin-inactivated virus in the 

1960’s. It has been observed that vaccination with the G protein of RSV tends to prime mice 

for a similar Th2 mediated enhanced disease. Whether the G protein may play a role in 

enhanced disease in man is unclear. In the present study we identified an immunodominant 

epitope in the conserved region of the G protein encompassing amino acid residues 162-175. 

This epitope is presented in the context of HLA-DPB1*0401 and DPB1*0402 the most 

prevalent HLA class II alleles. Importantly, in some patients a mixed Th1/Th2 response 

against this epitope was found in bronchoalveolar lavage samples during primary RSV 

infections.  



Peptides from the RSV G protein recognized by CD4 T cells 

25 

Introduction 

 

Respiratory Syncytial Virus is a major cause of childhood lower respiratory tract infections. 

Seventy percent of all children are infected in their first year of life, and nearly all children by 

age three (1).  Although the majority of patients suffer a relatively mild upper respiratory tract 

infection, 3% of infected children are hospitalized and require oxygen support (2). Risk 

factors for a severe RSV infection are pre-maturity, congenital heart disease and 

bronchopulmonary dysplasia, although genetic predisposition also seems to play a role (3). 

Unfortunately however, the precise mechanism(s) of severe lower respiratory tract disease 

remain unknown.  

T cells play an important role in clearing the virus from the infected lung. However, T 

cells may also be involved in immune pathology that can be associated with respiratory 

disease. An involvement of CD4 T cells with a Th2 phenotype has been postulated as a 

possible cause of severe pathology. In children with severe RSV infections, it has been 

observed that CD4 T cell responses in peripheral blood tend to produce higher levels of Th2 

cytokines than in control populations (4;5). However, these results could not be reproduced 

by others (6;7). Moreover, the presence of eosinophil cationic protein in broncheolar alveolar 

lavage fluid and nasal secretions of children with severe RSV infections also suggests the 

involvement of local Th2 responses, i.e., in the infected lung (8). By producing cytokines such 

as IL-5 and IL-13, Th2 cells could be responsible for the recruitment of eosinophils into the 

lung. However, no direct evidence exists that Th2 cells and Th2 cytokines are indeed present 

in the lungs of patients with severe RSV infections.  

In order to evaluate the role of CD4 T cells in the immunopathological processes 

during severe RSV infection, it is essential to characterize the antigenic specificities of CD4 T 

cell responses, and to determine the nature and magnitude of such responses in the infected 

lung. For the fusion (F) protein of RSV, we have recently identified a panel of 

immunodominant epitopes that are recognized by memory CD4 T cells obtained from healthy 

adult blood donors (9). These peptides were localized across the entire length of the F 

protein. For the second major surface protein of RSV, the glycoprotein (G), we focussed our 

epitope mapping studies on the conserved antigenic loop of this highly polymorphic protein. 

Within this region, several antigenic peptides have been described that induce CD4 T cell 

responses in mice with different genetic backgrounds (10-12). Moreover, it has been found 

that these antigenic peptides derived from the G protein all have the tendency to induce, to 

some extent, Th2 type T cell responses. Similarly, in one human study with short term T cell 

lines established after stimulation of PBMC with purified RSV F and G proteins the G specific 

lines produced Th2 type cytokines, whereas F stimulated PBMC cultures produced Th1 type 

cytokines (13). 

Here we present the characterization of a dominant epitope that is presented in the 

context of HLA-DPB1*0401 and *0402. These HLA class II molecules are present worldwide 

in an allelic frequency of 20-60% and cover about 75% of the caucasian population (14;15). 

Although the DP4 binding motive F1-F6 is present twice within the peptide sequence (15;16), 

our data suggest the predominant use of only one frame. Interestingly, two size variants of 

the peptide induce different cytokine profiles. These observations indicate that the exact 
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length of the naturally produced peptide and the cognate T cell repertoire, may, in part, 

determine the outcome of the CD4 T cell response after natural infection in terms of cytokine 

profiles. 

 

 

Materials and methods 

 

Peripheral blood mononuclear cell preparation 

Buffy coats were obtained from healthy adult blood donors. Since (i) all children have been 

exposed to RSV by the age of three and (ii) adults are re-exposed to RSV every two to three 

years, we assumed that all adult donors have been primed with RSV and harbor memory 

responses. PBMC were isolated by density centrifugation with lymphoprep (Nycomed 

Pharma). PBMC where either used fresh or thawed from cryopreserved samples (liquid 

nitrogen, in RPMI, 30% fetal bovine serum (HyClone) supplemented with 10% DMSO). 

 

Synthetic Peptides 

Peptides were synthesized by standard solid-phase Fmoc chemistry. The sequences of the 

peptides used are given in table 1. Peptides were either made with a free carboxy terminus or 

with an amino-terminal amide, as indicated in table 1. 

 

Patient studies 

The patients included were admitted to the pediatric intensive care unit of the Wilhelmina 

Children’s Hospital in the winter season of 2002-2003. The infants were under 3 months of 

age and required mechanical ventilation because of respiratory failure due to RSV lower 

respiratory tract infection. PBMC of the children were prepared using the same procedure 

that was applied for adult blood samples. Nonbronchoscopic bronchoalveolar lavage (NB-

BAL) was performed twice as described before (53) using 1ml/kg saline at room temperature. 

Collected samples were directly placed on ice. Specimens were filtered through 70 µM cell 

strainers (Falcon, BD) to remove mucus. No DTT was used to dissolve the mucus in order to 

avoid possible denaturation of cell surface proteins involved in T cell receptor- target cell 

interaction. Cells were cryopreserved in 90% fetal bovine serum with 10% DMSO in liquid 

nitrogen. Before the assays PBMC’s and BAL were quickly thawed and washed twice. Cells 

were plated in duplicate at 5x106 cells/well in 96-wells round bottom plates in AIM-V medium 

(Gibco) supplemented with 2% human pooled serum (HPS) and 40 units/ml recombinant 

human IL-2. 1 µM of the appropriate peptide was added to the cells in a total volume of 225 

µl. Cells were allowed to proliferate for 10 days with medium replacement when needed. On 

day 10 cells were split into two new wells and restimulated with the same peptide in a total 

volume of 100 µl medium. After 48 hours supernatants were sampled and cytokines were 

measured using the Luminex multiplex cytokine assay. Healthy donors and parents of 

patients gave their informed consent. The study was approved by the Medical Ethical 

Committee of the University Medical Center of Utrecht. 
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HLA-DPB1  sequencing based typing (SBT) 

SBT was performed according to the previously published approach (54;55). Full exon 2, 

containing all allele representative polymorphism was sequenced and ambiguous allele 

combinations resolved by group specific amplification and subsequent sequencing (56).  

 

Intracellular staining of peptide specific T-cells for flow cytometry 

PBMC were plated in a 96 well round bottom plate (Costar) (0.5x106 cells/well) in AIM V 

medium supplemented with P/S, 2% HPS, 40 units/ml IL-2 and costimulatory antibodies 

(anti-CD28 and anti-CD49d). Cells were either stimulated with 1µM of peptide or not 

stimulated (negative control). After one hour of incubation at 37ºC 10µg/ml of Brefeldin A (BD 

PharMingen) was added to accumulate cytokines in the cell. After 5 hours, 2mM of EDTA 

was added in order to arrest activation and to remove adherent cells from the well. After 

incubating 20 minutes at room temperature, cells were washed twice in FACS buffer (PBS 

containing 0.02% azide, 2% FCS and 2 mM EDTA). Then phycoerythrin (PE)-labeled anti-

CD3 mAb (BD-PharMingen) and Cy5-labeled anti-CD8 mAb (BD-PharMingen) for surface 

staining were added. After 30 minutes of incubation on ice, cells were washed twice in ice 

cold FACS buffer. Cells were permeabilized and fixated using FACS permeabilizing/fixation 

solution (perm/Fix) (BD-PharMingen). Cells were stained intra-cellularly after an additional 

wash in Perm-wash (BD-PharMingen) with fluorescein isothiocyanate (FITC)-labeled IFN-γ 

mAb (BD-PharMingen clone 340449) for 30 minutes on ice. Cells were washed three times in 

perm-wash and fixated in 1% paraformaldehyde/PBS for 20 minutes. Cells were 

resuspended in FACS buffer and kept at 4ºC until analysis. Cell staining was analysed on a 

FACS-Calibur using CellQuest software (BD Bioscience, Mountain View, CA). To evaluate 

whether the G epitopes were presented during infection, PBMC were infected with RSV at a 

MOI of 5 and cultured in 24 well plates (1x106/well) in AIM-V medium with 2% (HPS), (P/S) 

and 40 units/ml of recombinant human IL-2. After 10 days of proliferation, cells were either 

stimulated with the peptide or not restimulated (negative control). On day 8 PBMC of the 

same donor were depleted for CD3+ T cells using negative selection MACS separation 

columns (Miltenyi Biotec, Germany). The remaining cells were infected with RSV at a MOI of 

5 two days prior to use, thus allowing the APC to present RSV epitopes. On day 10 these 

APC were added to the PBMC that had been stimulated with RSV on day 0. Stimulation with 

peptide or virus infected APC was allowed for 5 hours in the presence of Brefeldin-A. Intra- 

and extracellular staining was performed as described. 

 

Elispot assay 

Elispot assays for INF-γ production were performed as described before, using antibodies 1-

D1K and 7-B6-1-biotin (Mabtech) for coating and detection, respectively. Monoclonal 

antibodies used for the blocking of antigen presentation by HLA-DR (B8.11.2), HLA-DQ 

(SPVL3) and anti HLA-DP (B7/21) (57), were used as diluted culture supernatants. After 

coating of the filtration plates with 1-D1K, the plates were washed thoroughly and blocked 

with RPMI 1640 containing 10% fetal bovine serum. 2.5x105 PBMC were then added to the 

plates together with the indicated amount of peptides. When antibody blocking was 
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performed the cells and blocking antibodies were pre-incubated for 30 minutes at 37oC, after 

which the peptides were added to the cultures. Cells were cultured with antigen for 24 hours 

at 37oC in a humidified incubator, before the addition of detection antibodies. In most 

experiments peptides were titrated in the presence of a constant concentration of blocking 

antibody. The result of antibody blocking presented in the figures is the lowest peptide 

concentration that still induces (close to) maximal levels of interferon-γ production. Data are 

represented as the number of spots per 106 PBMC, minus the background of unstimulated 

samples. 

 

Multiplex cytokine assay 

Multiplex cytokine analysis was applied using a procedure that has been described in detail 

(de Jager et al., 2003) (17). This procedure is a particle based elisa type assay based on the 

bioplex system and employing the luminex multi- analite profiling technology.  In our 

laboratory this technique is used to identify 17 different cytokines within a single sample. The 

antibody pairs used for the experiments in the present study are all the same as described 

earlier(de Jager et al., 2003) (17). For our application we reduced the number of cytokines to 

7 (Interleukin (IL)-2, IL-4, IL-5, IL10, IL-13, TNF-α, IFN-γ). Antigen stimulation was performed 

with PBMC, 5x105 or 106 per well, in 96 well round bottom plates (costar) in triplicate in RPMI 

1640 supplemented with penicillin/streptomycin and 10% fetal bovine serum. Peptides were 

added to the wells at concentrations given in the figure legends. Culture supernatants were 

routinely sampled at 24, 48 and 72 hours. In the figures cytokine concentrations present in 

culture supernatants harvested after 72 hours are depicted. Cytokines that were not 

produced above background levels are omitted from the figures. 

 

 

Table 1. Amino acid sequences of  G peptides 

 

G162-175 DFHFEVFNFVPCSI 
G165-179 FEVFNFVPCSICSNN 
G168-183 FNFVPCSICSNNPTCW 
G171-187 VPCSICSNNPTCWAICK* 
G174-189 SICSNNPTCWAICKRI 
G177-194 SNNPTCWAICKRIPNKKP 
G179-194 NPTCWAICKRIPNKKP* 
G183-197 WAICKRIPNKKPGKK 
G185-199 ICKRIPNKKPGKKTT 
 

Variant sequences 
G163A  DAHFEVFNFVPCSI* 
G165A  DFHAEVFNFVPSCI* 
G168A  DFHFEVANFVPCSI* 
G170A  DFHFEVFNAVPCSI* 
G162-175a DFHFEVFNFVPCSI* 

*Peptide amides 
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Results 

 

Identification of RSV-specific T-cell epitopes 

To identify RSV cross-reactive CD4 T cell epitopes, a set of overlapping peptides covering 

the conserved loop area (amino acid residues 162-199) of the RSV G protein was 

synthesized (Table 1). PBMC of healthy adult blood donors that differed in HLA class II 

haplotypes were tested in an interferon-γ elispot assay for their response against this set of 

peptides. Eight out of ten donors from this panel recognized a peptide spanning amino acid 

residues 162-175 (G162-175, Table 2). An overlapping peptide, G165-179, was recognized 

by the same donors. A second antigenic region was found in the stretch of amino acid 

residues 177-197 where two sequential peptides, G177-194 and G183-197, shared amino 

acid residues 183-194. The first epitope G162-175 was recognized at levels of 17-200 spots 

per 106 PBMC. The epitope in the second region was recognized at levels between 16 and 

56 spots per 106 PBMC. These frequencies are in the same order of magnitude as the CD4 T 

cell responses that we have found against epitopes from the fusion protein of RSV (9). 

 

 

Table 2. IFN-γ elispot assay performed with PBMC of healthy adult blood donors. 

DONOR    VB-7       CH-1     VB-2       VB-5        VP-1
b
        MP-4       VB-4       VB-6       VB-11       CE-8

b 

HLA-DRB1    *1101      *15    *0701     *0401     *1302       *1301      *1101       *0401          *15           *03 

      *15      *16    *1101     *0403         *15           *1301       B4*01         *16 

HLA-DPB1 *0401      *0402       *0401  *0401  *0501 *0401    *0401  *0402 *0401     *0901 

               *02012 *0402   *03011 *02012  *03011  *1401   *01011 

 

G162-175  129
a 

  27   47   200       2    26      52     17    23     1 

G165-179    96   14    14   130       4    nd      nd       2           20     0 

G168-183      5     1   17        4       6    nd        nd       6          5    nd 

G174-189    10     5     1     -2       2    nd      nd       2      2    nd 

G177-194    56   19   19    20       4    16         20      -2     -6    -2 

G183-197    53    -1     9    12       2    nd      nd      -2     -4    nd 

G185-199    20     4     -3    -4       2    nd      nd      -7      2    nd 
 

Nd: not done. 
a
 Number of spots per 10

6
 PBMC minus background values of unstimulated samples. 

b
 These donors respond to F derived peptides (Fig. 1 and van Bleek et al., 2003). 

 

 

RSV-G epitopes are presented by HLA-DP and HLA-DR 

To confirm that the T cell responses were in fact MHC class II restricted and to determine the 

restriction elements, we performed T cell stimulation assays in the presence of blocking 

antibodies with specificity for HLA-DR (B8.22.1), HLA DQ (SPVL2) and HLA-DP (B7/21). As 

shown in Fig.1, our data revealed that the epitope(s) in peptides G162-175 and G165-179 

was presented by HLA-DP and that the epitope(s) in peptides G177-194/G183-197 was 

presented by HLA-DR. Since our donor panel had not initially been typed for HLA-DP,  
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Figure 1. HLA molecules involved in the presentation of G epitopes. Inhibition of IFN-γ production by MHC class II specific 

antibodies B8.11.2 (anti HLA-DR), SPVL3 (anti HLA-DQ) and B7/21 (anti HLA-DP). A. IFN-γ elispot assay with PBMC of donor 
VB7 (HLA-DRB1*1101,*1501, DPB1*0401) against peptides G162-175 and G183-197. PBMC of donor VP1 (HLA-
DRB1*15,*1302, DQB1*06, DPB1*03011,*0501) were tested in the same assay against a control peptide F295-312 that was 

identified by us before and is presented by HLA-DQ. B. IFN-γ elispot assay performed with different donors (HLA class II shown 
in the figure) against peptide G162-175 at 500nM and peptide G177-194 at 5 µM. C. Cytokine production by PBMC of donor VB-
7 stimulated with peptides G177-194, and peptide G165-179. Grey bars no blocking antibody added, black bars B8.11.2, 
hatched bars SPVL3 and white bars B7/21. 

 

all donors were subjected to DNA typing. The donors responding to peptides G162-175 and 

G165-179 all shared HLA-DPB1*0401 or B1*0402, whereas the non-responders did not 

express the DP4 alleles (Table 2). Three of the responding donors were homozygous for 

HLA-DPB1*0401, providing conclusive evidence that this allele binds and functionally 

presents the peptide. The second antigenic region contains peptides that could be presented 

by several HLA-DR molecules that were not further identified at this point. Given the 

distribution of positive ELISPOT signals, it seems likely that this area contains either multiple 

or promiscuous epitopes (Table 2).  

 

 

 
 

 

Figure 2. Natural processing and presentation of a G162-175 related sequence in RSV infected cells. Intracellular staining for 

IFN-γ was performed on A.unstimulated PBMC, B. PBMC stimulated for 5 hours with G162-175, and C, D, E  in PBMC cultures 
grown for 10 days in the presence of RSV and recombinant IL-2, after a short 5 hour re-stimulation with D. virus infected APC or 
E. G162-175. C. Cell cultures that were not re-stimulated on day 10. The numbers in the upper right quadrants are the 

percentage of IFN-γ producing CD4 T cells in a live cell and lymphocyte/lymphoblast gate.  
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When PBMC of healthy adult HLA-DP4 positive donors were stimulated for 5 hours 

with peptide G162-175 the T cell response as measured by intracellular staining for IFN-γ 

was low (Fig. 2B). However, when PBMC were cultured with RSV for ten days, T cells were 

expanded that produced IFN-γ upon re-stimulation on day ten with RSV infected antigen 

presenting cells or peptide G162-175 (Fig. 2D,E). This result proves that peptide G162-175 or 

a closely related peptide is indeed naturally processed and presented on RSV infected APC. 

 

 
 

 

Figure 3. Cytokine production of PBMC of donor VB-7 (HLA-DRB1*1501*1101, DPB1*0401) and VB-5 (HLA-
DRB1*0401,*0403,DPB1*0401) upon stimulation with G162-175 and G165-179. The peptide concentrations tested were 

20,10,5,2.5, 1 and 0 µM. White bars IFN-γ, grey bars IL-13 and black bars IL-5. 

 

Cytokine production induced by G162-175 and G165-179 

Because we used the interferon-γ elispot assay to measure peptide-specific responses, it 

cannot be excluded that T cells producing other cytokines (e.g., Th2-type) upon T cell 

receptor triggering were missed. Therefore, we tested the T cell response against the G 

peptides in selected donors by measuring a set of cytokines in culture supernatants, using a 

multiplex cytokine assay (luminex, (17)). Although these experiments did not result in the 

identification of additional dominant epitopes (data not shown), we found that stimulation with 

the G162-175 and G165-179 peptides elicited strikingly different cytokine profiles. For donor 

VB-7 (Table 2) we observed that stimulation with G165-179 yielded IL-5 and IL-13 and only 

minor quantities of IFN-γ (Fig. 3B). In contrast G162-175 induced production of predominantly 

IFN-γ. A different pattern was found in a second donor (Fig. 3A, donor VB-5): here, 

stimulation with G165-179 led to reduced levels of IFN-γ compared to G162-175, and no 
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upregulation of Th2-type cytokines.  In both cases, however, the Th1/Th2 cytokine ratio 

differed between G162-175 and G165-179 (Fig. 3). These cytokine patterns were highly 

reproducible over a broad peptide dose range, suggesting that rather than the antigen dose 

the structural features of the HLA/peptide/T-cell receptor complex or the phenotypes of the 

different memory pools determined the pattern of the response. 

 

 

 
 
 
Figure 4. A. Cartoon of the two possible binding registers within peptide G162-175. Only the second C-proximal binding register 

is present in peptide G165-179. B and C: IFN-γ production upon stimulation by G162-175 (grey bars), mutant peptides with Ala 
replacements in the N-proximal binding motif (white bars) and Ala substitutions in the second, C-proximal binding register 
(hatched bars), and G165-179 (grey). Black bars: no peptide added. Peptides were tested in a concentration of 5 µM. 

 

 

Peptide G162-175: one or two binding registers?  

For HLA-DP, a binding motif has been described that consists of two phenylalanine amino 

acid residues spaced six positions apart (15;16). This Phe-1/Phe-6 (F1-F6) motif is present 

twice within the antigenic peptide G162-175 and once in G165-179 (Fig. 4A). A favored 

secondary anchor (valine at position nine) is present only in the amino-proximal motif.  

Because peptide G165-179 is able to stimulate T cell responses in most donors that are HLA-

DPB1*0401 positive, it is evident that the carboxy proximal motif F165/F170 is used for 

binding to the groove of this HLA molecule. However, the different cytokine patterns found in 

the responses of donors VB5 and VB7 against the overlapping DP4-restricted peptides might 

be an indication that the G162-175 peptide can also bind to HLA-DP4 in an alternative 

fashion. In other words, the G162-175 peptide could comprise two overlapping HLA-DP 

restricted epitopes.  It seems likely that different sets of T cells would respond to the 

peptides, depending on which register was used for HLA-binding. However, it is also 
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conceivable that G162-175 harbors only a single epitope, but that the extra N-terminal amino 

acid residues present in peptide 162-175 or the additional C-terminal residues in G165-179 

affect the binding with either the HLA molecule or the T cell receptor.  

In order to distinguish between these possibilities we synthesized variant peptides 

with single alanine substitutions at the positions of the four potential phenylalanine anchor 

residues (positions 163, 165, 168 and 170). We used these variant peptides to stimulate CD4 

T cells and measured cytokine production by luminex. When fresh PBMC from donor VB-7 

were stimulated for 72 hours with the peptides containing substitutions at positions 165 or 

170, no cytokine production could be measured (Fig. 4B). The peptide variants with Ala 

replacements in the first (amino-proximal) binding register (positions 163 and 168) did induce 

IFN-γ 	production, albeit at lower amounts than the wild type peptide. None of the peptide 

variants induced IL-5 production (data not shown). Slightly different results were obtained for 

donor VB-5: whereas Ala-substitution at position 165 abrogated IFN-γ production, the effect 

was less obvious for the Ala-substitution at position 170, contrasting with the data for donor 

VB-7 (Fig. 4C).  Mutating F163 and F168 led to reduced levels of IFN-γ production, similar to 

donor VB-7.  From this experiment, it was concluded that peptides mutated in the amino-

terminal binding register (positions 163 and 168) still bound to HLA-DP. The F-residue at 

position 165 was clearly essential for binding in both donors, implicating this amino acid as a 

crucial anchor residue, consistent with the fact that this anchor residue is present in the only 

motif that is represented in peptide G165-179. However, the residual response in donor VB-5 

against the 170A mutant peptide, showed that measurement of T cell responses against the 

Ala substituted peptides was not a sensitive enough procedure to conclusively determine the 

involvement of the position of a mutated amino acid residue in a putative binding motif. 

Therefore, the diminished response against the peptides that were mutated in the NH2 

proximal motif can not be interpreted as an effect on MHC interaction. Thus, at this point we 

were still unable to exclude the possibility of the second binding register in peptide G165-179. 

To further clarify this issue, we obtained short-term CD4 T cell lines after stimulation 

of PBMC with peptide G165-179.  We found that these G165-179 stimulated T cells produced 

cytokines IFN-γ
 IL-13 and IL-5 upon re-stimulation with peptide G162-175, showing that 

within peptide G162-175 the second, C proximal binding register is indeed used for HLA 

binding (Fig.5A-D). The reverse experiment, using peptide G162-175 for primary stimulations 

and G165-179 for restimulation, revealed that the secondary IFN-γ response against G165-

179 strongly resembles the recall response with peptide G162-179 (Fig. 5E). No Il-13, IL-5 or 

IL-10 response was detected in this case. This result suggested that the response against 

G162-175 is dominated by T cells that recognize this peptide in the second, i.e. C-terminal 

binding register (see further discussion).   

 

Patients with acute severe primary RSV infections respond to peptide G162-175 

To evaluate the contribution of CD4 T cells specific for the HLA-DP restricted G epitopes in 

severe primary RSV infections we tested these peptides in peripheral blood mononuclear 

cells and in bronchoalveolar lavage (BAL)-samples of patients. The patients were infants,  
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Figure 5. Cytokine production by in vitro cultured PBMC of donor VB-7. PBMC stimulated once with G165-179 (A-D) and with 
G162-175 (E) were from day 5 onwards expanded in IL-2. On day 11 after primary stimulation the cells received a second 
stimulus with either G162-175 (G162), the amide form of G162-175 (G162*) or with G165-179 (G165), or were left unstimulated. 
Cytokines were measured by luminex 72 hrs after restimulation. The cultures that received as primary stimulation peptide G162-
175 did not produce significant amounts of IL-13, IL-5, IL-10.  

 

 

younger than 3 months of age, requiring mechanical ventilation due to RSV positive 

bronchiolitis. The HLA-DP haplotype was not known for these patients. Unfortunately, short 

term stimulation of PBL or BAL samples directly ex vivo did not induce cytokine levels above 

the detection limit of the luminex assay. However, after 10 days of culturing the cells in the 

presence of the G peptides, epitope-specific responses were clearly present in cultures of 

BAL cells from two out of five patients tested (Fig. 6) and not in cultures from PBMC (data not 

shown). In one patient we detected IFN-γ, TNF-α, IL-13 and some IL-10 upon a second in 

vitro restimulation on day 10 with peptide G162-175. IL-4 and IL-5 were not detected. The 

cultures of the second patient showed IL-5, IFN-γ, Il-10 and IL-13 production but no TNF-α 

production upon re-stimulation with peptide G162-175. The culture of the second patient also 

responded to re-stimulation with peptide G165-179. These results demonstrate that 

responses against the G epitope are elicited during primary infections. Future studies will 

address the contribution and type of G specific CD4 T cell responses in larger patient 

populations. 

 

 



Peptides from the RSV G protein recognized by CD4 T cells 

35 

 

 
 
Figure 6. Cytokine production of non-bronchoscopic BAL samples of two patients with RSV. Cells were stimulated in vitro for 10 
days with peptides G162-175 or G165-179. After a restimulation for 24 hours with the same peptides used during primary 
stimulation, cytokines were assayed in the culture supernatants by luminex. White bars: no peptide, black bars: peptide G162-
175, grey bars :G165-179. 

 

Discussion 

 

In the present study, we have characterized antigenic epitopes in the conserved region of the 

RSV G protein, which are recognized by human CD4 T cells. Two regions were found, each 

containing two overlapping peptides that were able to induce a response in T cells of healthy 

blood donors without prior in vitro culture of the cells. The fact that one of the epitopes is 

presented by HLA-DP4 is important, since it allows a further analysis of G-specific CD4 T cell 

responses in a large group of patients because HLA-DP4 is widely expressed within the 

world population. Moreover, we were able to measure responses against G162-175 in almost 

every HLA-DP4 positive adult donor, which indicates that the response to this peptide is a 

general event and that the epitope should be qualified as immunodominant. Two donors that 

responded to peptide G162-175 (CH-1 and MP-4, Table 2) expressed HLA-DPB1*02012 in 

addition to a DP4 allelic product. DPB1*02012 differs in only one amino acid residue from 

DPB1*0402. At this point we can not exclude the possibility that also HLA-DPB1*02012 can 

functionally present the immunodominant G epitope. 

One of the most striking observations of our study is that two different donors 

homozygous for HLA-DPB1*0401 responded with different cytokine patterns against peptide 

G165-179. This could suggest that the responding T cell repertoire present in a certain 

individual could, in part, determine the type of immune response elicited against RSV. 

Because we measured direct ex vivo T cell responses, it seems likely that we observed 

memory T cell responses caused by previous exposure to RSV. Therefore, the differences in 

the cytokine profiles for the two donors could be caused by differences in the composition of 

the memory pools, i.e. reactivation of Th1 type cells in one donor and Th2 type cells in the 

other donor. However, it is also possible that not pre-existing (memory) T cell polarization but 

the structural features of the interaction of the MHC/G165-179 complex with the memory T 

cell receptors determined the outcome of the Th2 type response. This second interpretation 
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that in vitro (re-) stimulation with length variants of epitopes results in qualitative different T 

cell responses would imply that the memory populations are still subject to final polarization. 

Careful examination of T cell receptor usage in the responding T cell populations would 

possibly clarify this issue. Interestingly, during the review process of our manuscript a report 

was published by the Waal et al describing T cell clones that recognized the same region of 

the RSV G protein that we found (18). Using overlapping peptides de Waal et al found that 

two T cell clones recognized slightly different minimal epitopes encompassing amino acid 

residues 164-170 and 166-171 respectively. The first minimal epitope is only completely 

contained in peptide G162-175, and the second in both G162-175 and G165-179. These two 

clones show that T cells that recognize this area of the G protein may do so requiring 

different contact residues in the peptide. It is unclear however whether this different fine 

specificity could be responsible for the different cytokine profiles that we observed when 

PBMC of different donors were stimulated with peptides G162-175 or G165-179. 

The choice of differentiation into either Th1 or Th2 cells is a crucial step that 

determines the direction of the subsequent adaptive immune response. Many factors can 

influence this choice, such as (i) the local cytokine environment during T cell priming, (ii) the 

duration of the contact between the T cell receptor and its ligand and (iii) the quality of co-

stimulatory signals (19). The duration of contact is influenced by the density of peptide-MHC 

ligand on the antigen presenting cell, the stability of the interaction between peptide and MHC 

and the duration of the half-life of T cell receptor-MHC complexes. Upon interaction of T cells 

with APC reciprocal activation of both cell types occurs. Increased binding affinity between 

the T cell receptor and the peptide MHC complex increases the expression of CD40 ligand on 

the T cell, which induces improved conditioning of the antigen presenting cell as can be 

measured by increased production of IL-12 and altered expression of co-stimulatory 

molecules B7-1 and B7-2 (20). MHC class II bound peptides are presented on the cell 

surface as large nested sets that vary in length at the NH2 and COOH termini. Thus, outside 

of the HLA class II binding core variable numbers of flanking amino acid residues can be 

present. These flanking regions can impact dramatically on MHC-peptide stability (21). 

Moreover, a substantial number of T cells are functionally dependent on recognition of 

peptide flanking regions (22-24). Thus the exact length of a peptide that is naturally 

presented is a crucial factor that can influence the nature of the immune response. Therefore, 

elution of the naturally processed epitope(s) from HLA-DP molecules, after exposure of 

antigen presenting cells to RSV or soluble G protein is required to prove the relevance of the 

observation that different cytokine responses are induced by synthetic epitopes.  

Compared to HLA-DR, HLA-DP is less frequently reported as antigen presenting 

molecule. However, the list of antigenic peptides that are functionally presented is growing 

steadily and covers different types of antigenic sources varying from viruses (25-27), fungi  

(28) and tumors (29;30), to mycobactera (31) and house dust mite (32) antigens. Also, there 

have been some reports of disease associations with HLA-DP molecules (33;34). HLA-DR, 

DQ and DP are expressed to different levels, with DR being most abundantly expressed on 

most APC (35;36). Both HLA-DR and HLA-DP are also constitutively expressed on airway 

epithelial cells (37). The expression of the different HLA class II molecules is differently 

regulated (38-44). However, to our knowledge there are no clear indications that antigen 
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presentation by different HLA isotypes induces a distinct type of immune response. 

In murine models of RSV infection, it has clearly been shown that, in comparison to 

the other viral proteins, the G protein has a stronger tendency to sensitize mice for Th2 type 

CD4 responses, which are associated with enhanced disease after viral challenge (45-47). 

However, the potential role of pathogenic G-specific CD4 T cell responses should not be 

over-interpreted.  First, in mice it is clear that both the route of administration of the protein 

vaccine and the form in which it is applied, affects the outcome of the ensuing immune 

response (48;49). Second, in the setting of primary or secondary RSV infection, the (virus-

induced) G-specific CD4 T cell response did not appear to cause significant immune 

pathology.  Finally, enhanced disease in mice after FI-RSV vaccination can also be primed 

with recombinant formalin-inactivated (FI)-virus that lacks the G and SH proteins (50). 

Therefore, the G protein does not seem to play a unique role as the primary cause of 

enhanced disease in mice. We found Th2 cytokines in only one of the two patients that 

responded to the G epitopes. Further studies with more patients are currently being 

conducted in our laboratory to determine the relative contribution of Th1 and Th2 responses 

against G and F derived epitopes during primary RSV infections. 

For future vaccine development, the role of T cells during severe primary RSV infections in 

infants needs to be addressed, as well as the role of specific viral components therein. The 

results of previously published studies addressing the role of Th2 type cytokines during RSV 

disease are conflicting. There are reports that suggest a Th2 skewed T cell responsiveness 

during RSV infections (4;51;52) while others report predominant Th1 type responses in RSV 

patients (6;7). Part of the reason for these discrepancies may be the source of tissue 

sampled, i.e. peripheral blood versus nasal secretions or bronchoalveolar lavage, which are 

used for the assays. Moreover, different methods of analysis - T cell stimulation assays or 

direct cytokine measurements- may have contributed to the different results. From mouse 

studies it was learned that local T cell responses in the lung may differ from the type of T cell 

response observed in the spleen (47). Likewise, it can be expected that the analysis of 

antiviral T cell responses in peripheral blood of patients may not properly reflect the events in 

the lung. Knowing the antigenic epitopes presented by HLA may contribute to clarifying the 

role played by T cells in the lung and this knowledge may guide the development of vaccines. 
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Abstract 

 

CD8+ T lymphocytes play a major role in the clearance of respiratory syncytial virus (RSV) 

infections. To be able to study the primary CTL response in RSV infected children, we 

searched for epitopes presented by a set of commonly used HLA alleles (HLA-A1, A3, B44, 

B51). Five epitopes were characterized derived from the matrix (M), nonstructural (NS1) and 

second matrix (M2) proteins of RSV. All epitopes were proven to be processed and 

presented by RSV infected antigen presenting cells. HLA-A1 tetramers for one of these 

epitopes derived from the M protein were constructed and used to quantify and phenotype 

the memory CD8+ T cell pool in a panel of healthy adult donors. In about 60% of the donors 

CD8+ T cells specific for the M protein could be identified. These cells belonged to the 

memory T cell subset characterized by the expression of CD27 and CD28, and the down-

regulation of CCR7 and CD45RA. The frequency of tetramer positive cells varied between 

0.4 and 3 per 104 CD8+ T cells in PBMC of healthy a-symptomatic adult donors. 
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Introduction 

 

Respiratory syncytial virus (RSV) is a pneumovirus in the family Paramyxoviridae. Infections 

with RSV occur in yearly epidemics (1) causing mild colds in immunocompetent adults and in 

most children. However, about 3% of infants under the age of 1 develop severe bronchiolitis 

or pneumonia requiring hospitalisation (2). The immunological basis for the different 

susceptibility to RSV infection especially in infants remains unclear. About 50% of children 

who had RSV bronchiolitis during infancy have subsequent episodes of wheezing in the first 

decade of life (3-5). 

CD8+ T cells play an important role in the host defence during most viral infections. 

Indeed it was shown that in RSV infections CD8+ T cells are necessary to clear the virus. 

While healthy children clear RSV in 7-21 days, children with disorders of T cell mediated 

immunity shed the virus for months (6). Also in murine models, depletion of CD8+ T cells 

either by using monoclonal antibodies (mAb) or by removing the thymus causes persistent 

shedding of virus, while transfer of small numbers of CD8+ T cells results in viral clearance 

within days (7). However, CD8+ T cells can also augment disease in a dose dependent 

manner (8-11). Thus, a delicate balance exists between effective viral eradication and 

immune pathology.  

Several studies have demonstrated a RSV specific CD8+ T cell response in infants 

after primary RSV infection (12;13). In these studies the specific CTL responses were mainly 

detected in children with mild clinical disease. It was also found that the CD8 T cell memory 

response after primary RSV infection might be short lived, as the memory CD8 T cell 

frequency in the pre-season of the second year was low. Other groups showed a higher 

frequency of RSV specific CD8+ T cells in infants with severe RSV infections compared to 

those experiencing mild disease (14). As there was a significant difference in age and timing 

of sampling between the studies, this may account for the differences found.  

To study the role of CD8+ T cells in pathogenesis and protection of RSV disease, the 

identification of CTL epitopes might be of great value. This will allow for the monitoring of the 

acute and memory CTL cell response in RSV infected patients and during vaccine trials. So 

far a few RSV epitopes recognised by human CD8+ T cells have been identified (15); (16); 

(17;18). However, it would be useful to characterise a broader repertoire of epitopes for 

highly prevalent HLA alleles. In the present paper we identified 5 new RSV-specific CTL 

epitopes. Potential HLA class I binding peptides as predicted by the computer selection 

program SYFPEITHI were tested by stimulating peripheral blood mononuclear cells (PBMC) 

of healthy adult blood donors and measurement of IFN-γ production by CD8+ T cells using 

intracellular staining assays. Most donors of different age groups responded to one or more 

of the RSV epitopes depending on the HLA alleles expressed by each individual. We further 

showed that all epitopes are also presented on the cell surface of RSV infected cells. The 

memory T cells found in these adult donors had down-regulated CD45RA, expressed CD28 

and CD27 and were CCR7low. The frequency of memory T-cells varied between 0.4 and 3 

per 104 CD8+ T cells. 
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Materials and Methods 

 

Peripheral blood mononuclear cells (PBMC) 

Buffycoats were obtained from HLA-typed healthy adult blood donors who gave informed 

consent. As all children have been infected with RSV by the age of three and will be re-

infected every two to three years thereafter, all adult donors have been primed with RSV. 

PBMC’s were isolated by Ficoll-Paque gradient centrifugation (Pharmacia Biotech, Uppsala, 

Sweden) and used immediately or stored in liquid N2.  

 

Virus and  peptides 

The human RSV-A2 strain (RSV-A2) stock was grown on Hep-2 cells, PEG purified and 

titrated by plaque assay. Candidate peptides to be tested were selected based upon their 

HLA binding profile using the computer selection program SYFPEITHI (19). Possible RSV 

derived CTL epitopes for the HLA-A1, -A3, -B8, -B44 and -B51 alleles were selected. 

Peptides with a score >24 were synthesised by standard solid-phase Fmoc chemistry. The 

purity of the peptides varied between 50-90%, as determined by analytical reverse-phase 

high performance liquid chromatography. 

 

Tetramers 

Labeled HLA-B7 tetramers containing the published peptide NPKASLLSL (NP306-314) derived 

from the nucleoprotein (NP) of RSV were purchased from Proimmune (Oxford, UK)(16). The 

HLA-A1 tetramer containing peptide YLEKESIYY (M229-237) was constructed by the CLB 

(Amsterdam, the Netherlands). 

 

Intracellular staining of peptide specific T-cells for flow cytometry 

To identify dominant epitopes presented by MHC class I molecules, we screened candidate 

peptides for their ability to induce IFN-γ production in CD8+ T cells. PBMC’s were cultured in 

24 well plates (1x106/well) in AIM-V medium (Gibco) supplemented with 2% human pooled 

serum (HPS), penicillin and streptomycin (P/S) and 40 units/ml of recombinant human 

Interleukin 2 (IL-2). Peptides were added to a final concentration of 1µM. After 10 days of 

culture, cells were plated in a 96 well round bottom plate (Costar) (0.5x106 cells/well) in AIM-

V medium supplemented with P/S, 2% HPS, 40 units/ml IL-2 and costimulatory antibodies 

(anti-CD28 and anti-CD49d). Cells were either restimulated with 1µM of the same peptide, 

1µg/ml staphylococcal enterotoxin B (SEB) or not restimulated (negative control). After one 

hour of incubation at 37ºC 10µg/ml of Brefeldin A (BFA) (BD PharMingen) was added to 

accumulate cytokines in the cell. After 5 hours, 2mM of EDTA was added in order to arrest 

activation and to remove adherent cells from the well. After incubating 20 minutes at room 

temperature, cells were washed twice in FACS buffer (PBS containing 0.02% azide, 2% FCS 

and 2 mM EDTA). Then phycoerythrin (PE)-labeled anti-CD3 mAb (BD-PharMingen) and 

Cy5-labeled anti-CD8 mAb (BD-PharMingen) for surface staining were added. After 30 

minutes of incubation on ice, cells were washed twice in ice cold FACS buffer. Cells were 
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permeabilized and fixated using FACS permeabilizing/fixation solution (perm/Fix) (BD-

PharMingen). Cells were stained intra-cellularly after an additional wash in Perm-wash (BD-

PharMingen) with fluorescein isothiocyanate (FITC)-labeled IFN-γ mAb (BD-PharMingen 

clone 340449) for 30 minutes on ice. Cells were washed three times in perm-wash and 

fixated in 1% paraformaldehyde/PBS for 20 minutes. Cells were resuspended in FACS buffer 

and kept at 4ºC until analysis. Cell staining was analysed on a FACS-Calibur using CellQuest 

software (BD Bioscience, Mountain View, CA). A response was considered to be positive 

when the number of CD8 T cells producing IFN-γ �upon antigen stimulation was at least three 

times higher than the number of cells producing IFN-γ without restimulation with antigen. 

We confirmed that the epitopes that were identified were indeed presented in the 

context of the HLA alleles used in the epitope prediction programme SYFPEITHI. To this 

purpose we stimulated cells of two donors that were respectively HLA-A3, A11, B51, B35 

(donor 8) and HLA-A2, -B44, -C5 (donor 9) with the epitopes M2151-159 (predicted to be HLA-

A3 restricted), M264-72 (B44), NS141-49 (B51) and M195-203 (B51). Ten days after peptide 

stimulation the responder T cell cultures were restimulated with APC that only shared the 

HLA allele used for epitope prediction, or with APC lacking this HLA allele but instead 

sharing some other class I molecules with the responder cells. APC used were PBMC that 

were depleted of CD3+ cells using MACS separation (Miltenyi Biotec, Germany). The APC 

were loaded with the peptide epitopes for one hour in medium without serum, whereafter 

unbound peptides were removed by extensive washing. Unloaded antigen presenting cells 

served as negative controls. IFN-γ production by responder T cells was measured after 5 hrs 

by intracellular staining. 

 

Presentation of the dominant epitopes during RSV infection 

PBMC were infected with RSV at a MOI of 5 and cultured in 24 well plates (1x106/well) in 

AIM-V medium with 2% (HPS), (P/S) and 40 units/ml of recombinant human IL-2. After 10 

days of proliferation, cells were either stimulated with the appropriate peptide or not 

restimulated (negative control). Cells stimulated twice at day 0 and 10 with the same peptide 

served as a positive control. The HLA-A1 tetramer was used to identify M229-237 specific T-

cells 10 days after infection of PBMC’s with RSV. Extra-cellular staining of M229-237 tetramer 

positive cells with anti-CD3 and anti-CD8 was performed as described in the previous 

section. 

To identify the response against whole RSV virus in previously stimulated PBMC we 

infected PBMC with RSV at a MOI of 5. Cells were cultured as described above. On day 8 

PBMC of the same donor were depleted for CD8+ T cells using negative selection MACS 

separation columns (Miltenyi Biotec, Germany). The remaining cells were infected with RSV 

at a MOI of 5 two days prior to use, thus allowing the APC to present RSV epitopes. On day 

10 these APC were added to the PBMC that were stimulated with RSV on day 0. Stimulation 

was allowed for 5 hours in the presence of Brefeldin-A. Intra- and extra-cellular staining was 

performed as described before. 
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Phenotyping of tetramer positive T cells 

PBMC’s of HLA-A1 positive donors were washed in FACS buffer and blocked in blocking 

buffer (FACS buffer containing 10% HPS) for 20 minutes on ice. Cells were stained with 5µl 

of allophycocyanin (APC)-labelled HLA-A1 tetramer containing the M229-237 peptide. After 20 

minutes of incubation at room temperature, cells were stained with different extracellular 

mAbs (anti-CD8-PerCP, -CD45RA-PE, -CD27-FITC, -CD28-FITC, -CCR7-PE (BD-

PharMingen)). An additional 20 minutes later, cells were washed twice in FACS buffer and 

immediately used for FACS analysis. 

 

 

Results 

Selection of peptides containing HLA binding motifs using the SYFPEITHI prediction program 

We used the SYFPEITHI prediction program (19), http://www.uni-tuebingen.de/uni/kxi) to 

select possible RSV derived CTL epitopes for 5 different HLA alleles: HLA-A1, -A3, -B8, -B44 

and -B51. This program predicts the probability for peptides to be presented by certain HLA 

class I molecules, based on the presence of HLA binding motifs. HLA alleles were selected 

based on a high prevalence in the Caucasian population. The 8 highest scoring peptides for 

each HLA allele were tested for their capability to stimulate IFN-γ production by CD8+ T cells 

in PBMC samples from healthy adult blood donors. We found that the frequency of RSV-

specific CD8+ T cells was too low in most donors to measure a significant direct response 

upon short (5 hours) peptide stimulation when using intracellular staining for IFN-γ (Fig. 1B). 

Therefore, we cultured the PBMC’s for different time periods with the peptides and 

determined that the best response was found after allowing the peptide specific T cells to 

proliferate for 10 days in the presence of recombinant interleukin-2 (IL-2) (Fig. 1D and E; 

Table 1).  As the IFN-γ production of CD8+ T cells will have ceased 10 days after initial 

peptide stimulation, cells were restimulated at this time with the same peptide for 5 hours 

before measuring IFN-γ production. PBMC’s that were stimulated on day 0 but not 

restimulated on day 10 served as the negative control (Fig 1C). Except for HLA-B8 at least 

one epitope was identified per HLA class I allele using this procedure (Fig. 1; Table 1). For 

the HLA-B51 allele a second less dominant epitope was also identified.All the functional 

epitopes were screened in at least three donors with different HLA types. The magnitude of 

responses between different donors varied, as well as the dominance of the response 

against the different epitopes. However, for all peptides it was found that all donors 

responding to a peptide expressed the HLA molecules used for epitope predictions, while 

other HLA alleles were not shared in all responding donors (Table 1). These experiments 

strongly suggested that the dominant epitope was specifically presented by the predicted 

MHC allele.   
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Figure 1. A-D: Frequency of IFN-γ producing CD8

+
 T cells after stimulation of PBMC with the M264-72 peptide for different time 

periods. Intracellular IFN-γ production was measured directly after 5 h with no peptide added (A) and with 1µM peptide M264-72 

added (B), or in cultures grown for 10 days with peptide M264-72 and IL-2, after a short restimulation (5h) with the same peptide 
(D). The negative control for the 10 day time point was stimulated on the first day with the M264-72 peptide, but not restimulated 

on day 10 (C). E: Frequency of IFN-γ producing CD8
+
 T cells after stimulation with different peptides. PBMC were stimulated 

with the selected peptides on day 0 and further cultured in IL-2 for 10 days. Cells were either restimulated on day 10 (right 
column) or not (left column). In both experiments, CD3

+
 cells were gated in a lymphocyte/lymphoblast gate. The percentage of 

IFN-γ producing CD8
+
 T cells in this gated population is given in the upper right quadrant of the figures. 

 

 

HLA restriction of RSV derived epitopes 

We next set out to affirm that the HLA molecules used for epitope predictions were indeed 

the restriction elements for the 5 newly identified epitopes. To address this issue, we 

measured T cell responses when the peptides were presented by APC that only shared the 

HLA allele used for epitope prediction with the T cells. APC that had other HLA molecules in 

common with the responder T cells, but lacked the expression of the HLA molecules used for 

epitope predictions, were used as a control. We only found a positive response when the 

HLA molecule that was used for epitope prediction was present on the APC (Fig. 2). This 

procedure unequivocally proved that peptide M2151-159 was presented by HLA-A3, peptide 

M264-72 was presented by HLA-B44, and that peptide NS141-49  and M195-203 were presented by 

HLA-B51.  For HLA-A1 we prepared a tetramer containing M229-237

. This tetramer recognised 

an expanded population of CD8 T cells in PBMC cultures that had been cultured with the 

M229-237 peptide and IL-2 for ten days (Fig. 3A). This tetramer positive population was not 

present in PBMC that were not stimulated with the peptide or in peptide stimulated PBMC 
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cultures of a donor that lacked the HLA-A1 molecule. Thus this result confirmed that HLA-A1 

was the molecule that presented M229-237. 

 

 

Table 1. Peptide specific CD8 T cell responses in PBMC cultures 

Peptide     Sequence  HLA* score
†
        HLA type donor response

‡ 

 

M229-237     YLEKESIYY  A1 32              D1:A1,A3,B7,B37   0.02-0.21 

       D2:A1,A2,B44,B57   0.07-1.14 

     D3:A1,A29,B44,B57    0.13-1.16 

     D4:A1,A32,B7,B35   0.03-0.59 

     D5: A1,A11,B8,B51   0.08-20.19 

M2151-159     RLPADVLKK A3 29  D1:A1,A3,B7,B37   No response 

     D6:A1,A3,B7,B51   0.04-0.12 

     D7:A3,A31,B7   0.07-2.0 

     D8:A3,A11,B35,B51   0.09-2.38 

NP306-314
§       

NPKASLLSL  B7 23 D1:A1,A3,B7,B37   0.24-0.46 

     D4:A1,A32,B7,B35   0.03-0.61 

M264-72     AELDRTEEY B44 27 D9:A2,B44    0.20-1.65 

     D2:A1,A2,B44,B57   0.06-1.65 

     D3:A1,A29,B44,B57    0.20-1.45 

     D10:A2,B44,   0.24-2.20 

     D6:A1,A3,B7,B51   No response 

NS141-49     LAKAVIHTI  B51 28 D8:A3,A11,B35,B51   0.04-1.20 

     D5:A1,A11,B8,B51   0.05-8.30 

     D11:A2,A25,B51,B18   0.03-0.26 

     D6:A1,A3,B7,B51   0.04-0.14 

M195-203     IPYSGLLLV  B51 26 D8:A3,A11,B51,B35   0.02-0.12 

     D5:A1,A11,B8,B51   0.07-1.30 

     D11:A2,A25,B51,B18   0.04-0.17 

     D6:A1,A3,B7,B51   No response 

  

* HLA allele used for peptide prediction. 
† 
prediction score in SYFPEITHI for binding to HLA allele (maximum score 32). 

‡  
IFN-γ response of PBMC stimulated with peptide on day 0 and subsequently cultured for 10 days with IL-2. The percentage of 

IFN-γ positive CD8
+
 T cells at day 10 was compared for samples that received no second stimulation at day 10 (first number) 

and samples that were restimulated at this time point for 5 h with the peptide (second number). 
§ 
Peptide described by Goulder et al. (2000). 

 

 

All epitopes identified were presented on cells infected with RSV 

When synthetic peptides are used to activate T cells, results should be treated with caution 

because a positive response does not indisputably prove that the particular peptide of the 

virus was originally responsible for the induction of the memory T cells that are found in the 

donor. Similar results may have been obtained if the peptide happened to elicit a cross 

reactive T cell population that originated from a response against a different (viral) antigen. 

Therefore, we checked whether the dominant epitopes were processed and presented by 
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antigen presenting cells after infection with RSV. In PBMC cultures grown for ten days with 

live RSV CD8 T cells recognized by the HLA-A1/ M229-237 tetramer were expanded (Fig. 3-a). 

Thus, the HLA-A1 restricted peptide was indeed processed and presented by antigen 

presenting cells exposed to the virus. The specificity of the response measured by tetramer 

staining is confirmed by the lack of staining in PBMC of a HLA-A1 negative donor cultured 

with RSV. 

To prove that also the other peptides were presented on virus infected cells PBMC 

cultured for 10 days with RSV were restimulated with the dominant peptides or left 

unstimulated at this time point. Intra-cellular IFN-γ production was measured after 5 hours of 

incubation with peptides. In RSV infected cultures a clear response could be detected upon 

restimulation with peptide, although the magnitude of the response was lower than in 

cultures that where stimulated both at day 0 and day 10 with the peptide (Fig. 3B,C). 

 

 

 
Figure 2. Epitopes are recognized by T cells in the context of the HLA alleles used for epitope prediction. Responder PBMC 
were cultured with peptide M2151-159 (HLA-A3), NS141-49 (HLA-B51), M195-203 (HLA-B51) or M264-72 (HLA-B44) for 10 days in the 
presence of IL-2. PBMC partly HLA matched with responder cells were depleted for CD3

+ 
T cells and loaded with the four 

different peptides as indicated in the figure. APC that were positive for the HLA molecule that was used for peptide predictions 
were also used unloaded as a negative control. Responder cells were stimulated with the peptide-pulsed APC for 5 h, after 

which intracellular IFN-γ staining was performed. PBMC that were not restimulated served as a negative control (first column) 
while PBMC to which the peptides were directly added served as a positive control (second column). CD3

+
 cells were gated in a 

lymphocyte/lymphoblast gate. The percentage of IFN-γ producing CD8
+
 T cells in this gated population is given in the upper 

right quadrant of the figures. 
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Figure 3. Dominant epitopes presented on cells infected with RSV. A. PBMC of an HLA-A1-positive donor were stimulated with 
RSV (m.o.i. of 5) or peptide M229-237 (HLA-A1) or left unstimulated, and cultured in the presence of IL-2. After culturing for 10 
days peptide-specific cells were identified by extracellular staining with the M229-237-containing tetramer. An HLA-A1-negative 
donor served as a negative control. B. PBMC of donor 8 (HLA-A3, -A11, -B51, -B35) were infected with RSV at an m.o.i. of 5 at 
day 0 and cultured with IL-2 for 10 days. On day 10, the cells were either not restimulated or restimulated with peptide NS141-49 

(HLA-B51) or M195-203 (HLA-B51). Cells were intracellular stained for IFN-γ production. C. PBMC from two different donors were 
stimulated with peptide M2151-159, or peptide M264-72 or RSV (m.o.i. of 5) at day 0 and expanded in the presence of IL-2. On day 
10, cells were not restimulated (1 and 3), restimulated with peptide (2 and 4) or restimulated with autologous APC infected with 

RSV (5). Cells were intracellularly stained for IFN-γ production. In all parts of the figure, CD3
+
 cells were gated in a 

lymphocyte/lymphoblast gate. The percentage of IFN-γ producing CD8
+
 T cells is given in the upper right quadrant of the 

figures.  
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The lower epitope specific T cell response in PBMC cultures stimulated with RSV is not due 

to interference of other dominant epitopes 

The observation that the T cell response against a particular epitope is higher in cultures 

stimulated with the peptide compared to cultures stimulated with whole virus can be 

explained in several ways. One explanation may be that, within the context of the total 

repertoire of peptides displayed on APC exposed to whole virus, the T cell response against 

some epitopes might be masking the response against others. However, when RSV infected 

PBMC cultures were restimulated with APC infected with RSV, the T cell response detected 

was still lower than the response measured upon restimulation with the peptide (Fig. 3). 

Therefore, we concluded that in RSV infected PBMC cultures T cell activation is less efficient 

compared to T cell activation induced by stimulation with peptides. Hence, a lower epitope 

specific T cell response after RSV infection did not appear to reflect sub-dominance of the 

epitopes that were identified in this study.  

 

Table 2. CD8 T cell responses against 
peptides M229-237 and NP306-314 in PBMC of 
randomly chosen healthy adult donors. 

     Donor          tetramer
+
/CD8

+ 
(%) 

     HLA-A1 

     d13      4.01 

     d14      0.40 

     d15      0.98 

     d16      0.09 

     d17      0.04 

     d18      2.80 

     d19      0.06 

     d20    <0.01 

     d21    <0.01 

     d22    <0.01 

     d23    <0.01 

     d24        <0.01 

     d25          <0.01 

   HLA-B7 

     d26      1.11 

     d27       0.29 

     d28      0.08 

     d29      0.16 

     d30    <0.01 

     d31    <0.01 

Values are percentages of proliferating tetramer-
positive cells out of total CD8

+
 T cells after 10 days 

stimulation with peptide and IL-2. 

 

 

RSV specific responses can be detected in 50-60% of randomly chosen healthy adults 

The donors that were used for the experiments in figure 1 and table 1 had been used before 

to identify epitopes recognised by RSV specific CD4 T cells. They were selected from a 

slightly larger panel because they had readily detectable RSV specific CD4 T cell responses. 
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We found in this pre-selected panel in almost every donor a response against one of the five 

epitopes that we have identified. To establish whether in a panel of randomly chosen healthy 

adults responses against the newly identified HLA-A1 epitope were a general event, we 

performed an experiment in which PBMC of 13 additional donors were  stimulated with the 

A1 peptide and cultured for ten days with recombinant IL-2. At day ten expanded CD8+ T 

cells specific for the M229-237 peptide were visualised by tetramer staining. By this procedure 

we could detect responses in seven out of thirteen HLA-A1 positive donors (Table 2). 

Similarly, we found a response against NP306-314 in four out of six HLA-B7 positive donors. 

 

The frequency and phenotype of RSV specific memory CD8+ T cells  

The frequency of RSV specific memory CD8+ T cells in PBMC was low. It was necessary to 

culture PBMC with antigen in vitro in order to detect RSV specific CTL responses using 

intracellular staining assays. To determine the frequency of CD8 memory T cells we 

performed direct tetramer staining experiments using PBMC of 5 healthy HLA-A1 positive 

donors. By this procedure we determined that the frequency for the HLA-A1 epitope M229-237 

varied between 0.4 and 3 per 104 CD8+ T cells. All tetramer positive cells were CD45RA dull, 

CD27 positive, CD28 positive and about 80% were CCR7 negative, thus resembling an extra 

lymphoid memory T-cell phenotype. A representative example of the experiments performed 

is shown in Fig. 4.  

 

 

 
 
Figure 4. Frequency and phenotype of RSV specific CD8

+
 T cells. PBMC from healthy HLA-A1-positive adults were extra-

cellularly stained for tetramer HLA-A1/M229-237, CD8 and a combination of differentiation markers. The position of the quadrant 
was determined on a live gate (right panels), while the differentiation of tetramer-specific cells was determined on a live 
tetramer-positive gate (left panels). This experiment was repeated in five HLA-A1-positive donors. 



Human RSV specific CD8 T cell response 

55 

Discussion 

 

In the present paper we report the identification of 5 novel RSV-derived epitopes that are 

presented on the surface of RSV infected cells by HLA class I molecules, A1, A3, B44, B51 

(2x). These epitopes are recognized by CD8+ memory T cells present in peripheral blood of 

healthy adult blood donors. We performed this identification focussing on some of the most 

prevalent HLA alleles to ensure that the information obtained would be applicable in a large 

population, in future studies aimed at unraveling the mechanism of the development of RSV 

specific primary and memory immune responses. To our knowledge five RSV derived 

epitopes that are recognized by human CD8+ T cells have been described before. The first 

epitope that was identified was HLA-B7 restricted. This epitope was found by testing a series 

of overlapping peptides derived from the nucleoprotein of RSV in elispot assays using PBMC 

of healthy adults (16). Using a similar procedure a HLA-B8 restricted epitope in the N protein 

and a HLA-A1 restricted epitope in the F protein were identified (17;18). Two additional 

epitopes, derived from the F protein were found to be presented by HLA-B57 and HLA-C12, 

relatively uncommon HLA alleles (15). These latter epitopes were recognized by T cell 

clones, that were cultured from PBMC of RSV infected children. Our newly defined epitopes 

thus add to this repertoire two epitopes derived from the matrix protein, two derived from the 

M2 protein and one from the NS1 protein. Interestingly, an early study using vaccinia 

recombinants claimed that human T cell responses directed against the RSV N, SH, F, M, 

M2 and NS1 molecules are most prevalent (20). The responses against the NS1 and P 

proteins were each found in one donor out of the panel of nine donors tested. However, the 

HLA type of donors was not revealed in this paper. Hence, we do not know whether the HLA 

molecules for which we determined the epitopes in the present paper were expressed in this 

donor population, and if so how frequent. 

The epitope prediction program SYFPEITHI proved very useful to select candidate 

epitopes recognized by CD8 T cells. Only for HLA-B8 we did not find a new peptide among 

the top eight of predicted peptides. Indeed the HLA-B8 restricted nonamer epitope N255-263 

that was described in the literature by Venter et al. had a SYFPEITHI score of 19 (maximum 

score for HLA-B8 is 33), ranking this peptide number 74 (18). Of the peptides that we 

identified in the present  paper three had the highest score in the SYFPEITHI programme 

(M229-237/HLA-A1; M264-72/HLA-B44; NS141-49/HLA-B51). The other two peptides were among 

the seven highest (M2151-159/HLA-A3) and four highest scoring peptides (M195-203/HLA-B51). 

The SYFPEITHI score for the NP306-314 peptide described by Goulder et al. was 23, the 

maximum score for HLA-B7, which was shared by three other peptides (16). However, in our 

experiments only the NP306-314 peptide induced IFN-γ production in CD8 memory T cells (data 

not shown). Rock et al characterized a decamer epitope F109-118  in the F protein of RSV (17). 

A shorter nonamer version of this peptide could also induce a CD8 T cell response but was 

somewhat less effective. The SYFPEITHI scores for these peptides were respectively 4 and 

22 ranking the nonamer peptide number 19.  By our selection method we would have 

overlooked these epitopes. In conclusion, the SYFPEITHI programme is a useful tool to 
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predict candidate CD8 T cell epitopes. However, not all epitopes will be succesfully 

predicted. 

We found that memory CD8 T cells specific for RSV epitopes are present in low 

numbers in healthy adult donor blood. In order to detect CD8 T cell responses by measuring 

the production of interferon-γ with intracellular staining, an in vitro expansion of CD8 T cells 

was necessary to measure responses above the detection limit of the assay. In table 2 we 

show the results of this type of experiment performed in a small set of randomly chosen HLA-

A1 and HLA-B7 donors. In about sixty percent of the donors we found a response against the 

M229-237 and NP306-314 peptides, meaning that responses against these epitopes are probably 

frequently occurring events in the population. Some of the PBMC used in these experiments 

were isolated from donor blood sampled outside the RSV season, for some other donors 

during the RSV season. However, at this point we have not found a direct relation between 

the level of the  responses and the time the blood samples were taken. To answer the 

question whether there is a difference in the magnitude of the T cell response during and 

outside the RSV season one needs to study RSV specific T cell responses in one patient at 

the different timepoints, rather than comparing responses of different individuals. Therefore, 

we are addressing this issue more in depth in a study that is currently underway in our 

laboratory, whereby the CD4 and CD8 T cell responses against RSV are monitored at 

different time points during and outside the RSV season in a panel of healthy adult donors. 

We directly compared the magnitude of the CD8 T cell response against the 

published HLA-B7 epitope with the magnitude of the response of the HLA-A1 restricted 

epitope from the matrix protein of RSV described in the present paper. When tested in 

donors that express both HLA-A1 and HLA-B7, peptide specific CD8 responses against both 

peptides were comparable. Moreover, the number of tetramer specific T cells we found was 

similar as described by Goulder et al., who first used the B7/NP306-314  tetramer (16;21). 

In donors that expressed more than one of the HLA alleles presenting known 

epitopes, T cell responses against two or more epitopes could often be detected. However, 

we also found donors that carried the right HLA restriction elements who did not respond 

against the newly identified epitopes. It may be that in these donors the RSV specific T cell 

frequency was too low to detect a response even after expansion of CD8 T cells. Whether 

these donors were low responders for RSV, or whether other dominant epitopes were 

recognized, is not known. This issue was not further pursued, because of the inefficient 

expansion of CD8+ T cells in PBMC cultures exposed to intact RSV. We showed that in 

cultures that had been stimulated with the intact virus CD8+ T cells could be expanded that 

recognized the newly identified epitopes. However, it appeared that CD8+ T cell expansion 

by culturing PBMC with virus is less efficient than the T cell expansion obtained with 

synthetic epitopes. Thus, from these experiments we could not make a reliable estimation of 

the contribution of the T cells that recognized the single epitopes to the total memory T cell 

response.  

Several factors might explain the sub-optimal expansion of T cells after culturing 

PBMC with intact virus. First, RSV only efficiently enters monocytes when PBMC are 

exposed to the virus, while synthetic peptides will be presented on all MHC class I positive 

cells. Thus the number of APC expressing peptide MHC complexes will be much higher 
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when peptides are added to the PBMC cultures. Second, the number of MHC peptide 

complexes per cell might be higher on peptide loaded cells than after intracellular processing 

of viral proteins. Third, RSV is known to have a suppressive effect on T cell proliferation 

(21;22). Thus, the presence of live virus might be responsible for an inefficient expansion of 

CD8 T cells in the cultures. This might result in an underestimation of the total numbers of 

CD8 T cells that are specific for the virus. A fourth factor might be the presence of multiple 

viral epitopes presented on APC after infection with virus. T cells specific for the different 

epitopes thus should have to compete for the interaction with the APC and/or different 

epitopes might have to compete for binding to a certain MHC allele. However, these latter 

phenomena are less likely to have contributed to the lower peptide specific CD8 T cell 

responses that we observed within RSV stimulated PBMC cultures. We found that the 

response was also low against virus infected target cells, i.e cells expressing the same 

epitope repertoire to which the T cells reacted initially (Fig. 3C).  

The use of MHC tetramers has provided the technical means to phenotype CD8+ T 

cells during different stages of the immune response. Thus, phenotypic information has been 

obtained during primary responses and in the memory stage of the immune response against 

different chronic virus infections, HCMV, EBV, HCV and HIV (23-27). In the late chronic 

stage of infection CD8+ T cells specific for these viruses differ significantly with respect to the 

surface expression of CD27 and CD28 molecules, that were used as markers to type the 

maturation stage of the memory T cells. In this study we showed that RSV-specific CD8+ T 

cells are CD45RA dull, CD27 positive, CD28 positive and CCR7 negative. According to the 

expression of these markers the phenotype of RSV specific cells resembles that of influenza 

A, EBV and HCV specific CD8+ memory T cells (27;23;28).  All donors analyzed for the 

frequency of RSV-specific CD8+ T cells directly ex vivo, were healthy and showed no signs of 

respiratory infections. Blood was sampled outside the RSV season. These factors indicate 

that the RSV specific CD8+ cells in the peripheral blood are “resting” memory cells. Overall, 

these observations suggest that healthy adult donors indeed have an antiviral immunity to 

RSV, characterized by the presence of low frequency IFN-γ producing CD8+, CD45RA-, 

CD28+, CD27+ and CCR7- T cells.   

In conclusion, we identified 5 new human RSV derived CD8+ T cells epitopes that 

were HLA-A1, -A3, -B44 or -B51 restricted, a significant addition to formerly published 

epitopes because they are presented by HLA-alleles that are highly prevalent in the 

Caucasian population. The knowledge of antigenic epitopes will allow us to address the role 

of RSV specific CD8+ T cells in the delicate balance of controlling infection and the possible 

role these cells may have in immune-mediated pathology during primary RSV infection. 
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Abstract 

 

CD8 T cell responses are crucial in the control of viral infections. However, viruses have 

evolved different mechanisms to evade T cell responses. Among those evasion strategies 

are the occurrence of mutations in viral proteins that are located in or adjacent to T cell 

epitopes. Such changes may be advantageous if these structural alterations don’t 

compromise virulence. We evaluated the role of amino acid replacements in the 

nonstructural proteins NS1 and NS2 of RSV on CD8 T cell responses. We describe three 

novel changes, NS1-T31A, NS1-H36Q and NS2-P10L in natural viral isolates. Predicted 

variant T cell epitopes in the new and published NS sequences were tested for their ability to 

elicit immune responses. We observed that two variable positions in the NS1 protein NS1-

H36Q or L and NS1-V82A did affect CD8 T cell responses. Importantly, one of those 

changes represented a difference between two RSV strains, A and Long, that differ in their 

ability to suppress the cellular type I interferon response. The balance between viral fitness 

and the efficacy of the cellular immune response might contribute to the clinical outcome of 

RSV infection. 
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Introduction 

 

Respiratory Syncytial Virus (RSV) is the most common cause of viral lower respiratory tract 

infections in infants. However, the symptoms of primary RSV infections can vary widely from 

a mild cold to severe bronchiolitis for which respiratory support is necessary. Groups at risk 

are premature infants, children with congenital heart disease and pre-existing lung 

conditions, but also full term healthy infants can become severely ill (1;2). It is presently 

unclear why in some individuals symptoms are more severe than in others.  Host factors 

might play a role because certain gene polymorphisms have been found that correlate with 

increased risk to attract severe disease (3-8). Until now, the contribution of differences in 

virus strains on disease severity is not well defined. RSV isolates can be classified into two 

major antigenic groups A and B based on the sequence variability of the attachment protein 

G, which is the most variable protein of the virus (9;10). The G protein is surface exposed 

and a major target for virus specific neutralizing antibodies. The viral fusion protein F is the 

second major surface viral protein which is also target of the humoral immune response. In 

most studies group A viruses were found to cause more severe disease (11). However, other 

studies showed more severe symptoms with type B infections (12). Moreover, the majority of 

studies showed no differences (13;14). At present no information is available on a possible 

role of variations in other elements of the viral genome. As far as sequence information is 

available, the nonstructural (NS) and internal viral proteins seem relatively conserved. 

However, even slight variability in these proteins may have a crucial impact on viral 

replication and interactions with the adaptive and innate immune systems (15;16).  

The NS proteins interfere with the host capacity to induce type I interferon production 

and thus interfere with the capacity of the cell to suppress viral replication (17). Moreover, the 

NS2 protein is involved in NF-κB activation (18). Therefore, variability in NS1 and NS2 genes 

may dramatically impact on the cytokine and chemokine production of infected cells as well 

as on viral replication, all factors that may determine the ultimate outcome of severity of 

disease after RSV infection.  

Cytotoxic T cell responses are crucial for the elimination of RSV from infected 

individuals (19). It has been demonstrated for both persistent and acute viral infections that 

CTL responses cause selection of  viruses with structurally altered proteins (20-23). This 

may result in the selection of mutant viruses that escape control by the adaptive immune 

response. Moreover, such amino acid replacements may also affect the function of mutated 

proteins which can lead to changes in replication capacity of the virus or its interaction with 

the innate immune system. Two commonly used laboratory strains, A2 and Long originating 

from clinical isolates differ with respect to their ability to suppress type I interferon production 

by infected cells (15;17). The NS1 and NS2 proteins, that are involved in the suppression of 

type I interferon responses of RSV infected cells, differ in these two viruses by respectively 

two and four amino acid residues. However, it is presently unclear which of these differences 

are responsible for the functional changes, and whether a loss in the ability to suppress the 

innate immune response might be compensated by escape from the cytotoxic T cell 
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response. Therefore, in this study we addressed a possible role for variations in the 

nonstructural proteins of RSV on the outcome of the antiviral adaptive immune response. 

 

 

Materials and Methods 

 

Samples 

Sputa and/or nasopharyngeal aspirates were obtained from children admitted with an RSV 

infection to the pediatric intensive care unit of the Wilhelmina Children's Hospital during the 

winter season from December 2005 to April 2006. The Wilhelmina Children's Hospital is a 

tertiary university hospital with a 14 bed intensive care facility, and serves as a referral center 

for the central part of The Netherlands. Parents of patients gave their informed consent. The 

study was approved by the medical Ethical Committee of the University Medical Center of 

Utrecht. 

 

RNA isolation and RT-PCR and sequencing 

Total RNA from samples was isolated with an RNeasy RNA isolation kit according to the 

manufacturer’s protocol (QIAGEN, Hilden, Germany), (Roche Diagnostics, Basel, 

Switzerland). Each sample was eluted in 50 µl buffer. cDNA was synthesized by using 

MultiScribe reverse transcriptase (RT) and random hexamers (both from Applied 

Biosystems, Foster City, CA, USA). Each 100 µl reaction mixture contained 40 µl of eluted 

RNA, 10 µl of 10 × RT buffer, 5.5 mmol/l MgCl2, 500 µmol/l of each deoxynucleoside 

triphosphate, 2.5 µmol/l random hexamer and 0.4 U of RNase inhibitor per µl(all from Applied 

Biosystems). After incubation for 10 minutes at 25°C, reverse transcription was carried out 

for 30 minutes at 48°C, followed by RT inactivation for 5 minutes at 95°C. To amplify the NS1 

and NS2 gene RSV oligonucleotides RSVA-NSF1 (5’- TGCGTACAACAAACTTGC -3’), 

identical to nucleotides (nt) 12 to 29 of the RSV genome and RSVA-NSR1 (5'- 

TTAATAACATGCCACATAACT-3’), reverse complement to nt 1276 to 1296 of the RSV 

genome (24) were used for RSV A viruses. A temperature-cycling protocol was used that 

consisted of 15 min of preheating at 95°C followed by 40 cycles of 1 min of denaturation at 

94°C, 1 min of primer annealing at 48°C, and 1 min of primer extension at 72°C was used. 

cDNA was amplified by PCR as previously described (25). 

PCR products were purified with a PCR purification kit according to the 

manufacturer’s protocol (QIAGEN, Hilden, Germany) and sequenced with PCR forward and 

reverse primers and oligonucleotides NS-seqfor (5’-CAATTATCTGAATTACTTGG-3’) 

identical to nt 480 to 499 of the RSV genome and NS-seqrev (5’- 

GACATTGATTTGCTAGTTG-3’) reverse complement to nt 533-551 of the RSV genome (24). 

Sequence reactions were performed using an ABI PRISM Big Dye cycle sequencing ready 

reaction kit (Perkin-Elmer, Applied Biosystems, Foster City, Calif.) and an ABI PRISM 3700 

DNA sequencer (Perkin-Elmer). Alignments of nucleic and amino acids were made with 

Megalign software (DNASTAR) and with Bio-edit (26). 
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Intracellular staining of peptide specific T-cells for flow cytometry 

To identify differences in T cell responses against variant epitopes presented by MHC class I 

molecules, we screened synthetic peptide sets for their ability to induce IFN-γ production in 

CD8+ T cells. The NS proteins were screened for predicted epitopes using the algorithms for 

epitope prediction of three different programs: (SYFPEITHI 

http://www.syfpeithi.de/;http://hlaligand.ouhsc.edu/prediction.htm;http://bimas.dcrt.nih.gov/cgi

-bin/molbio/ken_parker_comboform). PBMC were cultured in 24-well plates (1x106 cells/well) 

in AIM-V medium (Gibco) supplemented with 2% pooled human serum, penicillin and 

streptomycin (P/S) and 20 U/ml recombinant human IL-2 (Roche). Peptides were added to a 

final concentration of 1 µM. After 9 days of culture, cells were plated in a 96-wells round-

bottom plate (Costar, 0.5x106 cells/well) in AIM-V medium supplemented with P/S, 2% HPS, 

20 U/ml IL-2 and co-stimulatory antibodies (anti-CD28 and anti-CD49d, both 1 µg/ml). Cells 

were re-stimulated with either 1 µM of the same peptide that was used for expansion or 

variant peptides with single amino acid replacements. A control sample was not re-

stimulated. After 1 h of incubation at 37°C, Brefeldin A (BFA, Sigma-Aldrich, 12.5 µg/ml) was 

added to accumulate cytokines in the cell. After an additional 5 h, 2mM EDTA was added to 

arrest activation and to remove adherent cells from the well. After incubating for 20 min at 

room temperature, cells were washed twice in FACS buffer (PBS containing 0.02% azide, 

2% FCS and 2 mM EDTA). Then phycoerythrin (PE)-labeled anti-CD8 mAb (BD-

PharMingen) was added for surface staining. After 30 minutes of incubation on ice, cells 

were washed twice in ice cold FACS buffer. Subsequently, cells were permeabilized and 

fixed using FACS permeabilizing/fixation solution (Perm/Fix, BD-PharMingen) and stained 

intra-cellular after an additional wash in Perm-wash (BD-PharMingen) with fluorescein 

isothiocyanate (FITC)-labeled IFN-γ mAb (BD-PharMingen clone 340449) for 30 minutes on 

ice. Finally, cells were washed three times in perm-wash, once in FACS buffer and fixed in 

1% paraformaldehyde/PBS, then resuspended in FACS buffer and kept at 4ºC until analysis. 

Cell staining was analyzed on a FACS-Calibur using CellQuest software (BD Bioscience, 

Mountain View, CA).  

 

Nucleotide sequence accession numbers 

The nucleotide sequences from the NS proteins from natural RSV-isolates can be found in 

the GenBank database under accession numbers RSV-A2: AAB59850 and AAB59851. RSV-

S2: AAC57020 and AAC57021. RSV-long: AAA79091 and AAA79090. RSV-B1: AAB82429 

and AAB82430. RSV-B18537: BAA00635 and BAA00636. 
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Table 1. Amino acid sequence of NS proteins from natural RSV 
 
NS1  1                50 
Consensus MGSNSLSMIK  VRLQNLFDND  EVALLKITCY  TDKLIHLTNA  LAKAVIHTIK 

RSV-A2  MGSNSLSMIK  VRLQNLFDND  EVALLKITCY  TDKLIHLTNA  LAKAVIHTIK 

RSV-S2  MGSNSLSMIK  VRLQNLFDND  EVALLKITCY  TDKLIHLTNA  LAKAVIHTIK 

RSV-long MGSNSLSMIK  VRLQNLFDND  EVALLKITCY  TDKLIHLTNA  LAKAVIHTIK 

RSV-B1  MGCNSLSMIK  VRLQNLFDND  EVALLKITCY  TDKLILLTNA  LAKAAIHTIK 

RSV-B 18537 MGCNSLSMIK  VRLQNLFDND  EVALLKITCY  TDKLILLTNA  LAKAVIHTIK 

 

  51              100 
Consensus LNGIVFVHVI  TSSDICPNNN  IVVKSNFTTM  PVLQNGGYIW  EMMELTHCSQ 

RSV-A2  LNGIVFVHVI  TSSDICPNNN  IVVKSNFTTM  PVLQNGGYIW  EMMELTHCSQ 

RSV-S2  LNGIVFVHVI  TSSDICPNNN  IVVKSNFTTM  PVLQNGGYIW  EMMELTHCSQ 

RSV-long LNGIVFVHVI  TSSDICPNNN  IVVKSNFTTM  PALQNGGYIW  EMMELTHCSQ 

RSV-B1  LNGIVFIHVI  TSSEVCPDNN  IVVKSNFTTM  PILQNGGYIW  ELIELTHCSQ 

RSV-B 18537 LNGIVFIHVI  TSSEVCPDNN  IVVKSNFTTM  PILQNGGYIW  ELIELTHCSQ 

 

 

  101           139 
Consensus PNGLLDDNCE  IKFSKKLSDS  TMTNYMNQLS  ELLGFDLNP 

RSV-A2  PNGLLDDNCE  IKFSKKLSDS  TMTNYMNQLS  ELLGFDLNP 

RSV-S2  PNGLLDDNCE  IKFSKKLSDS  TMTNYMNQLS  ELLGFDLNP 

RSV-long PNGLIDDNCE  IKFSKKLSDS  TMTNYMNQLS  ELLGFDLNP 

RSV-B1   LNGLMDDNCE  IKFSKRLSDS  VMTNYMNQIS  DLLGLDLNS 

RSV-B 18537 SNGLMVDNCE  IKFSKRLSDS  VMTNYMNQIS  DLLGLDLNP 

 

 

NS2  1                50 
Consensus MDTTHNDTTP  QRLMITDMRP  LSLETIITSL  TRDIITHRFI  YLINHECIVR 

RSV-A2  MDTTHNDNTP  QRLMITDMRP  LSLETIITSL  TRDIITHKFI  YLINHECIVR 

RSV-S2  MDTTHNDTTP  QRLMITDMRP  LSLETIIISL  TRDIITHRFI  YLINHECIVR 

RSV-long MDTTHNDTTP  QRLMITDMRP  LSLETTITSL  TRDIITHRFI  YLINHECIVR 

RSV-B1  MSTTNDNTTM  QRLMITDMRP  LSMESIITSL  TKEIITHKFI  YLINNECIVR 

RSV-B 18537 MSTTNDNTTM  QRLMITDMRP  LSMESIITSL  TKEIITHKFI  YLINNECIVR 

 

NS2  51              100 
Consensus KLDERQATFT  FLVNYEMKLL  HKVGSTKYKK  YTEYNTKYGT  FPMPIFINHD 

RSV-A2  KLDEKQATFT  FLVNYEMKLL  HKVGSTKYKK  YTEYNTKYGT  FPMPIFINHD 

RSV-S2  KLDERQATFT  FLVNYEMKLL  HKVGSTKYKK  YTEYNTKYGT  FPMPIFINHD 

RSV-long KLDERQATFT  FLVNYEMKLL  HKVGSTKYKK  YTEYNTKYGT  FPMPIFINHD 

RSV-B1  KLDERQATFT  FLVNYEMKLL  HKVGSTKYKK  YTEYNTKYGT  FPMPIFINHD 

RSV-B 18537 KLDERQATFT  FLVNYEMKLL  HKVGSTIYKK  YTEYNTKYGT  FPMPIFINHG 

 

NS2  101         124 
Consensus GFLECIGIKP  TKHTPIIYKY  DLNP 

RSV-A2  GFLECIGIKP  TKHTPIIYKY  DLNP 

RSV-S2  GFLECIGIKP  TKHTPIIYKY  DLNP 

RSV-long GFLECIGIKP  TKHTPIIYKY  DLNP 

RSV-B1  GFLECIGIKP  TKHTPIIYKY  DLNP 

RSV-B 18537 GFLECIGIKP  TKHTPIIYKY  DLNP 
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Results 

 

Novel amino acid substitutions in NS proteins of RSV 

When we started our investigation on the variability of NS proteins only for five virus isolates 

the sequence of the NS proteins had been published. These sequences are summarized in 

table 1. We determined the sequence of four additional sets of NS proteins derived from 

virus isolates obtained from patients admitted to the hospital in the winter season of 

2005/2006. A few amino acid variations were identified, four of them at positions that were 

also variable in the published sequences: positions 36 and 105 of the NS1 protein and 

positions 10 and 38 of the NS2 protein (table 2). In addition, three amino acid changes were 

identified that were not reported previously: 1) a threonine (T) to alanine (A) substitution at 

position 31 in the NS1 protein at a location conserved in all the published strains; 2) a 

histidine (H) to glutamine (Q) substitution at position 36; and 3) a proline (P) to leucine (L) 

change at position 10 of the NS2 protein in the isolate derived from patient 3. The other 

amino acid substitutions that were found in the new sequences were all also present in the 

published sequences. However, the combination of mutations that occurred in both NS 

proteins was unique for all patient samples. 

 

Table 2. Amino acid replacements in the NS1 and NS2 proteins of virus isolates from 4 patients (P1-

P4). 

 

A. NS1 
               21       30         40          50         101      110 

Consensus   EVALLKITCY  TDKLIHLTNA  LAKAVIHTIK           PNGLLDDNCE 

P1                      T    Q                               I        

P2                      T    Q                               I           

P3                      A    H                               I           

P4                      T    Q                               I 

 

B. NS2 

  1       10          20          30          40 

Consensus MDTTHNDTTP  QRLMITDMRP  LSLETIITSL  TRDIITHRFI 

P1           P                                 R 

P2           P                                 K 

P3           L                                 R 

P4           P                                 R 

 

 

NS133-41 variant epitopes induce IFN-γ responses in CD8 T cells 

To address the question whether naturally occurring sequence variants might affect CD8 T 

cell responses, we used computer algorithms to predict T cell epitopes within the NS 

proteins, which could be candidate peptides for binding to a set of most frequent HLA alleles. 

A panel of possible HLA binding peptides of the NS proteins were selected that overlapped 

variable sites (table 3). Two of the peptides, NS133-41 and NS141-49 had previously been 

identified as targets for RSV specific CD8 T cells (27;28). The variant peptide sets were  
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Table 3. 

 
Peptides 

 
Amino acid sequence 

 
HLA- 

restriction 

Score 1 
Estimated half tim

of dissociation

Score 2 
SYFPEITHI 

Score 3 
Oklahoma 

 
NS130-38 

YTDKLIHLT 

YTDKLIQLT 

YTDKLILLT 

A1 170 
170 
191 

19 
19 
22 

<1 
<1 
<1 

 
NS133-41 

KLIHLTNAL 

KLIQLTNAL 

KLILLTNAL 

A2 124 
123 
133 

28 
28 
28 

74.8 
74.8 
74.8 

NS141-49 LAKAVIHTI 

LAKAAIHTI 
B51 142 

137 
28 
26 

346.1 
346.1 

 
 

NS180-88 

 
MPVLQNGGY 

MPALQNGGY 

MPILQNGGY 

 
A1, B7, 35  

 A1    B7  B35 
128   115  143 
128   124  115 
128   115  147 

 

A1   B7 B35 
16    10   np* 
16    11   np 
16    10   np 

A1  B7  B35 
<1  <1   40 
<1  <1   40 
<1  <1   40  

 
NS218-26 

 
RPLSLETII 

RPLSLETTI 

 
B7, B51 

B7   B51 
145  153 
145  162 

 

B7   B51 
18   23 
18   25 

 B7  B35 
8.0 16 
8.0  16 

 
NS222-30 

SLETIITSL 

SLETIIISL 

SLETTITSL 

A2 136 
142 
138 

27 
27 
27 

3.1 
3.1 
3.1 

control 
peptides 

     

M229-237 YLEKESIYY A1 177 32 22.5 

NP306-314  NPKASLLSL B7 189 23 80.0 

Flu M158-66 GILGFVFTL A2 104 30 550.9 

*np: not predicted 

 

 

synthesized and tested for the ability to stimulate CD8 T cell responses in PBMC derived 

from healthy donors. For this purpose donor PBMC were first cultured in the presence of the 

peptides and recombinant IL-2 to expand the memory T cells if present. After nine days of 

culture the presence of peptide specific T cells was tested by the stimulation of IFN-γ 

production upon re-exposure to the peptide used for the expansion procedure. Furthermore, 

cross-recognition of the single amino acid variants was evaluated. In the region from amino 

acid residue 30 to 49 of the NS1 protein three predicted epitopes are present, for HLA-A1: 

NS130-38, HLA-A2: NS133-41 and HLA-B51: NS141-49 (table 3). The first two epitopes were 

examined in which a histidine (H) at position 36 was substituted for a glutamine (Q) or 

leucine (L). The single amino acid substitutions in this set of peptides are drastic changes 

replacing the charged 36H for the polar Q or the large hydrofobic L. None of the NS130-38 

peptides elicited a CD8 T cell response in three experiments performed with PBMC from 

three different HLA-A1 positive donors (data not shown). The 36H variant of NS133-41 has 

been described in the literature as a naturally presented peptide in the context of HLA-A2 

(28). Therefore, we used HLA-A2 tetrameric complexes containing 36H-NS133-41 to visualize 

the presence of CD8 T cells in PBMC cultures stimulated with the three variant peptides. 

This tetramer recognized an expanded population of CD8 T cells in PBMC that had been  
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Figure 1. IFN-γ producing CD8 T cells expanded in PBMC cultures with NS133-41 variant peptides. A. After a culture period of 9 

days, peptide-specific cells were identified by extracellular staining with the 36H-NS133-41 containing HLA-A2 tetramer. B+C. 

Intracellular IFN-γ production by expanded CD8 T cells of HLA-A2
+ 

donors. The numbers in the panels represent the 

percentages of IFN-γ producing CD8 T cells after secondary stimulation, quantified by intracellular staining. D. HLA-A2
+
 PBMC 

were stimulated with Influenza M158-66 peptide 9 days. Cells were restimulated with the same peptide in increasing 

concentration in the presence of 5 µM of the variant NS133-41 peptides as competitor peptides. 
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cultured with the 36H-NS133-41 peptide (Fig. 1A). A tetramer-positive population was not 

present in PBMC that had been expanded with the peptides in which the 36H was replaced 

by a Q or a L. Thus, this result confirmed that the immune response elicited was specific for 

epitope NS133-41 KLIHLTNAL.  

Re-stimulation experiments with four additional HLA-A2+ donors were performed. In 

three donors 36H specific T cells were expanded that were not cross-reactive on the other 

peptide variants (example shown in Fig. 1B). No response was elicited when the 36Q and L 

peptides were used for expansion. Therefore, peptides KLIQLTNAL and KLILLTNAL did not 

cross stimulate KLIHLTNAL specific T cells, and memory T cells specific for the Q and L 

peptides were not present in these donors. In a fourth donor, cultures expanded with 36H 

responded upon re-stimulation with the same peptide and not with the variants. However, in 

this donor there was also a response in the cultures expanded with 36Q-NS133-41 (Fig. 1C). 

The amino acid replacements at residue 36 did not affect binding of the peptides to the 

presenting HLA-A2 molecule because all three peptides inhibited the binding of an HLA-A2 

restricted influenza virus peptide to a similar extent (Fig. 1D). 

 

 

 

 

  
 

 

Figure 2. IFN-γ production of CD8 T cells specific for the NS141-49 variant (45V and 45A) peptides. The numbers in the panels 

represent the percentages of IFN-γ producing CD8 T cells after secondary stimulation, quantified by intracellular staining. 
Similar results were obtained with three HLA-B51

+
 donors . 

 

 

 



Mutations in the RSV NS1 protein  

71 

T cells specific for NS141-49 and NS180-88 cross react on variant peptides 

Peptide 45V-NS141-49 is an immunodominant epitope restricted by HLA-B51 (27). This 

peptide overlaps a variable amino acid residue at position 45 in which a valine (V) and 

leucine (L) were identified in natural sequences. We found that this relatively conserved 

change had negligible impact on the T cell response. Both peptides stimulated the expansion 

of memory T cells that were reciprocally cross reactive (Fig. 2). 

 The third peptide that was predicted as a possible HLA binding peptide spanned 

amino acid residues 80-88 of NS1. This peptide had not been previously described in the 

literature. We showed that CD8 memory T cells could be expanded in an HLA-B35 donor 

with the 82V-NS180-88 peptide (Fig. 3). These expanded T cells responded to re-stimulation 

with all three variants of this peptide. However, the 83A and 83I variant peptides were not 

effective in the expansion of memory CD8 T cells in this donor. No response was found 

against any of these peptides in HLA-A1+ and HLA-B7+ donors (data not shown).  

Experiments were also performed with peptides NS218-26 and NS222-30 derived from the 

second nonstructural protein. However, we did not find any responses in HLA-B7, B51 and 

HLA-A2 positive donors (data not shown). 

 

 

 

 
 

Figure 3. IFN-γ production of CD8 T cells specific for NS180-88 variant (82V, 82A or 82I) peptides. The numbers in the panels 

represent the percentages of IFN-γ producing CD8 T cells after secondary stimulation, quantified by intracellular staining. This 
experiment was performed with four HLA-B35

+
 donors. Only one donor responded.  
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Discussion 

 

In the present study, we addressed the question whether the mutations in the nonstructural 

proteins derived from natural isolates of RSV could affect the virus specific CD8 T cell 

response. In two new virus isolates we found the novel changes NS1-T31A and NS2-P10L 

that had not been published before. A third drastic change in NS1:H36Q was found in three 

of the new virus isolates. We further found already reported mutations at variable sites but for 

all the four isolates in unique combinations. We used the novel NS protein sequences and 

the published sequences to predict possible HLA binding peptides that overlapped with 

variable residues using three different computer algorithms. Three variable regions were 

found in the NS1 protein that could indeed be recognized by memory CD8 T cells present in 

peripheral blood samples of healthy adults. Interestingly, amino acid replacements present in 

natural variants of the NS1 protein affected the CD8 T cell response against two of those 

peptides. Substitutions 36Q or 36L of NS133-41 resulted in the escape of the CD8 T cell 

response specific for the peptide with the 36H residue. In the four HLA-A2 positive donors 

that were tested the 36L sequence was unable to stimulate the expansion of memory T cells. 

However, we found in one donor memory T cells specific for the 36Q and 36H variant 

peptides that were not cross reactive, which might indicate that this individual had been 

exposed to both virus variants. The 36L replacement has not been found yet in RSV A 

strains. Thus, memory T cells specific for this particular epitope in A virus strains may be 

unresponsive to B viruses. Obviously, larger panels of natural virus isolates need to be 

sequenced to generalize this conclusion. We showed that all three variants of the NS133-41 

peptide could bind to HLA-A2 because the response to an HLA-A2 restricted epitope from 

influenza virus was inhibited in a peptide competition assay. Inhibition was not complete 

which might reflect the better binding capacity of the FLU-M158-66 peptide which was 

predicted by computer algorithms 2 and 3. However, inhibition of the Flu-M158-66 peptide 

specific response was similar for the three variant peptides. These findings suggest that 

position 36 in the HLA-A2 restricted epitope might be a T cell receptor contact residue. 

Furthermore, depending on the repertoire of HLA class I molecules expressed and the 

repertoire of T cells present in a particular individual, changes at position 36 might lead to 

escape of recognition by CD8 T cells specific for this area of the NS1 protein. 

With the variant NS141-49 epitopes cross-stimulation did occur, which might indicate 

that this mutation does not have major consequences for T cell responses at least if HLA-

B51 is the restriction element. Our experiments can not exclude a possible role of the 

mutations at positions 31 and 36 on the efficiency of T cell responses against NS141-49 on 

infected cells. Theoretically, these mutations adjacent to the HLA binding sequence might 

affect the processing of this epitope and thus affect the efficiency of antigen presentation.  

When cells were stimulated with 82V-NS180-88, expanded T cells responded with the 

production of IFN-γ upon stimulation with both variant peptides. However, 82(A) or 82(I) 

peptides were ineffective in expanding memory T cells in the same donors. Proliferative 

responses have more stringent requirements for effective stimulation than those needed for 

induction of cytokine production in memory/effector CD8 T cells (29). Therefore, this finding 
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might reflect a less optimal interaction between TCR and HLA-peptide complexes when 

mutated peptides were displayed. 

It is currently not clear whether the novel variations in the NS proteins described in 

the present study affect the ability of the viruses to interfere with the cellular type I interferon 

production. CTL pressure might select for escape mutants that evade the T cell response. 

However, selection of these types of virus variants depends on the functional integrity of the 

mutated proteins, and might not occur when viral fitness or other immune escape 

mechanisms are compromised. This requisite has been shown for an immunodominant M158-

66 epitope derived from the influenza matrix protein. An amino acid replacement that 

prevented binding of this highly conserved immunodominant peptide to the HLA-A2 molecule 

was detrimental for viral fitness (30).  

The function of the nonstructural proteins is the suppression of type I interferon 

effects on viral replication. The NS180-88 peptide differs in A2 and Long strains two strains that 

differ in the efficacy to suppress the cellular type I interferon response. Together with the 

amino acid replacement at position I26T in NS2 these are the only changes unique for Long 

strain that are not found in other natural viral isolates. Escape from a CTL response in the 

context of HLA-B35 occurred when the consensus amino acid residue 83V is replaced by A 

(Long strain). Whether this loss in CD8 T cell recognition compensates for a possible role of 

the consensus amino acid residue at this position in the function of NS1 i.e. suppression of 

type I interferon production remains to be established. For the region in the NS2 protein that 

overlaps position 26 we have so far not found any epitopes that could be detected by CD8 T 

cells. These issues will be further pursued in the near future. 

In general the result of an effective immune response to rapid mutating viruses will 

lead to selection of viruses that can evade this immune response. Hence, mutations in viral 

proteins would suggest that the response against the original epitope was a successful event 

for the host while conserved epitopes do not contribute to successful eradication of the virus. 

However, CD8 T cell responses to conserved epitopes may significantly contribute to control 

viral load.  
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Abstract 

 

Respiratory Syncytial Virus (RSV) is a major cause of severe lower respiratory tract 

infections in children, the elderly and immune-compromised individuals. CD4 and CD8 T 

cells play a crucial role in the elimination of RSV from the infected lung, but T cell memory is 

not sufficient to completely prevent reinfections. The nature of the adaptive immune 

response depends on innate immune reactions initiated after interaction of invading 

pathogens with host antigen presenting cells.  For respiratory pathogens myeloid dendritic 

cell (DC) precursors that are located underneath the epithelial cell layer lining the airways 

may play a crucial role in primary activation of T cells and regulating their functional potential.  

In this study we investigated the role of human monocyte-derived DC in RSV-infection. We 

showed that monocyte-derived DC can be productively infected which results in maturation 

of the DC judged by the upregulation of CD80, CD83, CD86 and HLA-class II molecules. 

However, RSV-infection of DC caused impaired CD4 T cell activation characterized by a 

lower T cell proliferation and ablation of cytokine production in activated T cells. The 

suppressive effect was caused by an as yet unidentified soluble factor produced by RSV-

infected DC.  
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Introduction 

 

Dendritic cells (DC) are antigen presenting cells (APC) with the unique property of inducing 

primary T cell responses. In addition to the initiation of T cell proliferation DC also determine 

the development of T cell effector function (1;2). Immature DC (iDC) localized in the tissues 

are among the first cells to interact with pathogens. Pathogen exposure triggers the 

maturation of DC which results in upregulation of costimulatory molecules on their surface, 

the potency to produce cytokines and their migration from peripheral tissues to the lymph 

nodes. In the lymph nodes DC encounter and activate naive and central memory CD4 and 

CD8 T lymphocytes. Naive T cells proliferate and differentiate in response to T-cell receptor 

(TCR) triggering by peptide-MHC complexes when appropriate costimulatory signals are 

provided on the surface of professional APC (3). 

The efficacy of the initiation of the immune response as well as the type of immune 

response initiated are both components that are determined by the type and maturation 

status of DC (4). The T cell response will be programmed depending on the combined innate 

immune triggers caused by the pathogen via pattern recognition receptors on DC and the 

inflammatory milieu triggered by the pathogens in surrounding tissue (5). The type of immune 

response initiated after initial DC-T cell interaction in tissue draining lymph nodes, and the 

inflammatory environment in the affected tissue, both contribute to the character of the 

adaptive immune response in the periphery during the effector phase of the response (4-6). 

Respiratory Syncytial Virus (RSV), a pneumovirus of the family Paramyxoviridae, is 

an important cause of lower respiratory tract (LRT) infection in infants, the elderly and 

immune-compromised people. The virus infects about 70% of infants in their first year of life, 

and all children are infected by age three. Reinfection is common throughout life, and 

previous infection does not prevent subsequent re-infection (7;8). CD4 as well as CD8 T cells 

play a crucial role in the elimination of RSV from the lung. However, they may also contribute 

to severity of disease via the orchestration of the inflammatory response in the lung. This 

was illustrated during a vaccine trial in the 1960s with a formalin inactivated RSV virus, 

whereby enhanced disease occurred in vaccinees upon exposure with the natural virus (9). It 

has  been hypothesized that this immune-mediated enhanced disease was caused by an 

unbalanced Th2 type recall response (10;11), although this remains controversial (12). At 

present it is unclear what is causing severe LRT disease during primary RSV infections, 

damage caused by the virus itself possibly as a consequence of an inadequate immune 

response, or immune pathology. 

In the lung iDC of myeloid origin are present underneath the epithelial cell layer lining 

bronchioli and alveoli (13;14). During respiratory infections these DC have been postulated to 

be the primary cell involved in naive T cell stimulation (14). As a first step to determine 

whether there might be a possible role of innate effects of RSV via lung DC on the ensuing 

adaptive immune reponse during RSV infections in the lower respiratory tract, we have 

characterized the interaction of RSV with monocyte-derived DC in vitro. We have found that 

immature monocyte-derived DC can be infected with RSV which results in DC maturation. 

When judged from the expression of costimulatory molecules CD80, CD86, CD40, CD54, 

CD83 as well as HLA class II, these RSV-infected DC (RSV-DC) are indistinguishable from 
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DC matured by cytokines (IL-1β+TNF-α) or a control virus (Influenza virus). However, RSV-

DC were less effective in inducing proliferation of naive CD4 T cells when compared to other 

types of mature DC. Furthermore, live T cells expanded after stimulation with RSV-DC for 

10-12 days were poor inducers of both Th1 and Th2 cytokines. We found that a soluble 

factor produced by RSV-DC inhibited T cell proliferation in cocultures with DC matured with 

cytokines IL-1β and TNF-α. Vice versa supernatants of DC matured with cytokines could 

reverse the inhibition of RSV-DC on T cell proliferation. The factor(s) involved remains 

unidentified. However, we excluded a role for inhibitory cytokines IL-10, TGF-β and 

interferon-α by antibody blocking studies. Also inhibition by IL-1ra or a direct role of live virus 

produced by infected DC were unlikely. Moreover, a role for regulatory T cells that could 

have been either activated or de novo initiated upon DC-T cell interaction in the RSV-DC 

cocultures was also excluded. 

 

 

Materials and Methods 

  

Generation of monocyte-derived DC 

PBMC were isolated by Ficoll-Paque (Pharmacia, Sweden) density gradient centrifugation of 

heparinized peripheral blood from healthy donors. DC were generated from blood monocytes 

according to standard methods. In short, monocytes were isolated using CD14 beads 

(Miltenyi Biotec). iDC were generated by culturing monocytes for 6 days in Iscove’s modified 

dulbecco’s medium (IMDM, Gibco/BRL LT, Scotland) containing 1% L-glutamine (Gibco/BRL 

LT, Scotland), 1% penicillin/streptomycin (Gibco/BRL LT, Scotland) and 10% FCS (Hyclone) 

supplemented with GM-CSF (500 U/ml, a gift of Scheringh-Plough, Uden, NL) and IL-4 (250 

U/ml, Strathmann). At day 6, maturation was induced by culturing the cells for 2 days using 

different maturation stimuli: 1. IL-1β (50 ng/ml, Strathmann) + TNF-α (50 ng/ml, Strathmann) 

referred to in the text as maturation factors (MF). 2. poly(I:C) (20 µg/ml, Sigma), 3. RSV 

(strain A2), 4. Influenza-virus (A/NT/60/68) (Flu). The level of infection of DC varied with 

different batches of influenza and RSV used. Whenever we obtained RSV infection levels of 

> 20% the inhibitory effect of DC induced T cell activation was observed. When the effect of 

influenza and RSV infection on DC function was compared DC cultures with a similar 

percentage of infected cells were used. 

Preparation of RSV stocks 

Virus stocks were prepared by infecting HEp-2 cells at a multiplicity of infection (moi) of 0.1. 

Infected cells were incubated at 37ºC until extensive cytopathologic effect was induced at 

day 3 or 4. At this point medium was removed and fresh medium was added. After an 

additional 3-4 hours at 37ºC the supernatant was collected and cell debris was pelleted by 

centrifugation. The supernatant was filter-sterilized (0.2 µM Filter-Stericup). 

Polyethyleenglycol (PEG) 6000 (Merck) was added to the supernatant at a final 

concentration of 10%, and the mixture was stirred at 4ºC for 2 hours. The virus was collected 
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by centrifugation at 4000 rpm, for 30 minutes. The pellet was resuspended in 1/10 of the 

original volume in IMDM+10%FCS. The titer of virus stocks was determined by inoculation of 

HEp2-cells with serial dilutions of the virus preparation. To inactivate RSV aliquots of the 

virus were exposed to ultraviolet light.  

 

Characterization of DC 

The maturation status of DC was characterized by the expression of cell surface molecules 

on day 6 and day 8 of culture for every experiment by flow cytometry using three- or four-

color direct immunofluorescence. The following anti-human monoclonal antibodies (mAb) 

were used: anti-CD3 PerCP, -CD4 PerCP, -CD11cPE, -CD14 FITC, -CD19 FITC, -CD40 

FITC -CD80 PE, -CD86 PE, -CD123PE, -HLA-DR PerCP, and isotype controls (mouse IgG1 

and IgG2), all from BD Pharmingen. Anti-CD83 APC was purchased from Caltag and anti-

BDCA2 FITC from Miltenyi Biotec GmbH. The level of infection with RSV or Influenza was 

measured by the cell surface expression of the fusion protein of RSV, anti-RSV-F FITC 

(Dako) and polyclonal anti Influenza A (Dako) respectively. Cells were washed twice in 

fluorescence-activated cell sorting (FACS) buffer (phosphate buffered saline [PBS] 

containing 2% fetal calf serum [FCS], 2mM EDTA and 0.02% NaN3). After saturation with 

FACS buffer containing 10% human serum for 20 minutes at 4°C, cells were incubated with 

the appropriate mAbs for 30 minutes at 4°C, washed twice with FACS buffer. Analyses were 

performed using FACSCalibur and CellQuest software (BD Biosciences). Cell viability was 

routinely checked by staining dead cells with 7AAD (BD Pharmingen), TO-PRO-3 (Molecular 

Probes) or Annexin V and PI (Bender MedSystems GmbH) depending on staining 

combinations. Usually slightly more (1.5x) RSV-DC were apoptotic compared to DC matured 

by other stimuli. 

 

Confocal microscopy  

Monocyte-derived DC were infected with RSV moi 5 for 48 hours, fixed with 2% 

paraformaldehyde, washed and incubated with 0.1M glycine for 10 minutes and 

permeabilized with 0.1% saponin/1% BSA in PBS. Immunostaining was performed with 

polyclonal goat-α-RSV (Biodesign, Campro Scientific) and mouse α-HLA-DR (clone B8.11.2) 

as primary antibodies, and donkey-α-goat IgG(H+L)-FITC (Jackson Lab., USA) and donkey 

F(ab’)2 α-mouse IgG(H+L)-Cy3 (Jackson Lab., USA) as secondary antibodies. Cells were 

mounted in Vectashield and fluorescence was imaged with a Biorad 1024 confocal laser-

scanning microscope equipped with an Argan/Krypton laser for double fluorescence at 488 

nm and 568 nm, respectively for FITC and Cy3 fluorescence. Confocal images were 

recorded with a x60 Plan Apo objective lens and processed with Lasershap software (Bio-

Rad, England). FITC and Cy3 were pseudocolored in green and red respectively. 
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Isolation and stimulation of naive CD4 T cells 

CD45RA+CD45RO- naive CD4 T cells were purified from PBL by negative selection using 

CD4+ MACS Multisort beads (Miltenyi Biotec, Germany), supplemented with PE-labeled 

CD45RO-Abs (Dako, Denmark). Naive CD4 T cells were > 96% pure and were further 

phenotyped for the expression of CD28 and CD27. Purified naive CD4 T cells (2x104 cells) 

were cocultured with mDC (5x103 cells) in 200 µl IMDM containing 10% FCS in the presence 

of the superantigen Staphylococcus aureus enterotoxin B (SEB, 100 pg/ml, Sigma), in 96-

well flat-bottom culture plates (Nunc). At day 5 recombinant human IL-2 (10 U/ml, Roche) 

was added and the cultures were expanded for 7 days.  

 

Cytokine production by CD4 T cells 

On day 12, the quiescent CD4 T cells were restimulated with PMA (10 ng/ml, Sigma) and 

ionomycin (1 µg/ml, Calbiochem) for 6 hours. During the last 5 hours Brefeldin A (10 µg/ml, 

Sigma) was added. Single-cell IL-4 and IFN-γ production was measured intracellularly by 

flowcytometry. Cells were fixed in 2% paraformaldehyde (PFA, Fluka), permeabilized with 

0.5% saponin (Sigma) and stained with anti-human IFN-γ FITC and anti-human IL-4 PE (both 

BD Pharmingen). In parallel, resting T cells were stimulated with anti-CD3 (0.4 µg/ml) and 

anti-CD28 (1 µg/ml) mAbs (both BD Pharmingen) to measure cytokine secretion in 

supernatants collected after 24 hours by multiplex cytokine assay. 

 

T cell proliferation assays 

Naive CD4 T cells were cocultured as described above with DC and SEB for 5 days. 

Cultures were performed in triplicate. For the final 16 hours cultures were pulsed with 1 

µCi/well [3H]thymidine. [3H]Thymidine uptake was measured using a liquid scintillation β 

counter.  To address the question whether a soluble factor might be responsible for the 

inhibitory effect ultracentrifuged supernatants of DC cultured for 48 hours with RSV were 

added to MF-DC/T cell cocultures in a 1:1 dilution. Vice versa supernatant of MF-DC was 

added to cocultures of RSV-DC with naive T cells to test whether RSV-DC supernatants 

were lacking a cytokine/soluble factor necessary for effective T cell activation. In some 

experiments blocking Ab specific for IL-10 (1 µg/ml, clone JES3-9D7, BD Pharmingen) or 

TGF-β (1 µg/ml, R&D) or interferon alpha receptor (1 and 5 µg/ml, clone MMHAR-2 anti-

CD118, blocks the biological action of type I interferons) were added to DC-T cell cocultures. 

Recombinant IL-1β (1 and 50 ng/ml) was added in some experiments to exclude a possible 

role of IL-1ra. 

To obtain insight in the cell division kinetics, T cell stimulation assays were also 

performed using naive CD4 T cells that had been labeled with carboxyfluorescein diacetate 

succinimidyl ester (CFSE, Sigma). For fluorescent cell labeling, naive Th cells were washed 

twice with serum-free medium, labeled with 2.5 µM CFSE in serum-free medium for 5 

minutes at room temperature. The cells were then washed three times with culture medium. 

The labeled cells were cocultured with DC and SEB or anti-CD3 and T cell proliferation was 

analyzed at different time points using FACScalibur. To obtain insight in the absolute 

numbers of expanding T cells in the cultures cells were stained with TO-PRO-3-dye (which 
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stains only dead cells), just before analyzing the cells with flowcytometry. Combining the total 

T cell numbers in the DC-T cell cocultures with the percentages of cells in each cell division 

obtained from FACS analysis, the exact live and dead T cell numbers per cell division could 

be calculated. 

 

T cell suppressor assay 

At day 12 of naive T cell cultures, resting T cells were harvested and washed three times 

with serum-free medium, prior to staining with PKH-26 (Sigma), a red cell cycle tracking dye. 

Cells (0.5x106) were stained with 1.2x10-5 M PKH-26 for 5 minutes at room temperature 

according to the manufacturer’s instructions. After washing with IMDM +10% FCS, 2.5x104 

cells were pre-activated for 24 hours with anti-CD3 and anti-CD28 in round-bottom 96-well 

plates. After overnight pre-activation these PKH labeled cells were tested for their capacity to 

inhibit proliferation of CFSE-labeled CD4 T cells. 2.5x104 CFSE labeled responder T cells 

were added to each well together with the pre-activated PKH labeled cells.  FACS-sorted 

CD4+CD25+ regulatory T cells were used as positive control. 

 

Statistical analysis 

Data were analyzed for statistical significance using ANOVA followed by Dunnett’s multiple 

comparisons test. Data are expressed as the mean ± SEM. A p-value < 0.05 was taken as 

the level of significance. 

 

 

Results 

 

RSV infects monocyte derived DC 

To study the effect of RSV on immature monocyte derived DC we first performed dose 

finding experiments to establish the multiplicity of infection (moi) that resulted in the highest 

possible infection rate. Infection efficiency was followed for several days by measuring 

intracellular and extracellular expression of RSV proteins using a fusion protein specific Ab 

(Fig. 1) and a polyclonal anti-RSV goat serum (not shown). As a control (moi 0), DC were 

cultured with the combination of cytokines IL-1β and TNF-α. The percentage of RSV-infected 

DC was quantified by flow cytometry. As illustrated in Fig. 1A, DC can be infected with RSV.  

Forty eight hours after infection more than 25% of the DC expressed RSV-F on the surface 

when a moi of 5 was used.  

 Confocal microscopy of RSV infected DC that were co-stained with HLA-DR specific 

mAb showed that the level of infection in individual DC varied widely and part of the cell 

population does not show infection.  Viral proteins are located intracellularly and on the cell 

surface in heavily infected cells and mainly on the cell surface in less infected cells (Fig. 1B). 

We further confirmed findings earlier reported in the literature (15) that RSV replicates in iDC 

because low plaque forming units of RSV can be detected in the 48 hours supernatants of 

DC that were pulsed with virus and then thoroughly washed (data not shown).  
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Figure 1. RSV infection of DC. A. iDC were infected at day 6 with increasing moi of RSV. At several time points the level of 
infection was determined from the level of expression of the RSV F protein at the surface of infected cells. B. Confocal 
microscopy of DC 48 hours after RSV infection (moi 5) and stained for MHC class II (red) and intracellular viral proteins (green), 
using a polyclonal goat anti-RSV serum. Co-localization of MHC class II and viral proteins are shown in yellow.  

 

 

 

 

 
 

 

 
Figure 2. RSV induced DC maturation. A. iDC at day 6 were analyzed for purity and the expression of a panel of 
surfacemarkers that are related to the maturation status of DC. B. Immature DC were matured for 48 hours by MF, Poly(I:C), 
Influenza virus, RSV or a combination of MF+RSV. Mature DC were analyzed for the expression of CD83, CD86 and HLA-DR 
by flow cytometry. Numbers depicted in the figure represent the mean fluorescence intensity. 
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RSV infection induces DC maturation 

We next evaluated the effect of RSV infection on the maturation status of the DC. Figure 2A 

shows the phenotype and homogeneity of iDC at day 6 of culture, before they were exposed 

to different maturation stimuli. On day 8 the maturation by the different stimuli was evaluated. 

RSV infection significantly enhanced the expression of CD83, CD86 and HLA-DR (Fig. 2B), 

comparable to the levels expressed on DC that were exposed to MF (IL-1β and TNF-α) and 

influenza virus. Maturation induction by Poly(I:C), a synthetic mimic for double stranded viral 

RNA was somewhat more efficient than RSV infection. Despite the fact that only a certain 

proportion of DC were infected, the DC population uniformly matured. UV-inactivated RSV-

DC did not induce upregulation of the surface markers mentioned, which indicates that virus 

replication is necessary (data not shown). The expression on RSV-DC of other 

surfacemarkers (CD14, CD40, CD54 and CD80) was similar to the expression on the other 

groups of mature DC (data not shown). 

 

Naive T cell activation by RSV-DC is inefficient 

To determine the functional characteristics of RSV infected mDC at day 8, cocultures were 

performed with naive CD45RO-RA+CD4 T cells in the presence of SEB or anti-CD3 as an 

antigenic stimulus. Proliferation of the T cells was measured at different time points by [3H]-

thymidine incorporation (Fig. 3A), and by dilution of a CFSE label incorporated in T cells (Fig. 

3B). Fig. 3C shows the results of two experiments in which the total number of live and dead 

T cells in the cultures was counted and the absolute number of cells per division cycle was 

calculated (see material and methods). These data showed that RSV-DC are able to induce 

proliferation, however lower numbers of T cells are found in higher cell divisions compared to 

mDC obtained with other maturation stimuli. Also when unsorted CD4 T cells were used 

proliferation induced by RSV-DC was suppressed (data not shown). Extra addition of IL-2 to 

these cultures did not enhance the proliferative response (Fig. 5B). 

 

Cytokine production of T cells activated by RSV-DC is impaired 

Pathogens can modulate the Th cell polarizing capacity of mature DC (4). Therefore, the 

cytokine production by T cells stimulated by RSV-DC was investigated.  For this purpose 

RSV-infected DC were cocultured with naive CD4 T cells and SEB was added as antigenic 

stimulus. After 12 days the production of INF-γ and IL-4, respectively representatives of Th1 

and Th2 type cytokines, was measured intracellularly in the T cells after a short restimulation 

with PMA/ionomycin (Fig. 4A). The results were compared to T cells that had been cultured 

with several other groups of mDC: MF-DC, Poly(I:C)-DC and Flu-DC.  Compared to DC 

matured by MF only, there was a shift towards a Th1 profile in the T cell cultures that had 

been stimulated with Poly(I:C)-DC and Flu-DC. In contrast RSV-DC did not prime for an 

enhanced Th1 or Th2 polarization. With RSV-DC the number of T cells that produced IFN-γ 

is similar to T cells stimulated with MF-DC, but lower compared to Flu-DC or Poly(I:C)-DC. 

The poor cytokine production of T cells activated by RSV-DC was also observed when the T 

cells that had been cultured with RSV-DC were restimulated with anti-CD3/CD28 and 

cytokine production was measured in 24 hours supernatants. IFN-γ production was lower 
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than in the other groups, and interestingly, the whole panel of Th2 cytokines measured was 

also suppressed (Fig. 4B). 

 

 

 

 
 

 

 

Figure 3. Induction of naive T cell proliferation by RSV-DC. Mature DC were cocultured with naive CFSE-labeled 

CD4
+
CD45RO

-
 T cells and SEB (100 pg/ml) or anti-CD3 (1 µg/ml ) was added as an activation stimulus. A. After 5 days 

proliferation was determined by [
3
H]thymidine incorporation. Proliferation of T cells when stimulated with RSV-DC was 

significantly decreased (p < 0.01). Results from one representative experiment of five.
 
B. After three days, cell divisions were 

visualized by CFSE-dilution. Numbers depicted in the figure represents the percentage of cells that did not divide i.e. the peak 
with the highest CFSE intensity. Similar results were obtained in >5 experiments. C. Before FACS analysis, the total T cell 
number in the cultures was counted. Cells were subsequently stained with TO-PRO-3 dye, which is a dead cell marker, and 
analyzed by flow cytometry. The absolute number of live and dead cells in each cell division was calculated.  White bars are live 
cells and black bars are dead cells. Division rounds are indicated by numbers 1-3. Results from one representative experiment 
of three. 
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Figure 4. T cells activated by RSV-DC are poor cytokine producers. mDCs were cocultured with naive CD4
+
CD45RO

-
 T cells 

and SEB was added as an activation stimulus. (A) After 12 days, the quiescent responder CD4 T cells were restimulated with 

PMA/ionomycin for 6 hours. The IL-4- and/or IFN-γ- producing cells were quantified by intracellular FACS analysis. The 
percentages of cells present in the respective quadrants are depicted in the figure. (B) In a parallel experiment, cells were 
restimulated with anti-CD3 and anti-CD28 mAbs. After 24 hours supernatants were collected and cytokine production was 
measured using a multiplex cytokine assay. T cells stimulated with RSV-DC significantly produced less cytokines when 
compared to the other groups (p < 0.05). Results from one representative experiment of four. 

 

 

 

Apoptosis is not responsible for poor APC-function of RSV-DC 

Since there was more cell death observed in DC cultures when matured with RSV, we 

investigated if DC cell death played a role in the poor activation of naive T cells. Therefore, 

RSV-DC were sorted in three groups: I: live cells that don’t express the RSV-F protein on the 

cell surface, II: live cells with an intermediate expression of the RSV-F protein and III: live 

cells that express high levels of the RSV-F protein (Fig. 5A). By selecting for the expression 

of the F-protein, the role of F could also be investigated. This was done because a possible 

inhibitory role of the F-protein on T cell activation has been described in the literature (16). T 

cell cocultures with these three groups of sorted DC, unsorted RSV infected DC and control 

MF-DC were performed. These experiments showed that it was unlikely that apoptotic cells 

in the cultures were the only reason for suppressed T cell activation. Moreover, high cell 

surface expression of the F protein was not required for the suppressive effect of RSV-DC 

(Fig. 5B). 
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Figure 5. Inhibition of naive T cell proliferation by RSV-DC sorted for F-protein expression. (A) RSV-DC were stained for RSV-F 
FITC and TO-PRO-3 (dead cells) and sorted into three groups: I: live cells, no F expression. II: live cells, intermediate 
expression of F. III: live cells, high expression of F. (B) Naive CD4 T cells were cultured for 5 days with control MF-DC and 
Poly(I:C)-DC, unsorted RSV-DC and the sorted groups of RSV-DC. An extra group was added in which 40 U/ml IL-2 was added 
to the RSV-DC coculture. During the final 16 hours [

3
H]-thymidine was added. Results from one representative experiment of 

three. 

 

 

A suppressive soluble factor(s) is produced by RSV-DC 

The poor antigen presentation function of RSV infected DC could not be ascribed to the 

expression of costimulatory/adhesion molecules CD86, CD80, CD83, CD40, CD54 or MHC-

class II because these molecules were expressed on RSV-DC to similar levels as induced 

after Poly(I:C) or Flu DC maturation (Fig. 2 and data not shown). Because apoptosis of DC 

and the F-protein expression were not responsible for the impaired T cell activation, we next 

tested whether a soluble factor produced by RSV-DC could be involved in diminished T cell 

activation. Therefore, the ultracentrifuged supernatants of day 8 RSV-DC and MF-DC were 

exchanged in cocultures of DC and T cells (Fig. 6A). We observed that supernatant of RSV-

DC added to cocultures of MF-DC + naive T cells inhibited T cell activation. Vice versa in four 

out of five experiments MF-DC supernatant reversed the inhibition of T cell proliferation by 

RSV-DC. We performed CD40 ligation experiments to test the ability of the different groups 

of DC to produce cytokines. The results were highly donor dependent (data not shown). 

However, we found that RSV-DC produced IL-10 and IL-12 to a similar extent as other 

groups of DC. In direct ELISA’s for TGF-β, this cytokine was not detectable in supernatants 

after CD40-ligation of RSV-DC (data not shown). To definitely exclude a possible role for the 

two inhibitory cytokines IL-10 and TGF-β in RSV-DC/T cell cocultures we performed antibody 

blocking experiments. However, using these antibodies, the impaired T cell activation could 

not be reversed (Fig.6A). Because the supernatant of RSV-DC was ultra-centrifuged, a 

possible role for the direct effect of live virus was excluded. This was also confirmed in 

experiments in which we added live virus to the coculture of MF-DC with T cells, which did 

not result in less proliferation (data not shown).  

 

An inhibitory role for interferon-α on T cell proliferation was described by Preston et 

al. in PBMC cultures stimulated with phytohemagglutinin in the presence of RSV (17). We 
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excluded an inhibitory role for type I interferons in our experiments because IFN-α was not 

measurable in RSV-DC supernatants by Elisa (data not shown). Furthermore, by using a 

blocking antibody to the interferon alpha/beta receptor chain 2 no increase in T cell 

proliferation was observed in RSV-DC/T cell cocultures (Fig. 6B). These results are in 

accordance with observations of  Spann et al. and Schlender et al. that nonstructural proteins 

NS1 and NS2 of  RSV strain A2 strongly suppress type I interferon production by infected 

cells (18,19). 

 

 
 

 

Figure 6. A soluble factor in RSV-DC cultures inhibits T cell proliferation. A. Ultra-centrifuged supernatant of RSV-DC culture 
was added to the coculture of MF-DC + naive CD4 T cells which decreased the T cell proliferation significantly (p < 0.05) and 
vice versa, supernatant of MF-DC significantly (p < 0.05) increased T cell proliferation when added to the coculture of RSV-DC 

+ naive CD4 T cells. Blocking antibodies against IL-10 and TGF-β were added to evaluate a possible role of these cytokines to 
impaired T cell activation in RSV-DC-T cell cocultures. Results from one representative experiment of five. B. The effect on T 

cell proliferation in cocultures of DC by antibody blocking of interferon alpha/beta receptor. C. Recombinant IL-1β has no effect 
on T cell proliferation induced by RSV-DC. B and C were performed twice with the same result. 

 

 

Another possible inhibitory factor might be IL-1ra, reported by Salkind et al. to be 

involved in the inhibition of human lymphocyte proliferative responses in the presence of 

RSV (20). A role for IL-1ra would explain our observation that the supernatant of MF-DC 

counteracted the inhibitory effect of RSV-DC on T cell proliferation, because MF-DC were 

matured in the presence of the cytokines TNF-α and IL-1β. To test whether IL-1ra could 

indeed explain the poor T cell activation by RSV-DC we added recombinant IL-1β to the 
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cocultures of RSV-DC and naïve T cells. A slight increase in T cell proliferation was observed 

in the cultures in which T cells were stimulated with iDC and poly I:C DC. However figure 6C 

shows that T cell proliferation in the cultures with RSV-DC was not increased.  

In summary, these experiments suggested that an inhibitory soluble factor is 

produced by RSV-DC. A soluble component produced by MF-DC could counteract this 

inhibitory effect. We excluded some likely candidates, but the inhibitory factor in RSV-DC 

supernatants remains unidentified. 

 

No role for regulatory T cells (Tregs) 

It has been shown that some pathogen derived factors are able to induce a suppressive type 

of DC that can activate naïve T cells to become regulatory cells. T cells stimulated by RSV-

DC showed poor proliferation, a characteristic of Tregs. To investigate whether RSV-DC 

might induce regulatory T cells we tested the potential suppressive effect of the T cells 

primed by RSV-DC on the proliferation of peripheral blood derived CD4 T cells (responder T 

cells) using a cell cycle tracking dye assay. In this assay the two groups of cells can be 

analyzed separately: RSV-DC primed T cells were labeled with PKH-26, a red cell cycle 

tracking dye and co-cultured for 5 days with responder T cells labeled with CFSE, a green 

cell cycle tracking dye (Fig. 7A). Suppression is evident when responder T cells proliferate 

slower than cultures to which no Tregs were added.  As is shown in figure 7B, the presence  

 

 
 

Figure 7. RSV-DC do not induce activation of regulatory T cells. Naïve CD4 T cells were stimulated by RSV-DC and other 
groups of mature DC as described in figure 4 (stimulus: 10 pg/ml SEB). After 12 days, the T cells primed by the different groups 
of DC were labeled with PKH-26, and stimulated with anti-CD3 and anti-CD28 overnight. After 18 hours the possible regulatory 
function of these groups of T cells were tested in cocultures with CFSE labeled freshly isolated CD4 T cells in a 1:1 ratio 
(2.5x10

4
 each). As a positive control CD4

+
CD25

+
 Tregs were purified from peripheral blood by sorting and co-cultured with 

responder T cells. After 5 days the PHK and CFSE staining of the cells were analyzed by flowcytometry. (A) Cells were gated 
on live, CFSE-positive and PKH-negative cells. (B) Dilution of CFSE label in the gated PKH negative population. Numbers 
depicted in the figure represent the mean fluorescence intensity. Results from one representative experiment out of three. 
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of T cells primed by RSV-DC did not inhibit the responder T cell proliferation, while sorted 

CD4+CD25+ Tregs did inhibit the proliferation of the responder T cells. These results 

suggested that regulatory T cells did not play a role in the decreased proliferation of naïve T 

cells primed by RSV-DC. 

 

 

Discussion 

 

Dendritic cells of myeloid origin are present directly underneath the mucosal epithelium lining 

the airways and are a likely primary set of APC exposed to respiratory viruses (21;22). 

Therefore, we set out to study the consequences of the interaction of RSV with in vitro 

cultured monocyte derived DC. The aim of this study was to evaluate how the innate effects 

of the virus on this APC population might influence the efficacy of the initiation of a primary T 

cell response. We have previously found that during severe primary RSV infections in infants 

T cell responses in the lung are low (manuscript in preparation). Furthermore, it is a well 

known fact that immune memory against RSV is incomplete in healthy adult individuals (7). 

Several reports exist showing that RSV has suppressive effects on T cell proliferation in vitro. 

In vitro studies with human PBMC RSV infection showed lower polyclonal T cell proliferation 

and cytokine production induced by lectins (16;17;20;23). Moreover, Chang and Braciale 

have reported that the presence of infectious RSV in the mouse lung may result in functional 

impairment of T cell effector function and inefficient establishment of an effector memory T 

cell population (24). Nevertheless, T cell responses appear to be crucial to clear RSV from 

the infected lung, because patients with immune deficiencies in the T cell arm of the adaptive 

immune response are unable to clear the virus effectively (25). 

Many viruses have developed ways to evade innate and/or adaptive immune 

responses. These include a wide variety of mechanisms such as interference with the 

immune suppressive effects of interferons, interference with antigen processing and 

presentation, suppression of the maturation of dendritic cells, interference with DC migration, 

or escape of immune surveillance by antibodies and T cells caused by high mutation rate in 

viral proteins (26). In our study we have found that RSV infection of monocyte-derived DC 

leads to impaired T cell activation. Both T cell proliferation as well as the functional capacity 

to produce cytokines were affected. We have found that in vitro cultured monocyte-derived 

immature DC could be infected with RSV, viral protein synthesis occurred and even some 

infectious virus was produced. RSV infection lead to the up-regulation of co-stimulatory 

molecules CD80 and CD86 and also the expression of CD40, CD54, CD83 on RSV infected 

DC was comparable to DC matured with several other stimuli that were effective as APC. 

Moreover, HLA class II was also expressed to similar levels on all groups of mature DC. 

Thus the impaired ability of RSV-DC to elicit a functional T cell response is not caused by a 

interference with DC generation or maturation as described for Vaccinia virus, HCMV, Lassa 

virus and HSV (27-30), or antigen presentation function like HSV, EBV and HCMV (31-33).  

During the last decade it has become clear that DC might play a role in dictating the 

type of response they induce in the T cells they interact with. The maturation status of DC 

imprinted by the innate signals provided by pathogens may determine whether T cells are 
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tolerized or activated, and whether T cells are polarized to become Th1 type, Th2 type or 

regulatory Tr1 or Th3 type cells (34). Both the levels of expression of costimulatory/inhibitory 

molecules as well as cytokine produced by DC can contribute to the type of T cell response 

that is induced. It is still an ongoing debate whether skewed T helper cell responses are a 

possible contributing factor during severe primary RSV infections. Some studies have 

suggested that Th2 responses and associated eosinophil recruitment to the lungs may be a 

critical component in severe lower respiratory tract infection caused by RSV (35). However, 

others have not found a Th2 skewing in T cell responses during severe primary RSV 

infections (36). 

Using cord blood CD34+ derived dendritic cells, Bartz and colleagues found that RSV 

infection of their DC population lowered the capacity of these cells to induce IFN-γ production 

in naive T cells (15). They ascribed this effect of impaired APC function to induction of 

apoptosis by RSV and partial maturation of the DC, characterized by selective up-regulation 

of CD86 as maturation marker and low production of inflammatory cytokines. In contrast, our 

in vitro studies showed that CD14+ monocyte derived DC can be fully matured by RSV, and 

that expression of maturation markers is indistinguishable from other DC matured by several 

other stimuli that induce maturation of effective APC. Also our experiments showed that 

indeed RSV induced a somewhat enhanced apoptosis in monocyte derived DC when used at 

high multiplicity of infection. However, this did not appear to be the major reason why RSV-

infection induced impaired T cell activation. Differences with our results might be related to 

differences in the DC populations used, CD34+ cell derived neonatal DC or CD14+ monocyte 

derived adult DC. Bartz and colleagues have not looked at other cytokines produced by T 

cells upon stimulation by RSV DC thus it is unclear whether in their experiments T cells were 

also generally affected in their potential to produce cytokines. Because we found that RSV-

DC inhibited the production of type 2 and type 1 cytokines by T cells it appears unlikely that 

myeloid DC would play a role in Th2 cell skewing of RSV specific T cell responses. 

Recently, it has been elegantly shown by Schlender et al. that RSV-F expression on 

the surface of infected cells may have inhibitory effects on T cell proliferation (16). By 

transfecting human RSV-F and chimeric bovine/human RSV-F molecules into Vero cells they 

showed that there was a species specific effect of suppression on T cell proliferation by RSV-

F. We have been able to reproduce these experiments using RSV infected Vero cells added 

as third party cells to polyclonal stimulated PBL. Indeed when RSV-F is expressed at high 

levels on the third party cells, T cell proliferation was completely suppressed. However, it 

appeared that surface expression of F protein was not the major mechanism by which RSV 

infection of DC caused impaired T cell activation. DC derived from RSV infected cultures that 

did not express the F protein at the cell surface were equally suppressive as the DC derived 

from the same cultures that did have a high surface expression of RSV-F (Fig. 5). Moreover, 

virus free supernatant of RSV DC suppressed T cell activation by MF-DC showing that unlike 

Vero-F cells RSV-DC suppressed T cell activation without the requirement for cell contact.  

It has been reported by Sporri et al. that DC exposed to pathogen components 

produce soluble factors that can trigger the upregulation of costimulatory molecules on 

bystander DC (37). These bystander DC are able to induce T cell proliferation but direct 

pathogen contact (Toll receptor triggering) is required to induce T cell effector function. In our 
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experiments with RSV infected DC cultures we also found that DC populations uniformly 

matured while only a subpopulation of the DC were infected. However, unlike the 

experiments performed by Sporri using CpG and LPS as pathogenic signals, we found that in 

RSV  infected DC cultures the inefficient T cell activation was present in both the directly 

infected and uninfected DC (Fig. 5). Moreover, the effect was observed at the level of T cell 

proliferation as well as cytokine production.  

Because we found that the suppressive effect of RSV was present in the supernatant 

of infected DC, we excluded a direct role of infectious virus on T cells by showing that the 

suppressive effect of RSV was still present in the supernatant after ultra-centrifugation. 

Moreover, live RSV in a dose 100 fold higher than that is produced by RSV infected DC 

added to cocultures of naive T cells with MF-DC did not cause suppression of T cell 

activation. A possible role for the well known suppressive cytokines IL-10 and TGF-β, was 

ruled out because: 1. blocking antibodies against these cytokines could not reverse the 

suppressive effect mediated by RSV-DC supernatants 2. TGF-β production could not be 

detected in RSV-DC supernatants by ELISA, 3. IL-10 production by RSV DC was similar to 

levels of IL-10 produced by Influenza DC that were not suppressive. Moreover, no regulatory 

T cell function was induced by RSV-DC which could have been a consequence of TGF-β 

and/or IL-10 production by DC (38;39). A role for IFN-α or IL-1ra was excluded as well. 

 In conclusion, RSV has developed several ways to evade immune responses. 

Suppression of the induction of type I and type II interferon by the NS1 and NS2 proteins in 

epithelial cells and macrophages has already been earlier described (18). The expression of 

the viral F protein may inhibit T cell proliferation by direct cell to cell contact. Although the 

context of F expression i.e. simultaneous expression of costimulatory molecules and 

cytokines may be important because on RSV infected dendritic cells F expression did not 

seem to add much to the suppressive effect of a soluble factor. In the present study we now 

show that a third way of immune suppression by RSV may be the induction of an as yet 

unidentified soluble suppressive factor by myeloid dendritic cells which causes a form of 

functional anergy in T cells that can not be overcome by addition of IL-2. 
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Abstract 

 

Respiratory syncytial virus (RSV) infection is known to suppress T cell proliferation. In this 

study we show that RSV infection of myeloid DC impaired the induction of proliferation of 

both memory and naïve T cells. Previously we have found that the acquisition of T cell 

effector function was diminished when RSV infected DC were used to initiate naive T cell 

responses. In the present study we show that antigen processing via HLA class I and class II 

routes is intact in DC infected with live RSV and the ability to stimulate IFN-γ production by 

memory T cells is not affected. DC also processed inactivated virus and presented viral 

peptides via both HLA class I and II molecules. Inactivated virus did not suppress the ability 

of DC to induce T cell proliferation. These findings implicate that cross-presented antigen 

might be the predominant source for DC to expand  virus specific T cells, while functional 

responses in memory T cells can also be elicited by directly infected DC. 
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Introduction 

 

CD4 and CD8 T cells both contribute to effective eradication of viral infections. CD4 T cells 

produce cytokines that have direct antiviral effects and contribute to effective CD8 T cell and 

humoral responses. CD8 T cells recognize and eradicate virus infected cells (1). The onset 

of adaptive antiviral immunity is a complex process involving innate immune responses in 

which interactions of the virus with professional and non-professional antigen presenting 

cells play a crucial role. Dendritic cells are generally considered to be the most important 

antigen presenting cells in the induction of primary T cell responses (2). One crucial task of 

DC is their sentinel function, which is the detection of foreign invaders for which they are 

equipped with different types of “sensor” molecules recognizing pathogen associated 

molecular patterns (PAMPs). The Toll receptors are a family of membrane receptors 

expressed on the cell surface or in endosomes that recognize structures on diverse 

pathogens (3). For viruses TLR3 (4) and TLR7/8 (5) expressed in endosomes, recognize 

double and single stranded RNA respectively. Virus replication can also be sensed in the 

cytoplasm by dsRNA-activated protein kinase  (PKR) (6;7), or molecules of the DexD/H box 

helicase family like retinoic acid inducible gene I (RIG-I), and the melanoma differentiation-

associated gene product MDA-5 that recognize cytoplasmic dsRNA which is a replication 

intermediate product (8). All these detection mechanisms feed into signal transduction 

pathways regulating processes leading to effective T cell activation. Thus, upon interaction 

with a virus, DC internalize and process antigen to be presented by MHC class I and class II 

molecules, upregulate costimulary molecules and the capacity to produce cytokines and 

chemokines and then relocate from the peripheral tissues into the lymph nodes where naïve 

T cells are encountered and activated.  

 Respiratory syncytial virus (RSV) infects every individual before age three. The virus 

induces severe lower respiratory tract infections in about 3 % of infants during primary 

infection (9;10). In addition RSV infections are recognized as a major cause of severe lower 

respiratory tract disease in elderly and immune compromized individuals (11). For the 

effective eradication of respiratory syncytial virus CD8 T cells are required, but the 

inflammation orchestrated by the adaptive T cell response may contribute to the severity of 

lower respiratory symptoms during primary infection (12). Immune memory wanes rapidly 

resulting in regular reinfections (13). 

 Many viruses have evolved mechanisms to evade the anti-viral immune response 

and RSV is no exception. The anti-viral interferon response is blocked by nonstructural 

proteins NS1 and NS2 that are expressed in the cell early upon infection (14). The viral 

attachment protein G has been shown to interact with the chemokine receptor for fractalkine 

and might influence immune cell recruitment (15). Furthermore, RSV suppresses T cell 

proliferation induced by infected APC (16). Several mechanisms for this effect on T cell 

proliferation have been proposed. The viral fusion protein (F) might suppress T cell 

proliferation via direct contact (17). We have recently found that RSV-infected monocyte-

derived DC secreted an a as yet un-identified soluble suppressive factor that was 

responsible for the inefficient expansion of naive CD4 T cells and an impaired cytokine 

production by the cells that did expand (16). In the present paper we extended this work by 



Chapter 6 

100 

studying the impact of the exposure of DC to live, and inactivated RSV preparations on 

different aspects of DC function.   

 

 

Materials and Methods 

 

DC isolation 

PBMC were isolated by Ficoll-Paque (Pharmacia, Sweden) density gradient centrifugation of 

heparinized peripheral blood from healthy donors or buffy coats purchased from the 

Bloodbank Utrecht. All materials were obtained with informed consent. Myeloid DC were 

purified from PBMC using the BDCA-1 isolation kit (Miltenyi Biotec), using the manufacturers 

protocol. The myeloid DC were routinely checked for contamination with CD3+, CD19+, 

CD14+ cells. The preparations routinely contained < 3% contaminating CD3+ T cells and only 

traces of CD19+ and CD14+ cells. Monocyte-derived DC were generated from blood 

monocytes according to standard methods. In short, monocytes were isolated using CD14 

beads (Miltenyi Biotec). Immature DC were generated by culturing monocytes for 6 days in 

Iscove’s modified dulbecco’s medium (IMDM, Gibco/BRL LT, Scotland) containing 1% L-

glutamine (Gibco/BRL LT, Scotland), 1% penicillin/streptomycin (Gibco/BRL LT, Scotland) 

and 10% FCS (Hyclone) supplemented with GM-CSF (500 U/ml, a gift of Scheringh-Plough, 

Uden, NL) and IL-4 (250 U/ml, Strathmann).  

At day 2 for myeloid DC and at day 6 for monocyte-derived DC, maturation was 

induced by culturing the cells for 2 days using different maturation stimuli: 1. IL-1β (50 ng/ml, 

Strathmann) + TNF-α (50 ng/ml, Strathmann) referred to in the text as maturation factors 

(MF). 2. poly(I:C) (20 µg/ml, Sigma), 3. RSV (strain A2). When indicated RSV was treated 

with heparin (100 IE/ml, Leo Pharmaceuticals) or Palivizumab (5 µg/ml, Synagis, Abbot) for 

15 min. at 37ºC before adding to DC. In some experiments Prostaglandin E2 (10-6 M PGE2, 

Sigma) was added. The level of infection of DC varied with different batches of RSV used but 

DC were only used when >15% of the cell population was infected.  

 

Preparation of RSV stocks 

Virus stocks were prepared by infecting HEp-2 cells at a multiplicity of infection (moi) of 0.1. 

Infected cells were incubated at 37ºC until extensive cytopathologic effect was induced at 

day 3 or 4. At this point medium was removed and fresh medium was added. After an 

additional 3-4 hours at 37ºC the supernatant was collected and cell debris was pelleted by 

centrifugation. The supernatant was filter-sterilized (0.2 µM Filter-Stericup). 

Polyethyleenglycol (PEG) 6000 (Merck) was added to the supernatant at a final 

concentration of 10%, and the mixture was stirred at 4ºC for 2 hours. The virus was collected 

by centrifugation at 4000 rpm, for 30 minutes. The pellet was resuspended in 1/10 of the 

original volume in IMDM+10%FCS. The titer of virus stocks was determined by inoculation of 

HEp2-cells with serial dilutions of the virus preparation. To inactivate RSV aliquots of the 

virus were exposed to ultraviolet light for 10 min at 0.1 J/cm2.   

 



RSV infected myeloid DC and memory T cells 

101 

Characterization of DC 

The maturation status of DC was for every experiment characterized by the expression of 

cell surface molecules on day 4 of culture for MDC and day 8 for moDC (48 hrs after addition 

of maturation stimuli). The following anti-human monoclonal antibodies (mAb) were used: 

anti-CD86 PE, -HLA-DR PE, and isotype controls (mouse IgG1 and IgG2), all from BD 

Pharmingen. Anti-CD83 APC was purchased from Caltag. The level of infection with RSV 

was measured by the cell surface expression of the fusion protein of RSV, using anti-RSV-F 

FITC (Dako). Cells were washed twice in fluorescence-activated cell sorting (FACS) buffer 

(phosphate buffered saline [PBS] containing 2% fetal calf serum [FCS], 2mM EDTA and 

0.02% NaN3). After saturation with FACS buffer containing 10% human serum for 20 minutes 

at 4°C, cells were incubated with the appropriate mAbs for 30 minutes at 4°C, washed twice 

with FACS buffer. Analyses were performed using FACSCalibur and CellQuest software (BD 

Biosciences). Cell viability was routinely checked by staining dead cells with 7AAD (BD 

Pharmingen). Usually slightly more (1.5x) RSV-DC were apoptotic compared to DC matured 

by other stimuli. 

 

T cell proliferation assays 

CD4 or CD8 T cells were purified from PBL by negative selection using the CD4+ or CD8+ 

isolation kit II (Miltenyi Biotec). Naive CD4 or naive CD8 T cells were obtained by negative 

selection using PE-labeled CD45RO-Abs (DAKO).  

CD4 or CD8 T cells (2x104 cells, naive or mixed naive/memory populations) were cocultured 

with DC (5x103 cells) in 200 µl IMDM containing 10% FCS in the presence of the 

superantigen Staphylococcus aureus enterotoxin B (SEB, 100 pg/ml or 1 µg/ml, Sigma) for 

CD4 T cells and Phytohemagglutinin (PHA, 46 µg/ml, Sigma) for CD8 T cells or unstimulated 

(control), in 96-well round-bottom culture plates (Costar) for 5 days. Cultures were performed 

in triplicate. For the final 16 hours cultures were pulsed with 1 µCi/well [3H]thymidine. 

[3H]Thymidine uptake was measured using a liquid scintillation β counter. 

 

Assay for Ag-presentation 

CD8 T cells were expanded by culturing PBMC for 9 days with RSV derived peptide NS141-49 

(HLA-B51 restricted) or peptide Np306-314 (HLA-B7 restricted), 1 µM in AIM-V (Gibco/BRL LT, 

Scotland) supplemented with 2% human AB serum, 20 U/ml IL-2 (Roche) and 1% 

penicillin/streptomycin (Gibco/BRL LT, Scotland). CD4 or expanded CD8 T cells were used 

as a readout system for the presence of HLA-peptide complexes on DC exposed to live RSV 

or UV inactivated RSV. Expanded CD4 or CD8 T cells (1x105) were cocultured with 2.5x104 

DC in 200 µl AIM-V medium supplemented with 2% human AB serum, 20 U/ml IL-2 and 1% 

penicillin/streptomycin in 96-well round-bottom culture plates (Costar) for 6 hours. DC 

exposed to 1µM peptide were used as a positive control. During the last 5 h of co-culture, 

12.5 µg/ml Brefeldin A (Sigma-Aldrich) was added. In some experiments virus preparations 

were pretreated with heparin or palivizumab to prevent virus infection of DC. Single-cell 

production of IFN-γ was measured intracellularly by flow cytometry. Cells were washed twice 

in FACS buffer. Then phycoerythrin (PE)-labeled CD4 or CD8 was added for surface 
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staining. After 30 min. of incubation on ice, cells were washed twice in ice-cold FACS buffer. 

Cells were permeabilized and fixed using FACS permeabilizing/fixation solution (perm/fix) 

(BD Pharmingen) for 30 min. Cells were then washed twice in 1x Perm-wash (BD 

Pharmingen). Cells were stained intracellularly with fluorescein isothiocyanate (FITC)-labeled 

IFN-γ mAb (BD Pharmingen) for 30 min. on ice. Cells were washed three times and fixed in 

1% paraformaldehyde/PBS for 20 min. Cells were resuspended in FACS buffer and kept at 

4°C until analysis.  

 

Statistical analysis 

Data were analyzed for statistical significance using ANOVA followed by Dunnett’s multiple 

comparisons test. Data are expressed as the mean ± SEM. A value of p < 0.005 was taken 

as the level of significance. 

 

 

Results 

 

Myeloid DC derived from blood can be infected with RSV 

The culture of dendritic cells from monocytes is a convenient but artificial way to obtain 

relatively high numbers of DC to perform experiments. However, the relevance of 

observations made with these in vitro cultured DC should be confirmed with dendritic cell 

populations that are present in vivo. Therefore, we purified myeloid DC (MDC) from 

peripheral blood and evaluated the effect of RSV infection on their maturation and their ability 

to stimulate T cells. The purity of MDC derived from blood was >95%.  As has been 

described before (16;18) for cultured monocyte-derived DC (moDC), MDC purified from 

peripheral blood could be infected with RSV as was shown by the expression of the fusion 

protein (F) at the cell surface (Fig. 1). Similar to observations with cultured moDC, RSV 

infection of MDC could only be demonstrated in a fraction of the cells (10-20%). 

Nevertheless, this resulted in a uniform maturation of the cells in the cultures as judged by 

the upregulation of the costimulatory molecule CD86, HLA class II molecules and CD83 (Fig. 

1). 

 

Myeloid DC are poor inducers of T cell proliferation when infected with RSV 

We next tested the ability of RSV-infected moDC to stimulate a mixture of naïve and memory 

CD4 and CD8 T cells. In addition to a suppressive effect on the proliferation of naïve CD4 T 

cells that we have shown previously for moDC, RSV infection also suppressed the 

proliferation of naïve CD8 T cells, and unseparated CD4 and CD8 T cell populations.  

Importantly, this effect was similar for MDC purified from peripheral blood (Fig. 2). For both 

moDC and MDC, RSV infection had a suppressive effect on T cell proliferation when 

compared to the ability of DC matured with different maturation stimuli that were 

phenotypically similar to RSV-infected DC.  
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Figure 1. Comparison of the maturation of MDC and moDC. MDC and immature moDC were cultured for 48 h by MF, poly(I:C) 
or RSV. Mature DC were analyzed for the expression of HLA-DR, CD83 and CD86. Numbers depicted in the figure represent 
the mean fluorescence intensity. The fraction of RSV infected cells in the cultures was determined by the level of expression of 
the RSV F protein on the surface of infected DC. Numbers in these panels are the percentage of cells which express the RSV F 
protein.  

 

 

 

Infection of DC is necessary for the  suppressive effect 

We next determined whether infection of DC was necessary to become the suppressive type 

of APC. UV-inactivated virus and live virus in the presence of heparin or a neutralizing IgG1 

antibody (Palivizumab, specific for the fusion protein F) were tested for their ability to induce 

the suppressive phenotype in DC. Both UV-inactivation and the blocking antibody prevented 

the infection of DC as demonstrated by the complete absence of F protein at the cell surface 

(Fig. 3A). Heparin inhibits the cell surface interaction of RSV by blocking interaction of the 

virus with glycosaminoglycans. With the dose of heparin that was applied we observed a 

strong, but incomplete inhibition of infection (Fig. 3A). We did not use higher doses of 

heparin to obtain complete blocking, because this induced increased cell death. Figure 3A 

shows that infection of dendritic cells was necessary to induce DC maturation as judged from 

the upregulation of CD86. Only infected DC became the suppressive type of APC, whereas 

DC exposed to UV-inactivated virus or live virus in the presence of Palivizumab or heparin 

were as potent in the polyclonal activation of CD4 T cells by the super antigen SEB as non-

infected mature or immature DC (Fig. 3B).  
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Figure 2. T cell proliferation induced by moDC and MDC. Mature DC were cocultured with naïve CD4
+
CD45RO

-
, naïve 

CD8
+
CD45RO

-
 T cells, total (unseparated CD45RO

+
 and CD45RA

+
 cells) CD4 or total CD8 T cells.  SEB (100 pg/ml) and PHA 

(46 µg/ml) was added as an activation stimulus for CD4 and CD8 T cells respectively.  After 5 days, proliferation of the T cells 
was determined by [

3
H]thymidine incorporation. Results are shown as the percentage of [

3
H]thymidine uptake compared to Poly 

I:C (n = 3 or more). Proliferation of T cells when stimulated with RSV-infected moDC or RSV-infected MDC was significantly 
decreased (p < 0.005) compared to the other groups.  

 

 

The capacity to stimulate IFN-γ production by memory CD4 T cells is intact in RSV infected 

DC 

We have previously shown that naïve CD4 T cells expanded for twelve days in culture with 

RSV-infected DC were severely impaired in the production of cytokines upon restimulation 

(16). To test whether RSV infection of DC also suppressed cytokine production of memory 

CD4 T cells we performed short term (6h) stimulation assays using infected and uninfected 

moDC and MDC to stimulate purified CD4 T cells (mixed naive and memory). Figure 4 shows 

that in the presence of a polyclonal stimulus (SEB) all the groups of DC stimulated IFN-γ 

production in a similar population of T cells. Thus, in contrast to the proliferative response the 

IFN-γ response of memory T cells is not affected by RSV infection of DC. 
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Figure 3. RSV infection of DC is necessary to become suppressive. Immature moDC were infected with RSV, or exposed to 
UV-inactivated RSV or live RSV in the presence of heparin or Palivizumab. A. After 48 h, RSV-infection was measured by the 
level of RSV F protein expression on the surface of the cells. The extent of DC maturation was measured by the level of CD86 
expression. Numbers depicted represent the percentage of DC which express the RSV F protein. B. The different groups of DC 
were tested for their ability to induce CD4 T cell proliferation in the presence of the superantigen SEB. Results are shown as the 
percentage of [

3
H]thymidine uptake compared to Poly I:C (n = 3). Proliferation of T cells when stimulated with RSV-infected 

moDC was significantly decreased (p < 0.005) compared to the other groups.  

 

 

Inactivated RSV or live virus that is prevented to enter DC via the natural infectious route is 

internalized by DC which results in antigen processing and presentation via HLA class II 

Because we did not observe DC maturation upon exposure to UV-inactivated virus nor with 

live virus in the presence of heparin or palivizumab, we checked whether under these 

conditions viral material had access to endosomes. In endosomes TLR 7/8 triggering by viral 

RNA could potentially induce DC maturation (19). We tested whether viral antigen entered 

endosomal compartments by measuring antigen presentation of viral peptides in the context 

of HLA class II molecules to CD4 T cells, a process that depends on endosomal degradation 

of viral proteins. 

moDC exposed to live or inactivated virus preparations were used to stimulate 

autologous CD4 T cells purified from peripheral blood without the addition of a polyclonal 

activation stimulus. Figure 5 shows that after infection of DC with live RSV, viral peptides 

were processed and presented to CD4 T cells, because IFN-γ production was induced. 

Although the precursor frequency of RSV specific memory CD4 T cells was low similar 

numbers of T cells were activated to produce INF-γ when stimulated with DC that had been 

infected with live RSV, live RSV in the presence of Palivizumab or heparin, or UV-inactivated 

virus. From this experiment we concluded that all the viral preparations acquired access to 
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endosomes. Moreover, antigen processing and presentation in DC was not affected by RSV 

infection.  

 

 
 

Figure 4. IFN-γ production by memory CD4 T cells is not affected after stimulation with RSV infected DC. MDC and moDC were 

cocultured with CD4 T cells, and SEB (0.1 µg/ml) was added as an activation stimulus. As a control immature moDC were used 

without the addition of SEB. After 6 h the fraction of IFN-γ producing cells (upper right quadrant) were quantified by intracellular 
staining. The numbers in the figure represent the percentage of positive cells. This experiment was repeated three times with 
similar results. 

 

 
 

Figure 5. Dendritic cells process and present viral peptides derived from live and inactivated RSV preparations in the context of 
HLA-class II. moDC exposed to live virus, UV inactivated virus and live virus pretreated with heparin or palivizumab were 
cocultured with CD4 T cells for 6h without a polyclonal activation stimulus. The numbers in the figure represent the percentage 
of responding CD4 T cells. Immature moDC and mature moDC that had not been exposed to virus preparations were used as 
negative control. This experiment was repeated three times with different donors with similar results. 
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Stimulation of memory CD8 T cells by DC exposed to live and inactivated RSV 

A sensitive way of detecting viral infection would be the processing and presentation of 

antigenic peptides derived from de novo synthesized viral proteins in the context of HLA 

class I molecules. Therefore, we tested the ability of DC exposed to live and inactivated virus 

preparations to stimulate memory CD8 T cells. Because, dendritic cells are also able to cross 

present externally provided non-infectious materials, we studied the ability of DC to present 

an epitope NS141-49 (HLA-B51 restricted) derived from the non-structural NS1 protein which is 

highly expressed in infected cells but only present in trace amounts in the virus particle. 

RSV-specific CD8 memory T cell precursor frequencies in peripheral blood are very low, and 

can not easily be detected without prior in vitro expansion using the technique of intracellular 

cytokine staining. Therefore, we used short term T cell cultures expanded in the presence of 

synthetic peptide as a readout system to detect HLA class I peptide complexes on RSV 

exposed DC. As expected CD8 T cells specific for NS141-49 could only be activated by DC 

exposed to live RSV (Fig.6A,B). A low response of CD8 T cells upon stimulation by DC 

exposed to heparin-RSV might be explained by the fact that the dose of heparin used was 

unable to completely inhibit infection (see Fig. 3). A second epitope derived from the 

abundant structural N protein (N306-314, HLA-B7-restricted) was also most efficiently presented 

on DC infected with live RSV. Low responses observed after stimulation with DC exposed to 

RSV-heparin or UV-RSV might indicate that infection was not completely inhibited. 

Alternatively, non-infectious material might have been cross-presented. Indeed the addition 

of MF+PGE2, a treatment that was described to enhance cross-presentation of endosomally 

delivered protein, did enhance T cell responses induced by DC that had been exposed to 

non-infectious virus preparations.  In conclusion, presentation of HLA class I epitopes for 

which RSV infection of DC was required was only efficient with non-manipulated live virus.  

DC infected with live RSV efficiently induced cytokine production by CD8 effector T cells. The 

observation that virus infected DC stimulated IFN-γ production in similar numbers of T cells 

as peptide loaded DC indicated that the class I processing and presentation route was not 

affected by virus infection of DC. Thus, like it was found for CD4 T cells only T cell 

proliferation was affected by RSV infection of DC and not the induction of cytokine production 

by effector/memory CD8 T cells. 
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Figure 6. RSV infection of DC is required for the presentation of viral peptides in the context of HLA-class I to effector CD8 T 
cells. moDC were cocultured with CD8 T cells that had been expanded in the presence of synthetic peptides and recombinant 
IL-2 for 9 days. CD8 T cells derived from two individual donors A. HLA-A2, -B51, and B+C. HLA-A2, -B7, -B51. In A. and B. CD8 
expanded with peptide NS141-49 (HLA-B51 restricted). C. CD8 T cells expanded with peptide N306-314 (HLA-B7 restricted). 
Immature DC cultured for 48 h with heparin- or palivizumab- treated live RSV, UV inactivated RSV or live RSV were cocultured 
for 6 h with these effector CD8 T cell populations in the presence of Brefeldin. The ability of DC populations to process and 

present viral peptides in the context of HLA class I molecules was measured by the induction of IFN-γ production. The numbers 

in the panels represent the percentages of IFN-γ producing CD8 T cells (gated in the quadrants, quantified by intracellular 

staining). Immature DC and mature DC (48 h cultured with IL-1β and TNF-α) were exposed to synthetic peptide (positive 
control) or not (negative control). In B and C. two extra groups of DC exposed to either RSV treated with palivizumab or UV 
inactivated RSV were included that were exposed to an extra maturation stimulus with MF+PGE2. Experiments shown have 
been performed in duplicate. 

 

 

Discussion 

 

We have demonstrated that moDC and MDC were both impaired in the ability to induce T 

cell proliferation when they were infected with RSV. Moreover, we extended earlier 

observations by showing that the effect was not limited to the induction of proliferation in 

naive CD4 T cells but proliferation of memory CD4 T cells and memory and naive CD8 T 

cells was also diminished for both RSV infected moDC and MDC. Our experiments showed 

that moDC were an adequate model for investigating the effect of RSV infection on myeloid 

DC function.  

Naive and memory T cells differ in their capacity to produce cytokines upon short 

term stimulation (20). Naive CD4 T cells stimulated in vitro are unable to produce IFN-γ a 
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capacity that is acquired only after several rounds of proliferation. We have shown earlier 

that, in addition to impairment of the induction of proliferation, RSV infection of DC also 

affected the capacity of expanding T cells to produce cytokines upon restimulation (16). In 

contrast, we now show that while proliferation of memory CD4 and CD8 T cells was 

diminished, RSV infection of DC did not impair the ability to induce IFN-γ production in 

effector/memory CD4 and CD8 T cell populations. Both the antigen processing and 

presentation via the HLA class I and II routes seemed intact in RSV infected DC. Moreover, 

the as yet unidentified factor produced by RSV-infected DC that was implicated in the 

suppression of T cell proliferation (16) apparently had no effect on cytokine release by 

memory T cell populations.  

Innate immune triggers are required to induce maturation of DC, a requisite to 

become fully functional antigen presenting cells. For RSV it has been documented that TLR4 

can be triggered by the surface exposed glycoprotein F (15). Furthermore, TLR7 and/or 8 in 

the endosomal compartment have been demonstrated to sense single stranded RNA 

viruses. It has been shown that both live and UV-inactivated Influenza virus induced DC 

maturation via TLR7 expressed in endosomes (19). Similar to many DNA viruses and 

positive stranded RNA viruses, initial attachment of RSV occurs via surface exposed 

glycosaminoglycans. This initial binding facilitates subsequent specific receptor interaction 

mediated by the Fusion protein (21). Interaction with proteoglycan followed by receptor-

mediated phagocytosis caused stimulation of RelB and cellular activatin of DC that were 

exposed to papillomavirus like particles (22). It is unclear how RSV interacts with DC to 

produce the mature yet inefficient APC. In the present study we showed that, unlike UV-

treated Influenza virus, UV-inactivated or live RSV preincubated with Palivizumab or heparin 

were unable to induce DC maturation. The inactivated virus clearly got access to 

endosomes, because antigenic epitopes derived from non-replicating virus preparations were 

delivered into the class II antigen presentation route. These observations suggested that 

RSV induced maturation was not mediated by TLR triggering in the endosomes. Treatment 

with Palivizumab inhibits F protein mediated fusion. Cell surface binding mediated by the G 

protein via glycosaminoglycans should be unaffected. Palivizumab treated live RSV did not 

induce DC maturation. Thus, the most likely trigger of DC maturation was probably via 

cytoplasmic sensors of viral infection.  

The major route of antigen presentation to CD8 T cells is via HLA class I molecules 

that acquire antigenic fragments derived from de novo synthesized viral proteins. Such 

peptidic fragments produced in the cytoplasm via proteasomal degradation are translocated 

into the ER, where they bind to nascent HLA class I molecules. In addition DC have the 

unique capacity to present antigens in the context of HLA class I molecules that are derived 

from exogenous antigen sources. This process, referred to as cross-priming, requires uptake 

of exogenous antigen via phagocytosis/pinocytosis. A maturation stimulus is required to 

induce the release of proteins from phagosomes to cytosol from where the classical 

proteasomal degradation and ER transport route is followed. (23-25). Thus, antigen 

presentation in the context of HLA class I is not unique for de novo synthesized proteins 

when DC are the antigen presenting cells. For this reason it is not generally correct to equate 

class I mediated antigen presentation with de novo virus protein synthesis. Therefore, we 



Chapter 6 

110 

used in our experiments two epitopes that are presented by class I molecules. One derived 

from the nucleoprotein which is an abundant structural protein in the virus particle and the 

second derived from the NS1 protein that is not incorporated in the virus. The NS1 derived 

peptide was only presented by DC when they were infected with live virus. Thus, in addition 

to surface expression of RSV F, antigen presentation of the NS1 epitope via HLA class I was 

used as a measure of actively replicating virus. Based on these readout systems only live 

unmanipulated RSV was able to efficiently infect DC and only these DC matured. Thus these 

experiments substantiated the conclusion that the DC maturation that we observed was 

triggered via cytoplasmic sensors of viral infection rather than surface exposed or endosomal 

TLR. Since the inhibition of viral proliferation was also only observed when DC were exposed 

to live infectious virus this indicated that either a viral component or a cellular factor induced 

as a consequence of virus replication was responsible for the inhibitory effect on T cell 

proliferation.  

The epitope derived from the structural nucleoprotein could be cross-presented 

particularly in DC treated with PGE2, a substance that delivers a maturation signal which 

potently induces cross-presentation (24). Cross-presentation of the nucleoprotein derived 

peptide in the context of HLA molecules confirmed the observation with the class II mediated 

responses i.e. that the inactivated virus preparations were internalized by DC. 

In conclusion, when we extrapolate our in vitro obtained results to an in vivo situation 

one would expect that DC cross-presenting material derived from infected cell debris might 

be more efficient in inducing the expansion and activation of naïve T cell responses, while 

RSV infected DC would be inefficient. During reinfections both DC populations could trigger 

cytokine release from effector/memory T cells, whereas only DC presenting cross-primed 

materials would contribute to secondary expansion of RSV specific effector/memory 

populations.  
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The studies in this thesis focus on the mechanism of the cellular immune response to RSV 

infection. We identified new T cell epitopes, and used these epitopes for further examination 

of the cellular immune response. Furthermore, we focused on the role of DC in the initiation 

of anti-viral immunity during an RSV infection. 

 

Chapter 1 is a general introduction with background information about the virus and the 

immune cells involved in the adaptive immune response. 

 

In chapter 2 CD4 T cell epitopes were identified by testing a set of overlapping 

synthetic peptides covering the conserved loop of the RSV G protein in in vitro T cell 

stimulation assays using PBMC of healthy blood donors. Two overlapping epitopes were 

characterized in two regions (G162-179 and G177-197) that were able to induce a CD4 T cell 

response. The epitopes of one region were presented by HLA-DP4 and the epitopes of the 

other region by several HLA-DR alleles. The HLA-DP4 restricted epitope is an interesting 

finding since HLA-DP4 is the most prevalent HLA class II molecule, and epitopes presented 

by this HLA allele can therefore be used as a tool to measure RSV specific T cell responses 

in a large population. Remarkably the two overlapping HLA-DP4 restricted peptides differed 

in the pattern of cytokines they induced in CD4 T cells. G162-175 induced predominantly the 

production of the Th1 signature cytokine IFN-γ, whereas G165-179 induced relatively more 

IL5 and IL-13 production, cytokines produced by Th2 type cells.  

Severe RSV disease appears to involve Th2 type CD4 T cell responses. In mouse 

models much emphasis has focused on the G protein as the predominant target of Th2 type 

CD4 T cells.  (1-3). In the BALB/c mouse model vaccination with soluble G or with Vaccinia 

recombinants that expressed the RSV G protein Th2 type immune responses were 

generated upon virus challenge. However, it should be taken into account that this mouse 

model is prone to develop a Th2 skewed immune response, compared to for instance 

C57BL/6 mice (4-6). For BALB/c mice there are no CD8 T cell epitopes present in the G 

protein, and it has been shown that secondary CD4 T cell responses elicited in the absence 

of CD8 T cell responses tend to develop into Th2 type cells (7). In human studies CD8 T cell 

responses against epitopes derived from the G protein have so far not been found. Hence, 

the hypothesis developed that in general the G protein might not be processed efficiently for 

HLA class I presentation and therefore should be avoided in subunit vaccines. However, we 

have recently found that this is not generally true because a G derived peptide can be 

recognized by CD8 T cells in RSV infected C57BL/6 mice (8). Furthermore, it has recently 

been shown that the strong secondary Th2 response observed after FI-RSV vaccination was 

not solely focused on G protein derived antigenic peptides, and similar disease enhancing 

immune pathology could be induced with a formalin inactivated recombinant RSV lacking the 

entire G protein (9). Moreover, vaccination with G protein formulations resulted in a different 

type of recall responses depending on the route of immunization and the type of adjuvant 

used  (10).  

Besides a regulatory role for CD8 T cells other immunological aspects might play a 

role in directing the course of an immune response against RSV-G. The conserved loop of 

the G protein contains a CX3C motif that might contribute to the development of enhanced 
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pulmonary disease after (FI-)RSV vaccination (11). The CX3C motif can interact with 

CX3CR1, the receptor for the chemokine fractalkine (CX3CL1) (12). In a recent study it has 

been shown that this receptor is expressed on subsets of CD4 and CD8 T cells (13). In vitro 

experiments have shown that CX3CR1 facilitates RSV infection of cells and short synthetic 

peptides of the conserved region of the G protein can affect chemotaxis of cells expressing 

CX3CR1 (12). In vivo, the CX3C motif in the G protein has been implicated in the reduction 

of T cell trafficking to the lung and the reduction of the frequency of local RSV-specific IFN-γ 

responding cells (13). 

In addition to an effect on T cell migration a recent paper described anti-inflammatory 

properties for the G protein. The cysteine rich region of the G protein, which is part of the 

conserved region, inhibits production of IL-1β, -6 and -10  by RSV infected monocytes, by 

inhibiting the nuclear translocation of NF-κB (14). In summary, these studies show that the 

conserved region of the G protein of RSV could be involved in the inhibition of the antiviral 

immune response, thus prolonging viral presence at the site of infection. The fact that the 

cysteine rich region is highly conserved while the rest of this molecule is the most variable 

among viral proteins underscores the importance of this region for virulence. Despite the role 

G might play in suppression of immune responses, it is also an important target for 

potentially protective CD4 T cell responses and neutralizing antibody responses. The 

ultimate outcome of the combined effects of G during RSV specific immune responses is still 

unclear, especially because studies on the role of the G protein in FI-RSV vaccines have 

produced contradictory results (15); (11;16). 

Our findings that in large groups of adults strong CD4 T cell responses can be 

detected against epitopes derived from the G protein (>75% of Caucasians are HLA-DP4 

positive and we detected HLA-DP4 restriced T cell responses in 10/10 individuals) show that 

secondary CD4 T cell responses do not generally cause serious disease enhancement, 

because RSV infections in healthy adults have usually a mild disease course. The finding 

that one epitope G165-179 evoked a different cytokine pattern in different donors (chapter 2) 

is interesting. It suggests that the responding memory T cell repertoire present in an 

individual can determine the type of immune response after RSV infection. Different cytokine 

responses that we found after in vitro stimulations with two length variants G162-175 and 

G165-179 of the G epitope suggested that either memory populations could still be polarized 

depending on the stimulus, or different T cell subsets responded to the two peptides. The 

difference between the two epitopes could possibly affect the interaction between the HLA 

molecule and the peptide and thereby alter TCR contact and cytokine expression by T cells. 

It has been described that the way in which a peptide is presented by the MHC molecule can 

indeed determine the outcome of Th differentiation (17). The peptides we described differed 

one amino acid in size and were shifted three residues. Because we found that the two 

peptides induced different cytokine responses in vitro it would be important to study the 

naturally processed G protein derived peptides in the future, as well as address the question 

whether the two epitopes are recognized by the same set of T cells. 
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In some reviews it is stated that the magnitude of the T cell response rather than the 

viral load or strain is the main cause for severe RSV disease (18). However, it is our opinion 

that this issue is not settled. Detailed information about RSV specific CD8 T cell responses 

during RSV infections in humans was hardly available at the time we initiated our studies. 

Some CD8 T cell epitopes had been described. These were identified with cytotoxic T cell 

clones (19) and presented in the context of HLA molecules that are not highly prevalent in 

the human population. For this reason, five new epitopes were characterized (chapter 3). 

We focused on a set of most prevalent HLA alleles. We found two epitopes derived from the 

M protein that were HLA-A1 and HLA-B51 restricted, two epitopes derived from the M2 

protein which were HLA-A3, and HLA-B44 restricted and one epitope from the NS1 protein 

which was HLA-B51 restricted. All these epitopes were proven to be presented on cells 

infected with RSV. RSV specific CD8 T cells in peripheral blood were CD45RA-, CD27+, 

CD28+ and CCR7-, indicating that these were antigen experienced effector/memory cells. 

Antigen specific T cell measurements in vivo are needed to address issues like the role of 

the virus versus the immune response in RSV disease. Thus with the epitopes presented in 

chapter three the RSV specific CD8 T cell response was studied in bronchoalveolar lavage 

(BAL) fluid and PBMC of children with a severe primary RSV infection (Heidema et al. 

manuscript in preparation). Our group showed that a low frequency of epitope specific T cells 

was present in the BAL. These cells had the phenotype of highly activated effector cells. In 

peripheral blood we found in patients (Heidema et al. manuscript in preparation) as well as in 

healthy adults (chapter 3) percentages of RSV specific T cell numbers that were tenfold 

lower than in BAL, which demonstrated the recruitment of virus specific T cells to the site of 

infection. However the total percentage of activated T cells in blood of patients was much 

higher (up to 30%) during primary infections than the number of RSV specific T cells 

detected with HLA tetrameric complexes specific for single epitopes. Therefore, it is likely 

that at least the primary CD8 T cell response is much more heterogeneous. T cells specific 

for single epitopes might represent only a small fraction of responding T cells. 

Interestingly, we recently found in a C57BL/6 mouse model that the secondary 

response is less heterogeneous than the primary CD8 T cell response (8). Because we 

performed our epitope characterization studies in PBMC of adults we might have missed 

epitopes that contribute to primary immune responses. Another important issue that needs to 

be addressed is whether the identified epitopes contribute to viral clearance. In recent 

studies in a mouse model it has been shown that Influenza specific CD8 T cells responding 

to different epitopes differed in their ability to clear the virus. Vaccination with some epitopes 

even delayed viral clearance (20;21). These subjects need to be further pursued before 

issues can be addressed like the role of the immune response versus viral load during 

severe or mild RSV disease. 

 

There are conflicting data on the role of differences in RSV strains and the severity of 

disease. Most studies that addressed this issue focus on the sequence variability of the G 

protein. There are several reports that describe A strain viruses as more pathogenic, while 

others report the opposite for strain B or found no difference (22-24). The effect of variability 

in nonstructural proteins and internal virus proteins has not been examined. The NS proteins 
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are relatively conserved.  Their role is to suppress type I IFN mediated anti viral responses 

and therefore the integrity of these proteins is important for virulence. Besides direct antiviral 

effects type I interferon plays a role in enhancing CD8 responses (25;26) and B cell 

responses (27). Thus, variability in the NS proteins can determine the outcome of innate and 

adaptive immunity. The structural integrity of proteins is under pressure of CD8 T cell 

responses that can select for virus mutants. Hence a balance might exist allowing for optimal 

virus replication and evasion of innate and adaptive immune responses. We addressed these 

issues in chapter 4. Four samples from RSV-infected patients were sequenced to determine 

the amino acid composition of NS proteins of recent RSV isolates. Next we addressed the 

question whether regions within NS proteins that were variable between RSV strains could 

potentially be selected by the escape from CTL recognition. CTLs are crucial for the 

elimination of RSV. CTL recognize short antigenic fragments derived from viral proteins 

presented by MHC class I molecules. Binding to MHC molecules requires the presence of a 

special motif of amino acid residues in peptide fragments that interact with the so called 

antigen binding groove of MHC molecules. Between these binding residues amino acid 

residues are present that interact with T cell receptors. A mutation introducing an altered 

amino acid residue in the antigenic epitope could thus either affect MHC binding or 

interaction with the T cell receptor. Both events may lead to evasion of immune recognition. 

We described three novel amino acid changes in NS proteins compared to published 

mutations in chapter 4. Already reported amino acid residue alterations were also found, but 

for all virus isolates the mutations occurred in unique combinations.  

To examine the impact of these mutations on T cell responses variant synthetic 

peptides were evaluated for the ability to stimulate CD8 T cells. A drastic histidine (H)-to-

glutamine (Q) or -leucine (L) substitution at position 36 of the NS1 protein led to an altered 

CD8 T cell response. The NS1:H36L was found in published RSV B strains and NS1:H36Q 

was found in virus isolates in our study. The 36H variant of NS133-41 is naturally presented in 

the context of HLA-A2 (28). In four donors this peptide elicited a CD8 T cell response after 

expansion of these cells with the peptide and no cross-stimulation was observed with the 

substitution variants (chapter 5). When peptide 36L-NS133-41 was used to expand CD8 T cells 

no response was elicited after re-stimulation with the three variant peptides. However in one 

of four donors tested there was a response observed when 36H-NS133-41 cells were re-

stimulated with 36Q. Moreover this donor responded when cells were expanded with 36Q-

NS133-41. It appears that in the responding T cell repertoire in this donor cross reactive T cells 

were elicited. It is also possible that this donor had been exposed to both virus variants.  

In several persistent virus infections amino acid substitutions occur in CTL epitopes 

which causes the escape of the virus from immune surveillance (29-31). In acute virus 

infections CTL escape has been observed for Influenza virus (32). A mutation in the NP 

protein of Influenza virus inhibited the induction of a CTL response. When viruses were 

constructed with this mutation and tested for their capability to replicate in an in vitro cell 

system, no infectious virus could be detected in supernatants of infected cells. This indicated 

that this mutation had a negative effect on virus survival (33). However, comutations were 

found in natural virus isolates that restored viral fitness. Therefore, in order to escape from 

CTL responses a mutation in a virus sometimes requires comutations or it will not prevail. 
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Our observations were the first to show CTL escape for RSV. Theoretically the function of 

the affected proteins may alter. For the 36H to Q or L change the functional consequences 

will be the topic of future studies.  A2 and Long strains of RSV differ in their ability to 

suppress type I IFN production. One of the amino acid differences in NS proteins between 

these two strains had an effect on recognition of an HLA-B35 restricted epitope. It is currently 

not exactly known which mutation(s) affect the function of Long strain derived NS proteins. It 

is however very well possible that Long strain might have been a CTL selection variant. In 

conclusion the studies described start to address the impact of virus variant selection and the 

impact this may have on the efficacy of immune responses and severity of disease. 

 

In chapter 5 and 6 the effect of RSV infection was studied at the level of antigen 

presenting cells to determine if innate effects of the virus on APC may be involved in 

directing the T cell response. Because dendritic cells (DC) are the most important APC in 

initiating T cell responses we investigated the interactions between RSV and DC. In chapter 

5 monocyte-derived DC (moDC) were infected with RSV and the effect of the virus was 

studied on the maturation of DCs and the functional consequences i.e. the ability of DC to 

initiate T cell responses. Typically, in RSV infected cultures only a fraction of DC was 

infected, yet this resulted in uniform maturation of the DC as judged from the enhanced 

expression of CD83, CD86 and HLA-DR. Proliferation and cytokine production of naïve CD4 

T cells were impaired in co-cultures with RSV infected DC. In addition to IFN-γ, production of 

a panel of Th2 cytokines was also suppressed. Shortly after publication of our work three 

papers appeared that also described the effect of RSV on DC function (34-36). In all three 

studies, RSV infection was established in moDC and DC maturation was observed. 

However, Jones et al. found almost no effect of RSV infection on the ability of DCs to induce 

T cell proliferation (34), which is in contrast with our data, and two other studies that found 

similar inhibitory effects on T cell proliferation to our study (35;36). Guerrero-Plata further 

observed an increase of inflammatory cytokines produced by RSV-DC when compared to 

uninfected DC. In our studies we did not observe any significant effects upon RSV infection 

compared with other maturation stimuli and immature DC because we observed large donor 

dependent variations (unpublished data). A possible reason for this discrepancy could be 

that Guerrero-Plata used adherent cells as initial cell population of monocytes to generate 

DC. The contribution of contaminating other cell types is very high using this procedure. We 

purified monocytes using anti-CD14 coated magnetic beads. Therefore, we used a uniform 

source of monocytes to start DC cultures. Indeed we observed that dendritic cell cultures 

initiated from monocytes purified by percol gradients showed differences in cytokine 

production compared to DC that were obtained in cultures initiated by CD14+ monocytes. 

We found that a soluble factor was responsible for the suppressive effect of RSV 

infected DC, because virus-free supernatant of RSV-DC could suppress T cell activation by 

DC matured with cytokines. A number of possible candidate suppressive factors were 

excluded which encompassed interleukin-10, TGF-β, Interferon-α, and IL-1RA (chapter 5). 

Chi et al. also concluded that a soluble factor caused the impaired T cell activation. They 

concluded that a combination of IFN-α and IFN-λ caused the inhibition of T cell proliferation. 
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This group observed high concentrations of IFN-α in the supernatant of RSV-DC that we and 

the group of Jones et al. did not find. Chi et al. further reported that neutralizing Abs against 

IFN-α and IFN-λ synergistically antagonized the suppression of T cell proliferation although 

IFN-α specific antibodies alone had a minor effect. We had considered that IFN-α might be 

the cause for the observed T cell suppression. However, in our DC/T cell co-cultures IFN-α 

was not measurable by ELISA in RSV-DC supernatants. Generally, we found only significant 

amounts of IFN-α production by RSV exposed plasmacytoid DC (PDC) similar to reports by 

Hornung et al. (37). Moreover, the blocking effect of RSV-DC supernatants on T cell 

proliferation could not be reversed in our experiments by adding IFN α/β receptor specific 

antibodies to MF-DC/T cell co-cultures.  

Thus while in three out of four reports a considerable inhibition of T cell proliferation 

was found in RSV-DC/T cell co-cultures, controversy still exists about the mechanism 

causing this inhibition. Most likely some of the different findings were caused by the purity 

and quality of DC as well as the purity of the virus used in the experiments. In our 

experiments we used PEG purified RSV A2 strain. We confirmed that the PEG purification 

procedure removed contaminating cytokines in our virus preparations using a multiplex 

cytokine assay (Luminex) (38). Chi et al. used sucrose gradient purified RSV-A2 and also 

claimed that no cytokine contaminants were present in the virus preparation. Whether IFN 

type I and type III cytokines are truly responsible for the inhibitory effect on T cell proliferation 

remains to be further explored. 

 

Our work described in chapter 5 was extended in chapter 6 by comparing the use of 

moDC with myeloid DC (MDC) directly isolated from peripheral blood. In addition to the effect 

of RSV infection on naïve CD4 T cell proliferation we also examined the effect on 

proliferative responses of memory CD4 T cells as well as naïve and memory CD8 T cells. 

moDC and MDC both suppressed T cell proliferation of all T cell populations. This was not 

observed when DCs were exposed to UV-inactivated RSV, which indicated that a viral 

component or a cellular factor induced via virus replication was responsible for the 

suppression of T cell proliferation. In contrast to the inhibitory effect on proliferation by both 

naïve and memory T cells RSV-DC were not impaired in the ability to induce IFN-γ in 

memory CD4 and CD8 T cells. Moreover, that antigen processing and presentation via the 

HLA class I and II route were intact in RSV infected DCs. We observed that exposure of DC 

to inactivated RSV did not lead to the inhibitory phenotype of DC. These DC were able to 

present viral peptides via both HLA class I and II, which demonstrated that DC could 

internalize inactivated virus and stimulate CD8 T cells by cross-presentation. In summary, we 

found that the infection of DC affected the ability of DC to induce T cell proliferation and 

functional responses (IFN-γ production) differently.  

It has been demonstrated in a mouse model that RSV infection caused a persistent 

increase in mature DC in the lung (39). A recently published study distinguished between the 

different DC subtypes. Here an increase of myeloid and plasmacytoid DC numbers was 

observed in lungs and lung draining lymph nodes after RSV infection, but a sustained 

increase was only observed for PDC (40).  Interestingly, in nasal washes of children with 
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severe RSV infection also myeloid DC and PDC numbers were increased compared to 

controls, indicating that these cells are mobilized to the site of infection (41). Whether the 

cells are functional at this location remains to be investigated. But these findings underline 

the importance of investigating the impact of viral infection of DC and the consequences this 

might have on T cell responses both in lymph nodes and at the site of infection. 

  

Overall, the characterization of epitopes will contribute to determine the role of T cells 

during RSV infections. Obviously, future experiments will explore the role of the mutations in 

the NS proteins on their function in depth. At the level of antigen presentation it seems 

important to include PDC in future studies. It is intriguing that those cells are found long after 

the viral infection has been cleared. 
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Respiratoir Syncytieel Virus (RSV) is een virus dat luchtweginfecties kan veroorzaken bij de 

mens. RSV infecties komen vooral in het winterseizoen voor en vrijwel iedereen is voor het 

derde levensjaar geïnfecteerd met het virus. De symptomen van een RSV infectie zijn over 

het algemeen mild en beperkt tot klachten van de bovenste luchtwegen, zoals een 

verkoudheid. Aantasting van de lagere luchtwegen kan resulteren in ernstige aandoeningen, 

zoals bronchiolitis of pneumonie, wat opname in het ziekenhuis noodzakelijk maakt. RSV is 

de belangrijkste oorzaak van ernstige luchtweginfecties bij zuigelingen en jonge kinderen. 

Risicogroepen zijn te vroeg geboren baby’s, baby’s met een hartafwijking, longaandoening of 

een slecht functionerend immuunsysteem. Ook ouderen vormen een risicogroep.  

Afweer tegen RSV is een combinatie van aspecifieke (aangeboren) en specifieke 

(verworven) immuniteit. Ziekteverwekkers zoals bacteriën, virussen, parasieten en 

schimmels kunnen het lichaam binnendringen via de huid, de luchtwegen of het maag-

darmstelsel. Wanneer deze ziekteverwekkende micro-organismen (pathogenen) zijn 

binnengedrongen zal eerst het aspecifieke immuunsysteem in werking treden. Dit 

mechanisme is gericht op het beperken van de verspreiding van de pathogenen. Witte bloed 

cellen die tot het aspecifieke immuunsysteem behoren zijn o.a. macrofagen, neutrofiele 

granulocyten en natural killer (NK)-cellen. Op het moment dat deze cellen een pathogeen 

herkennen als lichaamsvreemd, worden ze geactiveerd en treden er effectormechanismen in 

werking waardoor het pathogeen opgeruimd wordt. Voor de bestrijding van virale infecties 

zijn aspecifieke antivirale stoffen, zoals interferon ook van belang. Interferon remt de 

replicatie van virussen en wordt gesynthetiseerd als reactie op een virale infectie. Het 

specifieke immuunsysteem is afhankelijk van een eerder opgedaan contact met een micro-

organisme. Speciale geheugen cellen (memory cellen) slaan  de informatie op die bij het 

primaire contact door het micro-organisme is afgegeven. Bij een tweede contact met 

hetzelfde pathogeen zorgen deze cellen ervoor dat er sneller en efficiënter gereageerd kan 

worden. Het specifiek immuunsysteem kan weer onderverdeeld worden in het humoraal 

immuunsysteem en het cellulair immuunsysteem. Het humoraal immuunsysteem wordt 

gevormd door B cellen die antilichamen produceren welke gericht zijn tegen het 

binnengedrongen micro-organisme. Bij RSV infecties worden er antilichamen geproduceerd 

tegen de meeste virale eiwitten van het virus. Antilichamen gericht tegen het F- en het G-

eiwit die op het oppervlak van het virus deeltje tot expressie komen zijn het belangrijkst, 

omdat deze ook neutraliserend werken. Het cellulair immuunsysteem bestaat uit 

zogenaamde T cellen: CD8 T cellen kunnen geïnfecteerde cellen doden en CD4 T cellen, 

ook wel helper T (Th) cellen genoemd, kunnen stoffen (o.a. cytokines) produceren die het 

immuunsysteem beïnvloeden, reguleren en coördineren. CD4 T cellen hebben ook als 

functie het ondersteunen van CD8 T cellen en B cellen. CD4 T cellen kunnen weer 

onderverdeeld worden in Th1 cellen die vooral het cytokine IFN-γ produceren en Th2 cellen 

die vooral IL-4, IL-5 en IL-13 produceren. Daarnaast bestaan er regulatoire T cellen die 

gekenmerkt worden door de productie van regulatoire cytokines als IL-10 en TGF-β en 
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ongewenste immuunreacties kunnen onderdrukken. T cellen zijn heel belangrijke 

componenten in de anti-virale afweer. 

Een belangrijke rol in het aansturen van immuunreacties is de dendritische cel (DC). 

De functie van de DC is het presenteren van antigenen, kleine stukjes van het micro-

organisme, zodat de T-cellen dit herkennen als lichaamsvreemd en in actie komen. De 

eigenschappen van de DC hangen af van het stadium waarin ze verkeren. De belangrijkste 

taak van onrijpe DC in de weefsels is het opnemen van antigenen. Deze antigenen worden 

in de DC verwerkt, zodat kleine stukjes hiervan (peptiden) gepresenteerd kunnen worden 

aan de T cellen. Tijdens het opnemen en verwerken van antigenen vindt een maturatie 

proces plaats van de DC. De capaciteit om antigenen op te nemen neemt af, terwijl de 

capaciteit om antigenen te presenteren toeneemt. Tegelijkertijd migreren de DC vanuit de 

weefsels richting de lymfeknopen waar de T cellen zich bevinden. Alleen specifieke T cellen 

die de peptiden herkennen die gepresenteerd worden door de DC, zullen worden 

geactiveerd.  

 

Tot op de dag van vandaag is er nog geen goed werkend RSV vaccin beschikbaar. In de 

jaren zestig van de vorige eeuw heeft men een onderzoek uitgevoerd waarin een formaline-

geïnactiveerd RSV preparaat werd toegediend aan kinderen als vaccin. Helaas ontwikkelden 

gevaccineerde kinderen een ernstig ziektebeeld wanneer ze in aanraking kwamen met het 

natuurlijke virus. Dit dramatische resultaat heeft ervoor gezorgd dat er op dit moment nog 

steeds geen RSV-vaccin is, omdat het mechanisme waardoor het fout is gegaan bij het 

experimentele vaccin nog niet precies achterhaald is. Bijkomend probleem is dat het 

immunologische geheugen niet optimaal werkt bij RSV-infecties. Herhaaldelijke infecties 

komen veelvuldig voor.  

 

Het onderzoek beschreven in dit proefschrift is verricht om het mechanisme van de initiatie 

van de cellulaire immuunreactie tegen RSV te onderzoeken. Cellulaire immuniteit is van 

belang bij het opruimen van het virus uit het lichaam, echter cellulaire immuniteit speelt ook 

een grote rol in de pathogenese van de ziekte. Nieuwe inzichten in hoe de interactie is 

tussen het virus en het immuunsysteem, kunnen ervoor zorgen dat de ontwikkelingen van 

een vaccin tegen RSV bespoedigd kunnen worden. Het eerste gedeelte van het onderzoek 

was gericht op het identificeren van RSV specifieke T cel epitopen. Epitopen zijn stukjes van 

eiwitten wat door de antigeenpresenterende cel aan de T cel gepresenteerd wordt en 

herkend wordt door de T cel. Met deze epitopen kan de cellulaire immuunrespons tegen 

RSV bestudeerd worden. In het tweede gedeelte van het onderzoek wordt het effect 

beschreven van RSV infectie op de functie van dendritische cellen.  

Hoofdstuk 1 geeft een algemene inleiding over RSV en de belangrijkste cellen van het 

immuunsysteem. In hoofdstuk 2 wordt de identificatie van CD4 T cel epitopen van het G-

eiwit van RSV beschreven. Twee overlappende epitopen werden gevonden in twee regio’s 

van het G-eiwit. De epitopen van een regio werden herkend in de context van HLA-DP4. Het 

HLA-systeem bestaat uit een groot aantal genen die coderen voor HLA-moleculen, daardoor 

zijn er veel variatiemogelijkheden waarin deze HLA-antigenen kunnen voorkomen in het 

menselijk lichaam.  T cellen kunnen alleen epitopen herkennen indien ze gebonden zijn aan 
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een HLA-molecuul. Omdat HLA-DP4 veelvuldig voorkomt in de wereldbevolking kan het 

gevonden epitoop gebruikt worden als middel om RSV specifieke T cel responsen te meten 

in een grote populatie. De CD4 T cellen die de twee overlappende peptides herkennen, 

induceren een verschillend cytokine patroon: peptide G162-175 induceert voornamelijk IFN-γ 

(geproduceerd door Th1 cellen), terwijl peptide G165-179 voornamelijk meer IL-5 en IL-13 

induceert (geproduceerd door Th2 cellen). Dit zou kunnen betekenen dat memory T cellen 

nog steeds gestuurd kunnen worden afhankelijk van hoe een eiwit gepresenteerd wordt. Of 

het is mogelijk dat verschillende T cel populaties reageren op de twee verschillende 

epitopen. 

Hoofdstuk 3 beschrijft de karakterisatie van vijf CD8 T cel epitopen afkomstig van 

verschillende eiwitten van RSV. Alle vijf epitopen werden daadwerkelijk verwerkt en 

gepresenteerd aan CD8 T cellen door RSV geïnfecteerde antigeen presenterende cellen. De 

kennis van relevante T cel epitopen opgedaan in deze studies kan worden toegepast om 

virus specifieke CD4 en CD8 T cel immuunreacties te monitoren.  

 Virussen en het immuunsysteem passen zich voortdurend aan elkaar aan. Virussen 

ontwikkelen mechanismen om immuunreacties te ontwijken. Er zijn verschillende manieren 

waarop dat kan plaatsvinden. Een van de ontwijkmechanismen is het optreden van mutaties 

in virale eiwitten waarin T cel epitopen voorkomen. Door een mutatie kan een T cel epitoop 

niet meer herkend worden door de T cellen. CD8 T cel responsen zijn van cruciaal belang in 

het onder controle houden van virus infecties. Dus als door mutaties de structuren die door T 

cellen worden herkend veranderen kan het virus beter in de gastheer repliceren. Er is reeds 

veelvuldig onderzoek gedaan naar de bijdrage van verschillende virusstammen in ziekte-

ernst. Maar dit onderzoek is vooral gefocussed geweest op het F- en G-eiwit van het virus. 

Hoofdstuk 4 gaat in op de vraag wat de rol is van de niet-structurele (NS) eiwitten in 

mogelijke ontwijkmechanismen. De NS eiwitten van RSV kunnen de inductie van type I 

interferon productie hinderen en daardoor kunnen ze het onderdrukken van RSV replicatie 

door de cel belemmeren. Wij hebben aangetoond dat in virus isolaten verkregen uit patiënten 

er aminozuur veranderingen te vinden zijn in het NS1 eiwit. Om het effect van deze mutaties 

op de T cel response te bestuderen, werden er variant peptides gesynthetiseerd die de 

aminozuren van verschillende virus isolaten bevatten. De vervanging van aminozuur 

histidine in glutamine of leucine op aminozuur positie 36 van het NS1 eiwit, resulteerde in 

een veranderde CD8 T cel response. Aanwezigheid van de laatste twee genoemde 

aminozuren in de epitoop voorkwam herkenning door T cellen van gezonde donoren. Deze 

bevinding betekent dat er inderdaad virus varianten voorkomen in de natuur die door 

aanpassing in de eiwitstructuur de immuunrespons kunnen ontwijken. Bij een gezonde 

bloeddonor was wel een CD8 T cel response waarneembaar bij de glutamine vervanging. Dit 

zou kunnen komen doordat kruis reactieve T cellen waren opgewekt of doordat deze donor 

blootgesteld is geweest aan beide virusvarianten en dus tegen beide virussen een geheugen 

response had opgewekt. 

In hoofdstuk 5 en 6 werd het effect van RSV infectie op antigeen presenterende cellen 

bestudeerd en welke rol dit speelde bij het sturen van de T cel respons. De interactie tussen 

T cellen en RSV-geïnfecteerde DC werd onderzocht, omdat DC de meest belangrijke cellen 

zijn in het activeren van T cellen en omdat DC veelvuldig in de luchtwegen aanwezig zijn. 
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Vanwege het feit dat DC zo belangrijk zijn voor de activatie van T cellen, hebben virussen 

vele mechanismen ontwikkeld om het immuunsysteem te ontwijken door te interfereren met 

de functie van de DC. Voorbeelden hiervan zijn het blokkeren van de maturatie of migratie 

van de DC of het blokkeren van de antigeen presenterende taken van de DC.  

 In hoofdstuk 5 werden DC verkregen uit monocyten, een type witte bloedcel, (moDC) 

geïnfecteerd met RSV. Hoewel slechts een fractie van de DC geïnfecteerd raakte, waren wel 

alle DC gematureerd wat betekent dat ze in optimale staat van paraatheid waren om een T 

cel response te induceren. Ondanks deze staat van maturatie van de DC, was echter het 

vermogen om proliferatie en cytokine productie te induceren in naive CD4 T cellen 

onderdrukt. We vonden dat een oplosbare factor hiervoor verantwoordelijk was. Een aantal 

voor de hand liggende suppressieve factoren werden uitgesloten. In hoofdstuk 6 werd dit 

onderzoek uitgebreid en is te zien dat een onderdrukte proliferatie van T cellen ook te zien is 

bij RSV infectie van myeloide DC rechtstreeks geïsoleerd uit bloed. Er werd bovendien 

gevonden dat er naast onderdrukte proliferatie van naive CD4 T cellen, ook onderdrukking 

was van memory CD4 T cel en naive en memory CD8 T cel proliferatie. In tegenstelling tot 

het suppressieve effect op de proliferatie van naive en memory T cellen, was er geen 

suppressief effect te zien op de cytokine-productie van memory T cellen. Ook werd 

aangetoond dat antigeen processing en presentatie via zowel de HLA klasse I als II route 

mogelijk is. Het effect van onderdrukte T cel proliferatie was niet te zien als DC blootgesteld 

werden aan UV-geïnactiveerd virus, een behandeling die het virus doodt. Dit duidt erop dat 

een virale component of een cellulaire factor geïnduceerd door virale replicatie 

verantwoordelijk was voor de onderdrukking van de T cel proliferatie. Voorts is gebleken dat 

ook DC geïnfecteerd met geïnactiveerd virus in staat zijn om virale eiwitten te presenteren 

via HLA klasse I en II. Dit betekent dat DC geïnactiveerd virus kan internaliseren en CD8 T 

cellen kan stimuleren via cross-presentatie. Cross-presentatie is een indirecte manier van 

antigeenpresentatie van exogene antigenen aan CD8 T cellen. Omdat geïnactiveerd virus 

geen suppressie van proliferatie geeft zou dit kunnen betekenen dat DC die via cross-

presentatie virus kunnen aanbieden aan T cellen efficiënter zijn in het activeren en 

expanderen van naive T cel responsen dan RSV-geïnfecteerde DC.  

In hoofdstuk 7 worden de bevindingen beschreven in dit proefschrift samengevat en 

bediscussieerd in de context van de reeds bestaande literatuur.  

 

Kort samengevat zijn in dit proefschrift studies beschreven waarin RSV-specifieke T cel 

epitopen zijn gevonden. Hiermee kunnen RSV specifieke immuunreacties beter bestudeerd 

worden. In de natuur komen mutaties in het NS1 eiwit van RSV voor, die door aanpassing in 

de eiwitstructuur de immuunrespons kunnen ontwijken. De bevindingen in het tweede deel 

van het onderzoek hebben aangetoond dat RSV nog een manier heeft gevonden om een 

immuunrespons te ontwijken, door ervoor te zorgen dat geïnfecteerde DC een inhiberend 

effect hebben op T cellen door het uitscheiden van een oplosbare factor. De resultaten 

beschreven in dit proefschrift dragen bij aan een beter begrip van het mechanisme van de 

initiatie van de cellulaire immuunreactie tegen RSV. Toekomstig onderzoek zou gericht 

moeten zijn op verder onderzoek naar de rol van NS eiwitten in het ontwijken van het 

immuunsysteem en de rol van DC in RSV-infecties nog meer uitdiepen. 
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Dankwoord 

 

Het werk beschreven in dit proefschrift had ik nooit tot een goed eind kunnen brengen 

zonder de hulp van vele anderen. Daarom wil ik bij deze iedereen die mij hierbij op enigerlei 

wijze heeft geholpen, daarvoor heel hartelijk danken. Maar natuurlijk wil ik enkele personen 

bij naam noemen. 

Allereerst mijn co-promotor Grada van Bleek. Je bouwde het RSV-groepje op met mij als je 

eerste aio en langzaam aan groeide het uit tot een klein maar fijn onderzoeksgroepje. Jouw 

enthousiasme voor de wetenschap heb je op mij over weten te brengen. Je bent een 

vakvrouw in hart en nieren. Bedankt dat je in me bent blijven geloven en ook dank voor de 

afgelopen maanden waarin je een grote steun voor me was tijdens het schrijven van de 

laatste stukken. Buiten dit alles hebben we samen ook veel meegemaakt tijdens bijzondere 

gebeurtenissen op congressen in het buitenland waar ik nog vaak aan zal terugdenken.  

Jan Kimpen, mijn promotor. Dank voor het vertrouwen dat je in me hebt gesteld en de 

interesse voor mijn onderzoek. 

 

De dagelijkse treinreis van ’s-Hertogenbosch naar Utrecht en terug heb ik altijd met veel 

plezier gemaakt. Maar het leven van een aio kent pieken en dalen, zo ook voor mij en om dat 

te delen met anderen is ontzettend fijn. RSV-leden, bedankt voor jullie steun! Maris, bedankt 

voor het brengen van gezelligheid op het lab, op de dagen dat jij werkt is het altijd een stuk 

gezelliger dan op de overige dagen. Wat hebben we vaak lol gehad in de grote kweek-kamer 

als we weer eens een DC-kweekje in ging zetten en achter de FACS weer wat moesten 

meten. En ook de vele momenten dat ik weer iemand nodig had om tegen aan te klagen als 

er weer eens iets was mislukt of als ik het niet meer zag zitten, je was altijd een luisterend 

oor en gaf vaak goede raad. Bedankt dat je mijn paranimf wilt zijn! 

Jojanneke, samen zaten we het laatste deel van ons promotie onderzoek in hetzelfde 

schuitje. Het was fijn om een metgezel te hebben. Het is ons allebei gelukt! Jij heel veel 

succes met je verdere carrière. 

Michaël, eerst als student en later terug als aio. Dus ons groepje was toch best gezellig?! 

Jouw komst bracht wat meer leven in de brouwerij. Als (tot voor kort) enige man in de groep 

was het soms toch best lastig als we het weer eens over de laatste mode, de nieuwste 

verzorgingsproducten, koken, etc. hadden. Maar je hebt je prima staande gehouden. Ik zal 

trouwens het kweken van nieuwe virus-batches wel gaan missen…. 

Michiel en Leontien veel succes met jullie project. 

 

Het kweken van dendritische cellen was niet zomaar geleerd. Absoluut niet, daar komt wel 

meer bij kijken dan wat cellen isoleren en wat medium verversen. DC kweken heb ik mogen 

leren op het AMC in Amsterdam. Esther de Jong en Toni van Capel, bedankt voor het leren 

van de fijne kneepjes van het vak. En Esther, bedankt voor je hulp bij mijn eerste DC stuk. 

Ook het kweken van RSV ging niet gemakkelijk af. Hoeveel batches waren er wel niet nodig 

om tot een ultieme hoge titer uit te komen?! Theo en Piet van het EWI, jullie allebei bedankt 

voor het mij leren van en jullie hulp bij het kweken van RSV en voor de gastvrijheid op jullie 



Dankwoord 

133 

lab. John Rossen, je hebt me op het eind van de rit enorm geholpen. Met jouw enthousiasme 

en ongekende bereidheid tot het bieden van alle hulp zijn we iets moois op het spoor 

gekomen. Bedankt! 

 

Ook al bestond het lab op de 3e verdieping uit diverse divisies, ondanks die organisatorische 

verschillen was het toch gezellig op het lab. Iedereen van de PNI, bedankt voor de 

gezelligheid. Koos, Pirrko, Carla, Wil en Gerda, bedankt voor jullie hulp bij de vele vragen, 

als ik weer iets nodig had of als er weer iemand geprikt moest worden. Ger, dankzij jou ben 

ik de Tour de France leuk gaan vinden. De Tour toto’s, EK en WK toto’s en niet te vergeten 

de cookies-contest en de kerstlunches zorgden voor de nodige ontspanning op het lab. 

Nathalie, als vreemde eend in de bijt, bedankt voor cienema punt punt punt nl. Dit gaf wat 

verbroedering tussen de verschillende groepen. Ook al heb ik de kikker niet gehaald, ik vond 

het elke keer weer ontzettend leuk. Titia, leuk dat er iemand anders ook geïnteresseerd was 

in DCs. Jij veel succes met je panda-studies. 

De Prakken-groep. Allereerst Berent zelf. Wat velen vergeten zijn, maar ikzelf absoluut niet 

is dat ik bij jou begonnen ben als student. Door jouw enthousiasme besloot ik het onderzoek 

voort te zetten. Bedankt daar voor. Wilco en Mark, jammergenoeg zijn jullie verhuisd naar de 

1e, het was altijd leuk met jullie. De rest van de Prakken-groep bedankt voor de gezelligheid. 

 

En dan natuurlijk de aio-kamer. Cora, Niels, Wendy en Michaël, jullie conversaties brachten 

een hoop gezelligheid en discussies in de aio-kamer. Jullie veel succes met jullie laatste 

jaar/jaren. Maar dat komt vast goed! Oud-kamergenoten: Loes, mijn overbuurvrouw, jammer 

dat we de laatste maanden niet samen konden doorbrengen, maar het gaat vast stukken 

beter daar op de 1e. Jij veel succes de komende maanden. Selma, je ging als een speer, 

veel plezier en geluk in Perth. Ismé, je was als een voorbeeld voor de rest. Maike, er kwam 

even iets (moois!) tussen, maar ook jij veel succes met jouw laatste loodjes. Oud-oud-

kamergenoten: Harriët, Marc en Anne, het was leuk om jullie ook meegemaakt te hebben. 

Angela, Michael en Jessica, jullie veel succes en laat je niet gek maken door de oudjes! 

 

Willianne en Kelly, mijn twee studenten. Bedankt voor jullie inzet en interesse voor het 

onderzoek. En Eva, student bij de RSV-groep. Bedankt dat je ons vaak buikpijn van het 

lachen hebt bezorgd. 

 

Iedereen van de afdeling immunologie 2e en 1e verdieping, bedankt voor jullie interesse in 

het RSV-onderzoek. Het was me een waar genoegen deel te nemen aan jullie 

werkbesprekingen en journalclubs. 

 

Naast het werk is het ook belangrijk om sociale bezigheden te hebben. Lieve vrienden, 

gelukkig kon ik daarvoor bij jullie terecht. Nancy en Michael, we zijn al een lange tijd goede 

vrienden en hopelijk zal dat zo blijven. En nogmaals bedankt voor jullie hulp en vriendschap 

bij een zeer belangrijke gebeurtenis eerder dit jaar! 
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Annemieke, Desiree, Kim, Juwi en Nancy bedankt voor de jaarlijkse weekendjes en uitjes 

tussendoor. Dagje zee houden we erin en volgend jaar met z’n allen naar Spanje. Nu het 

promoveren achter de rug is, heb ik meer tijd om af te spreken! 

Lieve Ellen, met jou heb ik het merendeel van het traject doorlopen; samen op het HLO, 

samen op de VU en daarna ook nog samen op het WKZ! Het idee dat jij ook elke dag 

aanwezig was, gaf me een goed gevoel. Wat hebben we veel meegemaakt samen, ik ben 

blij dat je mijn paranimf wilt zijn! 

Jenny en Ilona, samen met Ellen hadden we onze bijna maandelijkse culinaire 

bijeenkomsten. Wat fijn om met elkaar te kunnen genieten van heerlijk eten en over elkaars 

bezigheden te praten. Fijn om met vrienden over je ´vak´ te kunnen praten. Dit houden we 

erin ok?! 

En Kirsten, de afgelopen twee maanden hebben we elkaar meer gezien dan in de voorbije 

vier jaar. Dat belooft wat voor de toekomst! Pim en Paula bedankt voor jullie creatieve 

inbreng. 

 

En natuurlijk mijn familie. Zonder familie ben je nergens. Ik mag mezelf gelukkig prijzen met 

een grote familie. Jullie zullen vaak vast gedacht hebben, waar is Patricia toch eigenlijk mee 

bezig? Nu, zie hier het resultaat. Erwin en Nancy, bedankt dat jullie er altijd voor me zijn als 

ik weer eens raad van mijn grote broer en zus nodig heb. Nick, fijn je weer af en toe te 

spreken. Ronald en Bianca ook jullie bedankt. Voor mij is het elke keer weer een feest om 

terug naar Venlo te gaan en mijn familie te bezoeken en vooral al mijn neefjes en nichtjes te 

zien. Jullie zijn schatten!! 

Schoonfamilie bedankt voor jullie steun. 

Mam en pap, jullie hebben een belangrijke bijdrage geleverd aan de persoon die ik nu ben. 

Jullie hebben me altijd gestimuleerd om goed te presteren. Ik ben blij en dankbaar voor alles 

wat jullie voor me gedaan hebben. Bedankt dat jullie altijd in me geloofd hebben en me 

onvoorwaardelijk hebben gesteund.  

En tot slot, lieve, lieve Hans. Jij was en bent er altijd voor me. Wat jij voor mij betekent daar 

zijn geen woorden voor. Jouw liefde, vriendschap en steun zijn niet uit mijn leven weg te 

denken. Jij bent en blijft het allerbelangrijkste in mijn leven! 

 

 

Patricia 
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Curriculum Vitae 

 

De auteur van dit proefschrift werd geboren op 5 augustus 1977 te Venlo. In 1995 behaalde 

zij het VWO-diploma aan het Blaricacumcollege te Venlo-Blerick. In dat zelfde jaar startte ze 

aan de Fontys Hogeschool te Eindhoven de HLO-opleiding richting microbiologie. Binnen 

deze studie werden er twee stageopdrachten doorlopen. De eerste stage werd doorlopen bij 

Numico Research te Wageningen onder begeleiding van dr. R.L. Smeets en dr. E.A.F. van 

Tol. Hier werd gewerkt aan de ontwikkeling van een functioneel model voor de bestudering 

van interacties in het humane darmslijmvlies. Bij het Eijkman Winkler Instituut te Utrecht 

werd, onder begeleiding van dr. W.T.M. Janssen, gewerkt aan de ontwikkeling van een 

vaccin tegen Streptococcus pneumoniae. In 1999 behaalde ze haar diploma. In hetzelfde 

jaar startte zij aan de Vrije Universiteit van Amsterdam de studie Medische Biologie en 

behaalde het doctoraal examen in 2001 met als afstudeervak immunologie. Voor de 

doctoraalfase verrichtte zij onderzoek bij de afdeling Kindergeneeskunde onder begeleiding 

van prof. dr. B.J. Prakken. Dit onderzoek richtte zich op het opzetten van een nieuwe 

kweekmethode van dendritsche cellen om de interactie met het respiratoir syncytieel virus te 

kunnen bestuderen. In 2001 vervolgde zij dit onderzoek als assistent in opleiding onder 

begeleiding van prof. dr. J.L.L. Kimpen en dr. ir. G.M van Bleek. De resultaten van dit 

onderzoek staan beschreven in dit proefschrift. 
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Ab  antibody 
APC  antigen presenting cell 
BAL  broncho-alveolar lavage 
BFA  Brefeldin A 
cDNA  copy deoxyribonucleic acid 
CTL  cytotoxic T lymphocyte 
ds  double stranded 
EDTA  ethylene-diamine-tetraacetic acid 
ELISA  enzyme-linked immunosorbent assay 
ELISPOT ELISA-based spot assay 
F  RSV fusion protein 
FACS  fluorescence activated cell scanner 
FCS  fetal calf serum 
FI-RSV formalin-inactivated respiratory syncytial virus 
Flu  Influenza virus 
G  RSV attachement protein 
GM-CSF granulocyte-macrophage colony stimulating factor 
HLA  human leucocyte antigens 
Ig  immunoglobulin 
IL  interleukin 
IFN  interferon 

IFNAR  IFN-α receptor 
IRF  IFN regulatory factor 
LPS  lipopylysaccharide 
LRT  lower respiratory tract 
mAb  monoclonal antibody 
MDC  myeloid dendritic cell 
MHC  major histocompatibility complex 
moDC  monocyte-derived dendritic cell 
moi  multiplicity of infection 
NS1  RSV non structural protein 1 
NS2  RSV non structural protein 2 
PAMP  pathogen-associated molecular pattern 
PBMC  peripheral blood mononuclear cells 
PBS  phosphate buffered saline 
PDC  plasmacytoid dendritic cell 
PEG  polyethyleneglycol 
PFA  paraformaldehyde 
PGE2  prostaglandin E2 
Poly(I:C) polyinosinic-polycytidylic acid sodium salt 
PRR  pathogen recognition receptor 
pfu  plaque forming unit 
rec  recombinant 
RNA  ribo nucleic acid 
RSV  respiratory syncytial virus 
RT-PCR real-time polymerase chain reaction 
SEB  Staphylococcus aureus enterotoxin B 
SEM  standard error of mean 
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ss  single-stranded 
TCR  T cell receptor 
TGF  tumor growth factor 
Th  T helper 
TLR  Toll like receptor 
TNF  tumor necrosis factor 
UV  ultraviolet 
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