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Chapter 1

Introduction

Respiratory Syncytial Virus (RSV) infections are a major cause of lower respiratory tract 
disease and represent a major disease burden in infants, immune compromised patients and 
the elderly. Despite the identification and isolation of the virus in 1956, extensive efforts 
since then to develop a safe vaccine or effective antiviral therapy are without clear success. A 
vaccine trial in the 1960s caused enhanced disease when vaccines were exposed to the natural 
virus. The only approved intervention is the use of a prophylactic monoclonal antibody which 
is applied in high risk infants. Adaptive memory responses elicited during natural infections 
with RSV do not provide complete protection. The exact mechanism behind severe primary 
disease in humans is still poorly understood, and the mechanism behind vaccine enhanced 
respiratory disease while studied extensively in mouse models have not lead to clear insights 
for better vaccine approaches. Thorough knowledge of the complex interactions between the 
virus and the host immune system might eventually bring to light alternative strategies to 
protect against severe RSV infections, but this remains a great challenge.

The virus

The oldest known documented fatal case of human RSV infection originates from 1931; 
a 1 month old child suffered from an atypical pneumonia with symptoms of cough and 
wheezing without bacterial co-infections (1). The by then unknown infectious agent was 
discovered thirty five years later. RSV was isolated and identified in 1956 in a group of 
chimpanzees with symptoms of common cold. The virus was also associated with symptoms 
of common cold in their human caretakers during the outbreak (2). Shortly thereafter, it was 
found that the virus was the cause of bronchopneumonia and croup in two children (3). The 
virus mainly infected lung epithelial cells and showed extensive syncytium formation in 
tissue culture and hence it was named Respiratory Syncytial Virus (3;4). Despite the fact that 
RSV was identified in chimpanzees, it appeared that 100 % of all children under the age of 
four in a population study in Boston had experienced an infection with RSV. These findings 
were confirmed with many studies from around the world (3). It has now become clear that 
RSV is the major cause of lower respiratory tract illness in young children, out competing 
Influenza and Para-Influenza infections (3;5;6). Furthermore, besides the burden for young 
children, RSV is also considered to be an important infectious agent in immune compromised 
adults and the elderly (7).

Human RSV together with bovine RSV, ovine RSV and pneumovirus of mice is a pneumovirus 
belonging to the family of Paramyxoviridea (8). This family also contains Paramyxoviruses, 
such as Para Influenza Virus and Sendai Virus, Rubelaviruses like mumps and New Castle 
disease virus and the well known Morbillivirus, causing Measles (8). The single negative 
strand of non segmented RNA of RSV consists of 10 genes, encoding 11 proteins. RSV 
proteins can be clustered according to their function and location in the virus particle, except 
two non structural proteins (NS1 and NS2), that are not present in the virus particle. These two 
NS proteins are expressed early after infection and limit the anti-viral responses in infected 
cells (9-13). The attachment and infection of target cells is mediated by three transmembrane 
proteins, Fusion- (F), Glyco- (G) and Small Hydrophobic-protein (SH) via a pH independent 
process of clathrin mediated endocytosis (14;15). These three proteins are present in the 
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host cell derived lipid bi-layer encapsulating the nucleocapsid consisting of the Nucleo (N), 
Phospho (P) and the Polymerase (L) protein and viral RNA. The three nucleocapsid proteins 
are also involved in RSV RNA transcription (16;17). Furthermore, the Matrix proteins (M) 
and (M2) are responsible for connecting the viral membrane to the nucleocapsid and RNA 
regulation. The M2 gene has two open reading frames leading to two transcribed proteins 
(18). The first M2-1 protein is a structural protein of the virion and a co-factor involved in 
efficient RSV RNA transcription (19). The second open reading frame encodes for the M2-2 
protein, which promotes RNA replication and inhibits transcription (18;20). The relative 
presence of both M2 proteins in infected cells determines thereby the rate of viral genome 
replication and transcription.

Because the F- and G-protein are present at the virus and cell surface, they are the two main 
antigenic proteins targeted by antibodies. Selective pressure by the host immune system and 
less functional constraints allows the G protein to be the most variable of all RSV proteins. 
Due to the structure and function of the F-protein, antigenic variation in this protein is limited. 
RSV can be divided in subgroup A or B, with strains from subgroup A usually dominating 
during yearly epidemics. The G-protein shows only 1 to 7 % antigenic relation between 
the subgroups, while F-proteins are about 50 % antigenic related (21;22). This is reflected 
by sequence divergence between the subgroups, the G-protein only shares 53 % sequence 
homology, with a strict conserved central region of 13 amino residues (23;24).

The disease

Studies on epidemiology of RSV disease indicated that virtually all children have been 
infected by the age of 2 years, and 50 % has been infected twice (25). Throughout life healthy 
adults are re-infected multiple times, and the winter or rainy seasons are the main seasons 
during which most infections occur (26). Furthermore, in an experimental setting 25 % of 
healthy volunteers could be successfully re-infected with the same RSV strain within four 
months after initial infection. Re-infections occurred, despite the presence of high titers of 
neutralizing antibodies in these volunteers, suggesting that RSV immune protection was 
incomplete (27). In the majority of the children, primary RSV infection leads to a mild upper 
respiratory tract infection, characterized by low grade fever, cough and rhinorrhea. However, 
in some previously healthy children, RSV spreads from the upper respiratory tract to the 
lower respiratory tract, where RSV replicates in epithelial cells of small airways and alveoli. 
This leads to bronchiolitis, with severe coughing, wheezing and dyspnea. The child becomes 
hypoxic, probably due to obstruction of the airways by cell debris and mucus, and requires 
mechanical ventilation. 

These severe RSV infections in young children and incomplete protective immunity are 
important reasons why much effort has been put, and is needed, in the understanding of 
the anti-viral response and development of safe vaccines. Especially since early attempts 
to protect children against RSV infection by vaccination with formalin inactivated RSV 
(FI-RSV) went terribly wrong (28). In the U.S.A. about 17 to 30 per 1000 children under 
the age of 6 months require hospitalization for severe RSV lower respiratory tract infection 
(LTRI), with 10 % of those children requiring mechanical ventilation (5;29;30). Especially 
children who are born premature, or those with congenital heart diseases or pre-existing lung 
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conditions, have a higher risk to develop severe RSV disease (31;32). Severe RSV infection 
in hospitalized children is associated with prolonged episodes of wheezing and increased risk 
for developing asthma later in life (33-38). In adults RSV infection is characterized by mild 
cold-like symptoms, which can progress to severe respiratory failure and mortality in high 
risk elderly (39;40).
 
Innate responses

RSV sensing by innate immune receptors.
During natural exposure or experimental infection, RSV mainly infects airway epithelial 
cells from alveoli and small airways (3;4). These epithelial cells, together with specialized 
dendritic cells (DC) and macrophages, are the first cells to detect and respond to the presence 
of RSV (41). The relative presence of different cell types at the site infection determines the 
course of the immune response. For instance, increased numbers of plasmacytoid DC (pDC) 
compared to conventional DC have an anti-inflammatory effect on RSV disease and allergic 
responses, related to increased IFN-α production (42-44). Besides the differences in cellular 
composition at the site of infection, several others factors related to the detection of RSV also 
shape the innate and adaptive immune responses.
 
Detection of viral pathogens, like RSV occurs through a family of pattern recognition receptors 
(PRR), consisting of Toll Like receptors (TLR) and cytoplasmic sensors of viral RNA, like 
RIG-1 and MDA-5 (45-48). Activation of PRR and subsequent signaling via downstream 
kinases leads to translocation of NFκB to the nucleus, where it acts as a transcription factor 
for pro-inflammatory cytokines like IL-6, IL-8 and TNF-α (49). Activation of especially 
RIG-1/MDA-5, TLR3 and in some cases TLR4 not only activates NFκB but also causes the 
translocation of IRF-3 to the nucleus, where it induces transcription of type I interferon (type I 
IFN) (50-53). The type I IFNs, like IFN-α and IFN-β are key cytokines in antiviral responses, 
they induce apoptosis and limit virus replication in infected and non infected cells.
 
Initial sensing of respiratory single stranded RNA viruses like RSV, is thought to be mediated 
by RIG-1 in airway epithelial cells detecting single stranded viral RNA and is followed by 
activation of TLR3 by double stranded RNA formed during replication of the virus (54;55). 
Other pathogen recognition receptors involved in detection of viral RNA are TLR7 and 
TLR8, however their role in the detection of RSV has not been tested thoroughly (56;57). 
Furthermore, also TLR4 has been implicated in the recognition of RSV, as will be discussed 
further on (58).

Different cell types express a different array of TLR, for instance TLR7 is mainly expressed 
by pDC, while monocytes use TRL8 for the detection of single stranded viral RNA (59;60;60). 
Depending on the cell type that has been infected with RSV or internalized viral particles, 
different pattern recognition receptors are triggered, leading to a different chemokine/
cytokine production.

Some TLR are expressed at the cell surface, while others; i.e.TLR3, 7, 8 and 9 are expressed 
in intracellular vesicles called endosomes, furthermore RIG-1 resides solely in the cytoplasm. 
Therefore, the accessibility of viral component to a certain pattern recognition receptor can 
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also influence the subsequent immune response (61). The route of entry of a virus, either via 
direct infection, receptor mediated or antibody mediated uptake in part determines which 
cell compartment(s) will contain viral components and therefore which pattern recognition 
receptors will be activated. For instance, in the case of Coxsackie virus, IFN-α production is 
dependent on antibody mediated shuttling of the virus into TLR7 containing endosomes of 
pDC (62). 

These factors of pathogen detection described above indicate that the innate immune 
response against RSV is more complex then straight forward recognition by a PRR. The 
innate immune response triggered by RSV greatly depends on where and which cell types 
come in contact with (infectious) virus particles, and what is their current expression level 
of PRR. Furthermore, also the accessibility of viral components, for instance via antibodies, 
to different PRR influences the subsequent chemokine and cytokine production attracting 
different innate and adaptive immune cells.

RSV sensing and signalling by TLR4.
In addition to the classical pattern recognition receptors involved in the detection of RNA 
viruses, Kurt-Jones et al showed that the RSV-F protein could induce TLR4 dependent IL-6 
production in human monocytes and murine macrophages (58). TLR4 is considered a key 
receptor for detection of lipopolysaccharide (LPS) derived from Gram-negative bacteria. 
The interaction between RSV-F and TLR4 is host species specific, requiring either intact 
human RSV or purified RSV-F, whereas bovine RSV derived F protein does not induce a 
TLR4 mediated response (63). Furthermore, RSV infection of TLR4 deficient C57BL/10/
ScCr mouse resulted in a higher viral load compared to wild type mice (58). These results 
could not be repeated by Ehl et al. who used a different mouse strain (64). Ehl stated that the 
results by Kurt-Jones et al. were related to a mutation in the IL-12R β2-chain also present in 
their mouse strain, making this mouse strain also unresponsive to IL-12 (64;65). However, 
a second study on the functional consequence between TLR4 expression and RSV by the 
first group, in the correct TLR4 deficient (C57BL/6 background) mice, did observe a higher 
viral load when TLR4 signals were absent. The different results reported by the two research 
groups might be explained by the different time points analyzed for viral load day 11 vs. 
day 7 respectively or the different background (C3H versus C57Bl/6 mice (64;66). These 
results indicated however that the involvement of TLR4 during RSV infection was still 
somewhat controversial. Subsequent studies described that TLR4 deficiency lead to reduced 
NFκB activation in the lungs of mice early after RSV infection. The in vivo NFκB activation 
required viral replication, since it was absent with UV-RSV stimulation (67). UV-RSV should 
be able to interact with surface expressed TLR4. The requirement for live virus might suggest 
that TLR4 needs to be upregulated by live virus infection on lung epithelial cells, since lung 
epithelial cells have low steady state surface expression of TLR4 (68). The possible role of 
TLR4 and its adapter protein CD14 in the response to the RSV-F protein led to genetic studies 
in humans assessing the association of two SNP in the TLR4 gene with severe RSV infections 
(69). These mutations are associated with reduced LPS responses in human epithelial cells 
and increased risk to Gramm-negative bacterial infections (70). In a cohort of previously 
healthy children who developed severe RSV infection, Tal et al. found an association between 
the TLR4 mutations and increased risk of severe RSV infection (69). These mutations are 
predicted to be in the ligand binding and co-receptor binding region of TLR4, but they might 
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also affect surface expression (71;72). Mutations lead to reduced NFκB activation by LPS or 
RSV-F protein in cell lines transfected with the mutated TLR4 compared to wild type TLR4 
(73). Also PBMC’s from subjects containing the same mutations stimulated with LPS or 
RSV, show reduced cytokine production and diminished NFκB activation (72). 

Chemokine and cytokine production during RSV infection.
Upon infection of mice with RSV, expression of up to 1200 genes involved in anti viral 
responses and antigen presentation are altered in the respiratory tract (74). Compared to other 
respiratory infections (like influenza), RSV shows the greatest upregulation of chemokine/
cytokine genes, leading to higher levels of chemokines/cytokines in the respiratory tract (75-
77). Enhanced production of CC (CCL2, CCL3 and CCL5), CXC (CXCL1, CXCL8 and 
CXCL10) and the CX3C (fractalkine, CX3CL) chemokines, leads to recruitment of neutrophils, 
monocytes, DC and T cells into the respiratory tract. The cellular composition of the lung 
after primary infection has a great impact on subsequent infections with unrelated pathogens. 
Alterations in ratios of different DC populations in the lungs affect primary and secondary 
responses, due to difference in chemokine/cytokine secretion and the attraction of different 
subsets of inflammatory cells (42;44;78-80). In patients with severe RSV infections high 
levels of TNF-α, CCL5, IL-6 and IL-8 (CXCL8) were found in the airways, causing an influx 
of mainly neutrophils and activated T cells, possibly enhancing the disease (77;81-84). The 
important role of chemokine and cytokines in steering and controlling the immune responses 
led to a focus of genetic studies on associations of severe RSV disease and polymorphisms 
in these genes. Several associations between single nucleotide polymorphisms (SNP) in 
chemokine genes and severe RSV disease have been found. A SNP in the IL-8 promoter 
region leading to increased IL-8 production, which potentially increases the neutrophil influx 
in the lungs during RSV infection, is overrepresented in children with severe RSV disease. 
Also a SNP in the CCR5 promoter region is associated with increased chance of developing 
severe RSV disease (85-88). The second group of SNP associated with severe RSV disease 
is formed by cytokine genes that can affect the effector functions of T cells. Associations 
between SNP in the IL-9, IL-10 and TNF-α genes and severe RSV disease are found (89-91), 
However from most of these studies, the effect of these SNP on protein levels and functions 
are unknown.

Immune evasion and modulation.
Despite high levels of chemokines and cytokines produced during RSV infection in mice, 
there is hardly any production of type I IFNs, key regulators of anti viral responses (74). 
This is probably due to two proteins (NS1 and NS2), that are not found in live virus particles, 
do not seem to be involved in the virus structure/particle and are therefore called non 
structural proteins (NS). The NS1/2 genes are located at the 3’-end of the genome between 
the untranslated leader region and the nucleoprotein gene and are the first and most abundant 
transcribed proteins in infected cells (13). RSV deletion mutants lacking NS1 or NS2 are 
viable, suggesting that these proteins are not required for viral replication (92;93). However, 
the deletion mutants are attenuated, which is cell type dependent and related to type I IFN 
production (9;94). One of the essential transcription factors for type I IFN is IRF-3, which is 
C-terminally phophorylated for translocation to the nucleus. NS proteins from RSV interfere 
with RIG-1 signalling, inhibit IRF-3 phosphorylation and translocation to the nucleus, 
while NFκB activation remains untouched (10;11;95;96). The important role of functional 
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NS proteins in increasing virulence makes these proteins an interesting target for anti-RSV 
therapeuticals (97). Mice treated prophylactic with siRNA nanoparticles directed against the 
NS1 protein, show decreased viral lung titres, reduced inflammation and airway reactivity 
and increased adaptive CD8+ T cell responses during RSV infection (12;98). Increased CD8+ 
T cell responses are related to the function of DC, as these cells form the bridge between 
innate and adaptive immune response. Maturation and chemokine/cytokine production of 
DC is inhibited by RSV NS proteins, affecting the formation and quality of adaptive immune 
responses (99). 

Besides the recognition of RSV-F by TLR4 and the type I IFN production inhibition by 
the NS proteins, two other proteins of RSV are also implicated in regulation of innate and 
adaptive immune responses. Using G/SH protein deficient recombinant RSV, it was observed 
that trafficking of neutrophils and NK cells was reduced with altered chemokine production 
(100;101). Interestingly, the G protein is not only expressed as a membrane protein (mG), 
but also secreted from infected cells as a soluble protein (sG) (102). This is suggestive for an 
important role of the G protein in modulation of the innate and adaptive immune responses. 
The G protein contains a conserved part from amino acids 169-191, which mimics the CX3C 
chemokine motif. Although fractalkine is the only known chemokine with a CX3C motif, it 
has little amino acid homology with the G protein, but in structure the two proteins are alike. 
It was found that the G protein could bind the fractalkine receptor (CX3CR1) and blocking of 
this receptor reduced RSV infection. CX3CR1 expressing leukocytes migrated towards both 
fractalkine as well as soluble RSV-G during RSV infection in mice, leading to increased cell 
influx in the lungs (103-105). 

It has been observed that antigen presentation and stimulation of T cells by RSV infected 
DC is inefficient. The exact mechanisms by which this occurs are unknown, but both contact 
dependent mechanisms as well as soluble factors have been implicated. RSV infected DC 
produce a soluble factor, that inhibits T cell proliferation and effector function (106;107). The 
exact factor is unknown, although IFN-λ has been associated with RSV induced inhibition 
of T cell proliferation (107). Also contact dependent mechanisms contribute to reduced T 
cell effector mechanisms. The F-protein on RSV infected cells can limit the proliferative 
response of T cells in a contact depended manner (108). It needs to be determined how these 
in vitro observations affect the in vivo generation of innate and adaptive responses.

Adaptive immune responses

Immune protection.
Two major questions that are still unanswered with regard to protective immunity to RSV 
are the contribution of adaptive immune responses to immune pathology and why protective 
immunity against RSV is incomplete. Protective adaptive immunity against RSV is considered 
to be suboptimal, based on the frequent re-infections in humans (27). Adults and children have 
high titers of neutralizing antibodies after primary or secondary infections, which increase 
almost four-fold during re-infection and drop to pre-infection levels within one year (109-
111). Antibodies produced by B cells are responsible for some protection against subsequent 
RSV challenges and maternally derived antibodies diminish disease severity during primary 
infection (112-114). Upon infection respiratory DC transfer viral antigen to lymph nodes 
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draining the site of infection and stimulate naïve and memory antigen specific T cells (115-
117). Naïve T cells rapidly expand upon activation, acquire effector functions and migrate 
towards a chemokine gradient to the inflamed site (118-120). Protective T cell responses 
against live viruses usually consist of T helper cells producing Th1 type cytokines like IFN-γ 
or TNF-α, while helminthes and bacteria induce CD4+ T cells producing Th2 type cytokines, 
consisting of IL-4, IL-5 or IL-13. During acute viral infections in healthy adults, virus specific 
CD8+ T cells develop and peak within 14 days after infection (121). After elimination of the 
pathogen, inflammation wanes and the number of virus specific T cells contract to form a 
memory population (122;123). Memory T cells ensure an early and rapid response against 
secondary infections. Due to the fact that memory T cells are a heterogeneous population 
that differs in location, responsiveness and longevity, different kinetics and responses are 
found for memory subsets during secondary infections (124-126). Long lived memory T 
cells against respiratory viruses and RSV can be found in the lungs of healthy adults and 
mice (127-129). It has been reported that RSV specific CD8+ T cells present in the lungs, are 
unable to exert their effector function (130). This partial inactivation of RSV specific CD8+ 
T cells in the lungs of mice has therefore been implicated as a possible explanation for the 
lack of protective memory responses (27;130). However, both in humans and mice T cells are 
found to be important in clearing RSV from the lungs (131-133). Moreover, this phenomenon 
of partial CD8+ T cell inactivation was not RSV specific and was observed with many other 
respiratory viruses as well (134-136). This suggests that partial inactivation of T cells might 
rather be due to the local environment in the lung and possibly reflects a mechanism in the 
lung to prevent extensive immune damage.

Immune pathology.
Adaptive T cell responses are not only associated with viral clearance but also implicated in 
immune pathology. The theory of T cell induced immune pathology during RSV infection 
is mainly based on mouse experiments, where T cells dominate the immune response 
(132;133;137;138). Upon depletion of CD4+ and CD8+ T cells, mice shed RSV for a prolonged 
time without severe illness. When only one of the T cell subsets is depleted or transferred to 
persistently infected mice, disease becomes more evident (132;133). Both CD4+ and CD8+ T 
cells are involved in rapid viral clearance but could under certain circumstances contribute 
to immune pathology. 

Further evidence of an important role of T cells in RSV disease is based on animal experiments 
reproducing enhanced disease after FI-RSV vaccination in humans. Mice subcutaneously 
primed with the FI-RSV vaccine used in 1960s showed similar enhanced disease symptoms 
upon challenge with live virus as humans. Especially Th2 type T cells played an important 
role in the vaccine induced immune pathology. To gain further insight in the contribution of 
individual RSV proteins to memory responses, mice were primed with recombinant vaccina 
viruses expressing individual RSV proteins. The enhanced disease, with eosinophilia and 
Th2 CD4+ T cell responses could be reproduced when mice were primed with recombinant 
vaccina virus expressing the RSV-G protein (139;140). This enhanced disease mimicking the 
response after FI-RSV priming and challenge was only observed when mice were primed 
with the G protein, while priming with the F or M2 protein induces a more protective Th1 
CD8+ T cell response (139;140). Enhanced disease after priming with the G protein is largely 
caused by a single epitope in the conserved region, recognized by a subset of CD4+ T cells 
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producing both IFN-γ and IL-5 (141). Enhanced disease after G protein priming depends 
on the genetic background of the mice and MHC genes, mice resistant to enhanced disease 
respond with higher CD8+/CD4+ T cell ratios. Indeed the balance between protective CD8+ 
T cells and Th2 CD4+ T cells determines whether enhanced disease develops or protective 
responses are initiated upon challenge infection (142-144).

In contrast to mouse experiments, in immune -compromised or –suppressed human patients 
with reduced T cell responses, RSV disease is observed more often and disease is more 
severe compared to healthy subjects (131;145). Human autopsy material from severe fatal 
RSV infections also showed widespread viral replication with few T cells and NK cells (146). 
In contrast, pulmonary material from a 15 month old less severe RSV patient killed in a 
traffic accident, showed extensive pulmonary monocyte and T cell infiltrations (1). These 
observations indicated a possible difference in the involvement of T cells in disease severity 
between human and mice, where increased T cell responses might protect against severe 
RSV disease in humans. Also in children admitted to the intensive care unit (ICU) requiring 
mechanical ventilation due to severe RSV infection, the majority of cells in the airways 
consisted of mainly neutrophils and low numbers of highly activated CD8+ T cells (82). 
However, kinetics of primary RSV specific T cell responses in children with severe RSV 
infections, hint at a role of viral or neutrophil mediated pathology as both peak together with 
disease severity (Chapter 5), while T cell responses appear in the blood of these children at 
the end of stay at the ICU (82)(Chapter 4 and5). 
 
Vaccines and protection

Vaccine failure.
Early after the discovery and isolation of RSV, a vaccine was constructed via a well known 
protocol of virus inactivation with formalin in combination with aluminum hydroxide as 
adjuvant. This FI-RSV vaccine was used in the 1960s in a series of clinical trials with children 
with unforeseen consequences. Despite high levels of RSV specific antibodies, the children 
were not protected against natural RSV infections. Up to 80 % of the vaccinated children 
were hospitalized after natural exposure to RSV and two children died (28;147-149). The 
vaccinees suffered from bronchiolitis and pneumonia with high viral load and eosinophilic 
influx in the airways. Moreover, high lymphocyte proliferative responses against RSV 
antigens were observed (150). In subsequent analysis applying animal experiments and re-
evaluating original patient material, it appeared that the vaccine induced high titers of low 
avidity non neutralizing antibodies, deposited as immune complexes with RSV in the lungs 
of patients (151;152). Inactivation of RSV with formalin induces reactive carbonyl groups on 
RSV, which might have promoted non protective Th2 immune responses (153). In mice Th2 
associated cytokine producing CD4+ T cells are responsible for the enhanced disease, with 
limited induction of protective CD8+ T cell responses (143;144;154-157). These data and 
subsequent experiments in animals indicated that excessive Th2 skewed immune responses 
were responsible for enhanced disease upon natural infection.

Protection and treatment.
Despite much effort in the past 40 years, there still is no safe and effective licensed vaccine 
that can protect infants against severe RSV infection. There have been attempts to use live 
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viruses attenuated by cold passage or chemical mutagenesis (158;159). Other strategies 
included reverse genetics to create attenuated mutant viruses or use viral and bacterial vectors 
to induce protective T and B cell responses (160-162). Protective vaccination in the neonatal 
period is difficult, because the developing immune system reacts weaker to stimuli compared 
to adults and is Th2 skewed (163). Neonatal B cell responses are delayed, leading to lower 
IgG levels and different isotype distribution compared to older children, thus causing the 
humoral arm of the immune system to be less protective (164). Furthermore, maternally 
derived antibodies transferred to the child via breast milk and in utero, provide some early 
protection, but could also interfere with effective induction of protective immune responses 
by vaccines, in part due to B and T cell epitope masking or lowering antigenic load (165).
Despite the fact that maternally derived antibodies can hinder the induction of protective 
response during vaccination, there is also a clear inverse correlation between levels of 
RSV neutralizing IgG in cord blood and severe RSV infections (114). This indicates that 
prophylactic treatment with neutralizing antibodies can confer protection against RSV in 
the neonatal period (113;166-171). This is important because there is a clear association 
between the age of primary infection and subsequent responses during secondary infections 
at later age (172;173). Based on these observations a polyclonal human antibody preparation 
isolated from healthy donors, consisting of fractionated IgG with highly neutralizing 
capabilities (RespiGam) was given to high risk children. This treatment conferred some 
protection (174). The drawback was that infants required monthly intra-venous injections 
and that not all children with congenital heart disease or premature gestation were effectively 
protected (175). The idea of protective IgGs led to the development of palivizumab, a 
monoclonal antibody directed against the F protein of RSV. Palivizumab, which is directed 
against epitope 4 of the antigenic site A of the F protein was selected from a panel of murine 
antibodies and was humanized to allow repetitive use in humans (176-178). Palivizumab 
effectively reduces hospitalization rates of high risk infants with 50 % compared to a placebo 
group (179). Unfortunately, not all high risk infants are protected by prophylactic treatment 
with palivizumab, these children still show viral replication in the upper respiratory tract. 
Currently, several approaches are in progress to enhance the protective effects of antibodies 
(180).

RNA viruses are known to have high mutation rates because their RNA polymerases lack RNA 
proofreading capabilities. Since palivizumab and a newly developed more potent derivative 
Motavizumab are based on the same parental mouse antibody, there is an increased chance 
that palivizumab escape mutants might develop (180). Although no palivizumab resistant 
clinical isolates have been found yet, palivizumab resistant RSV strains have been isolated 
from the lungs of prophylactically treated cotton rats (181;182). Therefore, there still is a 
need for new developments in the protection of those at risk for severe RSV infection, were 
prophylactic antibodies seems to be the best option during the early months of life and in 
immune compromised individuals.

Concluding remarks and outline of this thesis

In the past 50 years, since its initial discovery, many studies have been performed that have 
shed light on epidemiology, disease, immunity and vaccine development in relation to RSV. 
Major questions that remain are; (I) why do certain otherwise healthy children develop severe 
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RSV lower respiratory tract infection, while the majority of the birth cohort presents with a 
mild disease? (II) Why is immunity to RSV incomplete and are healthy persons frequently 
re-infected? (III) How to protect those at risk for severe RSV disease, is vaccination for RSV 
desirable at young age or are there alternative methods more suitable and effective? In this 
thesis we try to shed light on certain aspects of these questions by studying the involvement 
of different cell types and their pathogen recognition receptors in the induction of RSV 
specific responses in mouse models and the kinetics of primary immune response in children 
with severe RSV infections.

Controversy still exists concerning the relative contribution of virus and the immune system 
to severe disease. Depending on the genetic background and MHC genes, mice are more 
or less susceptible to disease after primary or secondary infections. BALB/c mice, which 
recognize T cell epitopes in the context of H-2d MHC are more sensitive to RSV infection 
than C57BL/6 mice, which use the H-2b MHC genes for presentation of antigens to T 
cells (183;184). Furthermore, BALB/c mice are more prone to develop Th2 type response 
compared to the Th1 skewed immune responses of C57BL/6 mice to viral infections (185-
187). Only for BALB/c H-2d mice, detailed knowledge of epitopes recognized by CD4+ and 
CD8+ T cells was known when we started our studies (188-191). To allow for detailed study 
of the contribution of adaptive T cell responses against RSV in the context of the genetic 
background, we characterized the CD8+ T cell responses in C57BL/6 mice in chapter 2 
and identified several epitopes in the F, G, M and NP proteins or RSV (192). This detailed 
knowledge of adaptive T cell response furthermore opens up the use of transgenic mouse 
models. Most transgenic and knock out mice are only available on the C57BL/6 background. 
Thorough knowledge of the adaptive immune responses in these mice allows dissection of 
the contribution of individual genes and proteins to RSV specific immune responses.

Re-infections with RSV are common and ascribed to poor memory responses (27). RSV 
possesses several mechanisms to interfere with efficient immune activation, DC play key 
role in this process as they determine the quantity and quality of subsequent adaptive 
immune responses (106-108). Furthermore, DC have long lasting effects on the development 
of secondary responses in the lungs and the relation between severe RSV infection and 
development of asthma later in life might be related to altered lung DC environment 
(33;34;78;79;193). In chapter 3 we described the effect of primary RSV infection on kinetics 
of lung DC migration and repopulation in mice and focused on the contribution of different 
DC subsets in stimulation of antigen specific CD4+ and CD8+ T cells. This information can 
be used for new vaccination strategies. A promising technique is vaccination by targeting 
antigens to DC (194). This not only induces a strong immune responses, also the nature of the 
responses can be manipulated by targeting to different subtypes of DC and include adjuvants 
tailored to induce a protective immune response (195).

The mouse model has been extensively used to study the primary and secondary immune 
responses against RSV, however infection requires relative high viral inoculums. Furthermore, 
not all characteristics of human disease are well represented by primary infection in mice and 
controversy exists regarding the role of T cells in immune pathology. Therefore, we initiated 
studies to characterize T cell responses in blood and airways in children admitted with 
severe primary RSV to the ICU requiring mechanical ventilation (chapter 4). Neutrophils 



18

Chapter 1

dominated the response in the airways during severe RSV infections, although also increased 
numbers of activated T cells were found, compared to the control group. A set of antibodies 
directed against well known activation associated surface makers on T cells, showed that in 
peripheral blood T cell activation peaked at the end of stay at the ICU. This peak in activation 
was paralleled by a functional IFN-γ response.

The previous chapter showed peak T cell responses at the end of stay at the ICU, however this 
gave no information concerning the relation between viral load, disease severity and immune 
responses. Therefore detailed studies were performed on kinetics of innate and adaptive 
immune responses in relation to viral load and disease severity in children with severe RSV 
disease (chapter 5). The kinetics of primary T cell responses during a natural viral infection in 
neonates was for the first time described. The sequence of events indicated that the neutrophil 
responses coincided with both peak values of viral load and disease severity, while T cell 
responses were still absent.

As the memory response against RSV is suboptimal, we studied dynamics of respiratory virus 
specific memory CD8+ T cell responses in the airways and blood during secondary respiratory 
viral infections in chapter 6. We focused on the recruitment of virus specific and bystander 
memory T cells from the blood to the airways during respiratory viral infections. A clear 
pattern could be seen, both virus specific and bystander memory T cells were activated and 
recruited from the blood to the airways. Only during RSV infection we observed an expanded 
RSV specific T cell response in the airways which clearly suggested the involvement of these 
cells locally in the lung. 

Children admitted to the ICU with severe RSV disease are generally younger than 6 months 
of age, protective vaccination is difficult to achieve in these children (163). Prophylactic 
treatment with highly neutralizing RSV specific antibody is currently the only safe and 
successful measure to protect high risk children. The fact that not all children are effectively 
protected by palivizumab, the only currently licensed antibody, warrants a further development 
of antibody mediated treatment with that respect. New fully human very high neutralizing 
RSV specific antibodies were characterized in chapter 7 (196). These fully human natural 
RSV specific antibody efficiently neutralized RSV in vitro and diminished viral load, innate 
response and adaptive responses in animal models. This makes them a very promising 
pool of a new generation of protective RSV specific antibodies that can be administered 
prophylacticcally.

The final chapter 8 summarized the data and new insight of this thesis in relation to the 
recent literature concerning RSV.
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Abstract

The BALB/c mouse model for human Respiratory Syncytial Virus (RSV) infection has 
contributed significantly to our understanding of the relative role for CD4+ and CD8+ T cells to 
immune protection and pathogenic immune responses. To enable comparison of RSV specific 
T cell responses in different mouse strains and allow dissection of immune mechanisms by 
using transgenic and knockout mice that are mostly available on a C57BL/6 background, 
we characterized the specificity, level and functional capabilities of CD8+ T cells during 
primary and secondary responses in lungparenchyma, airways and spleens of C57BL/6 mice. 
During the primary response epitopes were recognized originating from the matrix-, fusion-, 
nucleo- and attachment proteins, while the secondary response focused predominantly on the 
matrix epitope. C57BL/6 mice are less permissive for RSV infection than BALB/c mice, yet 
we found CD8+ T-cell responses in the lungs and bronchoalveolar lavage, comparable to the 
responses described for BALB/c mice. 
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Introduction

Respiratory Syncytial Virus (RSV), a member of the family of Paramyxoviridae, is the 
leading cause of viral lower respiratory tract infection in early childhood. Although about 50 
years have elapsed since the virus was discovered, the essential parameters that determine 
a severe disease course during primary infection have not been unambiguously identified. 
Besides the burden RSV infections pose on the population during primary disease, which 
is usually attracted during the first year of life, the virus also causes recurrent re-infections 
which are a main health concern in elderly people and immune compromised individuals (1). 
Moreover, RSV lower respiratory tract disease is followed by recurrent episodes of wheezing 
in a considerable population of children (2). A safe and effective vaccine is not available. A 
dramatic vaccine trial was performed in the 1960’s with formalin inactivated RSV (FI-RSV). 
Vaccinees in this trial developed enhanced disease upon exposure to the natural virus (3;4). 
For the development of future vaccines that are highly protective and safe two essential 
points need to be addressed. First, how can immune mediated enhancement of disease be 
prevented and second, why is immunity incomplete after natural RSV infection and how can 
this be improved by a vaccine?
 
Several aspects of the immune response against RSV including the enhanced disease mechanism 
after FI-RSV vaccination have been extensively studied in mouse models, particularly in 
BALB/c, a mouse strain highly permissive to RSV infection (5;6). From these studies it was 
learned that CD4+ Th2 cells are a crucial component of enhanced disease characterized by 
an eosinophilic influx in the lungs that was also observed in FI-RSV vaccinated children (7). 
The effect of this Th2 response could be antagonized by an effective simultaneous CD8+ T 
cell response, whereby high production of IFN-γ seemed crucial (8;9).
 
Another finding in BALB/c mice was that CD8+ T cells in the lung tissue were partially 
functionally inactivated. This conclusion was made from the observation that in the same 
lung derived cell sample the number of CD8+ T cells specific for a certain viral epitope as 
measured by H-2 tetramer staining did not match up with the number of CD8+ T cells that 
produced IFN-γ upon an ex vivo stimulus with the same peptide (10). This discrepancy was 
not found in splenic cell samples but only found in lung tissue when live virus was present. 
The authors suggested that this functional impairment of the CD8+ T cell response might 
have some relation with the incomplete long term memory against RSV (10). The mechanism 
by which CD8+ T cells became inactivated is unclear. In in vitro responses with human T 
cells, high surface expression of the F protein on accessory cells was reported to impair the 
proliferative response of T cells induced by a polyclonal stimulus (11). However, others have 
suggested the role of soluble factors as the cause for impaired polyclonal T cell activation in 
the presence of live RSV (12;13;14).

Genetic factors have been shown to affect susceptibility to primary RSV infection in mice as 
well as the nature of the secondary immunological response to RSV infection after vaccination 
(5;15). MHC genes and non-MHC genes both played a crucial role in disease severity. Hence, 
the detailed study of T cell responses in other mice strains besides BALB/c might further 
our understanding of the mechanisms leading to protective immunity or immune pathology. 
C57BL/6 mice have been studied in various infection models in parallel to BALB/c mice. 
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From these studies it has become clear that for certain pathogens BALB/c mice are more 
prone to develop a Th2 skewed immune response while C57BL/6 mice elicit Th1 type 
responses (16;17;18). This essential difference in pathogen-specific immune responses as 
well as the fact that many interesting transgenic and knock out mice are available on an H-2b 
background determined our choice to characterize the CD8+ T cell response against RSV in 
the C57BL/6 mouse model. 
 
Results

Identification of H-2b restricted epitopes of RSV proteins by ELISPOT

It has been reported that CD8+ T cells in the lungs of BALB/c mice are functionally inactivated. 
To be able to judge whether this observation can be generalized to other mouse strains and 
to study the mechanism of anti-viral T cell activation using transgenic or KO mouse models, 
it was necessary to identify CD8+ T cell epitopes in a different mouse strain. Because many 
interesting genetically manipulated mice are available on an H-2b background we initiated 
an epitope search in C57BL/6 mice. A panel of 18-mer peptides (12 amino-acid overlap) of 
the RSV-F protein as well as a set of peptides derived from other RSV proteins, predicted 
by algorithms for the MHC class I allele H-2Db were synthesized (Table 1) (19;20). We 
initially focused on H-2Db because it appeared to be the main restriction element during RSV 
infection in H-2b mice (15). Splenocytes from RSV infected C57BL/6 mice were isolated 8 
days after primary infection and were stimulated with the synthetic peptides. The peptides 
were tested for their capability to induce IFN-γ production by T cells in an ELISPOT assay. 
The number of spot-forming cells (SFC) per 106 cells was determined (Fig. 1). The 18-mer 
peptide set was initially tested as mixtures of 6 consecutive peptides, followed by tests with 
individual peptides of positive pools. The most dominant response in C57BL/6 was directed 
against the M187-195 sequence, derived from the matrix protein. We further found substantial 
responses against two sequences from the Fusion protein (F250-258 and F433-450), one from the 
nucleoprotein (NP360-368) and a response against a peptide representing amino acid residues 
177-194 from the G protein (G177-194).

Figure 1. Identification of immunodominant 
domains in RSV proteins. Mice were i.n. infected 
with RSV, and 8 days later splenic lymphocytes 
were incubated with 10 μg/ml synthetic peptides. T 
cells responding to synthetic peptides in the cultures 
were enumerated with an IFN-γ ELISPOT assay. 
The results from the positive pools, one negative 
pool and individual peptides are shown. Error bars 
represent the standard error of the mean (SEM), 
results are triplicate measurements of 1 mouse. An 
identical response pattern was observed in three 
individual mice. The numbers given for the pools 
identify the stretch of amino acid residues that is 
covered by the peptides in the pools.
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Identified epitopes are recognized by CD8+ T cells

Because of the length of some of the peptides, the observed responses in the ELISPOT assay 
could reflect CD4+ and/or CD8+ T cell responses. Therefore, intracellular cytokine staining 
(ICS) was performed to elucidate the role of CD4+ versus CD8+ T cells. Peptides that gave 
a strong positive result with the ELISPOT assay, as well as an extra peptide derived from 
the NP sequence that was predicted to bind to H-2Kb and a shorter variant of the sequence 
from the G protein were used. Peptide F250-258 represented the nonamer contained in the two 
overlapping peptides F241-258 and F247-264 that were identified by ELISPOT. Lung lymphocytes 
from C57BL/6 mice isolated 8 days after primary infection were stimulated for 6 hr with 
the peptides. The percentage of IFN-γ producing CD8+ T-cells was enumerated with ICS 
(Fig. 2a, Fig. 5c). All responses initially detected with the ELISPOT assay appeared to be 
CD8+ T-cell responses. The dominant peptide M187-195 induced 13 % of the lung CD8+ T-cells 
to produce IFN-γ. Peptides derived from the NP and F proteins induced IFN-γ production, 
involving 2.3 % to 8 % of the lung CD8+ T-cells. In BALB/c mice, the lack of a G specific 
CD8+ T cell response after viral infection has been well documented (8;21). Interestingly, we 
found that the response against the peptides derived from the G protein were like the other 
responses also CD8+ T-cell mediated, with 8 % of the CD8+ T-cells in lung responding to the 
G177-194 peptide. To confirm a true CD8+ T-cell response and determine the restriction element 
for this G177-194 specific response, we performed ICS in the presence of blocking antibodies 
specific for H-2Db and H-2Kb. Furthermore, some samples were pre-incubated with an excess 
of the Influenza NP366-374 or VSV NP52-59 peptides, well known binders for H-2Db and H-2Kb 
respectively. The incubation of CD8+ T-cells with the anti-Db antibody or competition with 
the Influenza NP366-374 peptide reduced the IFN-γ production by the G177-194 peptide to near 
background levels. While pre-incubation with anti-Kb or the VSV NP52-59 had no effect on 
the G177-194 induced IFN-γ production (Fig. 2b). This result proved that the observed IFN-γ 
production stimulated by G177-194 was a genuine CD8+ T-cell response.

Sequence Protein Predicted restriction element

NAITNAKII M187-195 H2-Db

VVLGNAAGL NP323-331 H2-Db

ANHKFTGL NP57-64 H2-Kb

NPKDNDVEL NP383-391 H2-Db

NGVINYSVL NP360-368 H2-Db

YMLTNSELL F250-258 H2-Db

IETVIEFQQKNNRLLEIT F216-234 H2-Db

KTFSNGCDYV F433-442 H2-Db

SNNPTCWAICKRIPNKKP G177-194 H2-Db

SNNPTCWAICKR G177-188 H2-Db

Table 1 Selection of peptides tested with ELISPOT assay and ICS. Sequences in bold are peptides that 
induced significant IFN-γ production by CD8+ T cells after in vitro stimulation.
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The M187-195-specific primary CD8+ T-cell responses in the lungs at day 8 
post infection

In BALB/c mice, it has been shown that the pulmonary RSV-specific CD8+ T cell responses 
display a partially inactivated phenotype (10;22). To determine whether a similar phenomenon 
happened in RSV-infected C57BL/6 mice, we compared M187-195 tetramer and intracellular 
IFN-γ staining. Lung lymphocytes were stained with an M187-195 tetramer and antibodies 
specific for the activation markers CD11a and CD62L or NKG2a. These antibodies were 
used to estimate the total number of recently activated T cells present in the sample. In the 
lung tissue of C57BL/6 mice undergoing a primary RSV infection, 46 % of the CD8+ T cells 
were activated as measured by up-regulation of NKG2a expression (Fig. 2c, Table 2). This 
was similar to the percentage of CD8+ T cells that had a CD11ahi and CD62Llow phenotype 
(49 %). In MOCK infected mice, only 4.5 % (average 3.1 % ± 0.9) of the CD8+ T cells in the 
lung had an activated phenotype. 

M187-195 tetramer staining revealed that 13 % (12 % average, Table 3) of the CD8+ T cells in the 
lung stained positive (Fig. 2d). The background staining was only 0.27 % in a MOCK infected 
mouse and 0.29 % in a mouse going through a primary influenza infection confirming the 
specificity of the tetramer. In influenza infected control mice, CD8+ T cells stained positive 
(11 %) with an influenza NP366-374 tetramer, which showed that these mice had been properly 
infected. The M187-195 specific response involved 28 % of the CD11ahi/CD62Llow population 
of CD8+ T cells in the lung tissue. Figure 2e shows that virtually all tetramer positive cells 
indeed had the activated phenotype (CD11ahi, CD62Llow, NKG2Apos). Thus, our data clearly 
showed that the number of tetramer positive cells was similar to the number of cells that 
produced IFN-γ after in vitro stimulation with the peptide (Table 3). Hence, in the C57BL/6 
mouse strain, at day 8 after primary infection, we did not observe the discrepancy found by 
Chang et al. between the number of tetramer positive and the number of functional cells 
(10).
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Figure 2. Pulmonary CD8+ T cell activation at day 8 after primary RSV infection. Pulmonary lymphocytes 
were incubated with synthetic peptides (1 μM) for six hours and IFN-γ production was measured by intra-
cellular staining. A. The percentages of INF-γ producing CD8+ T cells responding to individual peptides are 
shown in the upper-right quadrant. One representative FACS plot is shown. Average percentages of the total 
groups of mice tested and SEM are depicted in Fig. 5c, where the hierarchy of peptide specific responses at 
different time points after primary (day 8, 21 and 28) and secondary (day 6) RSV infections are summarized. 
B. Relative IFN-γ production after pre-incubation with blocking antibodies or peptide competition. C. 
Expression of NKG2a, CD11a and CD62L on pulmonary CD8+ T cells at day 8 p.i Numbers represent the 
percentage of live CD8+ T cells in each quadrant. Average percentages and SEM for the total group are 
summarized in Table 2. D. Pulmonary lymphocytes 8 days p.i. were stained with M187-195 (RSV) or NP366-374 
(Influenza) tetramer. Numbers represent the percentage of tetramer+ CD8+ T cells. E. Pulmonary CD8+ T 
cells were stained with anti-NKG2a, anti-CD11a or anti-CD62L in combination with the M187-195 tetramer. 
Numbers represent the percentage of CD8+ T cells of total pulmonary CD8+ T cells. The pictures shown are 
representative of four mice per group and two/three individual experiments. The average values of tetramer 
positive cells and SEM of the total group can be found in Table 3.
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Transition of CD8+ T-cells from effector to memory cells in the lungs

To evaluate the possible inactivation of M-specific CD8+ T cells during the transition of 
effector phase to the early memory phase, we removed lung lymphocytes from mice 21 days 
p.i. and stimulated these cells with the same epitopes used at day 8 p.i. The total number of T 
cells recovered from the lungs at day 21 was twofold lower than at day 8. The percentage of 
CD8+ T cells that produced IFN-γ also declined. The M187-195 peptide still was the dominant 
epitope, with 5 % of the CD8+ T cells producing IFN-γ. The other peptides induced IFN-γ 
production that hardly reached above background levels (Fig. 3a, Fig. 5c). To study the 
activation status of these cells at this time point, the cells were stained with the activation 
markers and the M187-195 tetramer. There was a decline in the percentage of activated CD8+ T 
cells, with about 38 % (33 % average in the group, Table 2) CD8+ T cells remaining CD11ahi, 
CD62Llow. About 35 % (28 % average in the group, Table 2) of the CD8+ T cells also remained 
NKG2apos (Fig. 3b). Of the lung lymphocytes 8.5 % of the CD8+ T cells stained positive 
with the M187-195 tetramer (Fig. 3c, Table 3). Thus, at this time point we found a discrepancy 
between the cells able to produce IFN-γ and the cells that stained positive with the tetramer 
indicating that in time, a fraction of RSV-specific lung T cells lost the capacity to produce 
IFN-γ in C57BL/6 mice.

Functional inactivation of M187-195 specific CD8+ T-cells in the lungs

The inability of the M187-195 specific CD8+ T cells of the lungs to produce IFN-γ at day 21 after 
infection was studied in more detail. To confirm that the inactivation was tissue specific and 
not caused by technical procedures we compared the M187-195 specific CD8+ T cell response 
in the spleen and lungs at day 8, 21 and 28. According to the report by Chang et al. the effect 
of CD8+ T cell inactivation is restricted to the lungs (10). The percentage of M187-195 specific 
CD8+ T cells in the lung parenchyma at day 8 was comparable with the percentage of CD8+ 
T cells producing IFN-γ after peptide stimulation, 12.1 % tetramer positive versus 12.5 % 
IFN-γ producing CD8+ T cells (Table 3). This was also observed for CD8+ T cells in the 
spleen at day 8, where 1.4 % stained positive with the M187-195 tetramer and 1.6 % produced 
IFN-γ after peptide stimulation.
 

Lung paremchyma Lung airways
% NKG2apos % CD11ahi/CD62Llow % NKG2apos % CD11ahi/CD62Llow

day 8 46.4 ± 2.1 49.0 ± 0.3 69.3 ± 2.6 81.2 ± 2.7
day 21 28.4 ± 2.5* 32.9 ± 5.9* 81.7 ± 2.5* 20.4 ± 2.6*,**

Table 2. C57BL/6 mice were intranasally infected with 2.5x106 p.f.u RSV A2. Lymphocytes obtained from 
the lung parenchyma and lung airways (of 4 mice per group from 2 independent experiments) at indicated 
time-points after infection, were stained with anti-CD8, anti-NKG2a, or anti-CD11a and anti-CD62L in 
combination with the M187-195 tetramer. Numbers represent the percentage of NKG2apos, CD11ahi/CD62Llow 
CD8+ T cells of total CD8+ T cells ± standard error of the mean (SEM). * Denotes values with a significant 
difference between day 8 and day 21 in surface expression of the selected marker (p<0.01). ** The percentage 
of CD8+ CD62Llow was comparable to the percentage of NKG2apos CD8+ T-cells. 
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As already observed there was a discrepancy between M187-195 tetramer specific CD8+ T cells 
and the number of these cells capable of producing IFN-γ at day 21 from the lung parenchyma. 
Only 59 % of the M187-195 specific CD8+ T cells produced IFN-γ. In contrast to the spleen, 
where all M187-195 specific CD8+ T cells produced IFN-γ at day 21 after stimulation with the 
M187-195 peptide (Table 3). The difference between M187-195 IFN-γ production and M187-195 
tetramer staining of CD8+ T cells in the lung parenchyma increased even more at day 28 after 
primary infection. Only 41 % of the M187-195 specific CD8+ T cells in the lung parenchyma 
were functional, while 83 % of these cells in the spleen were functional. 

Figure 3. Pulmonary CD8+ T cell activation at day 21 p.i.. A. Pulmonary lymphocytes were incubated with 
synthetic peptides and IFN-γ production was measured by intra-cellular cytokine staining. The percentages 
of IFN-γ+ CD8+ T cells out of total live CD8+ T cells are shown in the upper-right quadrant. Average values 
and SEM of the total group are summarized in Fig. 5c. B. Expression of NKG2a, CD11a and CD62L on 
pulmonary CD8+ T cells at day 21 p.i.. The numbers represent the percentage of live CD8+ T cells in each 
quadrant. Average data of the total group are summarized in Table 2. C. Pulmonary CD8+ T cells were stained 
with anti-NKG2a, anti-CD11a or anti-CD62L in combination with the M187-195 tetramer. Average group values 
of tetramer positive cells are given in Table 3. Numbers represent the percentage of CD8+ T cells in the 
quadrant. Pictures are representative for four individual mice per experiment and two different experiments.
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RSV specific responses in Bronchoalveolar Lavage

In addition to the immune response in the lung parenchyma we also studied the RSV specific 
response by the pulmonary inflammatory cells in the lung airways 8 days and 21 days after 
RSV infection (Fig. 4). We eluted these cells by bronchoalveolar lavage and examined the 
activation status of these cells. In the BAL at day 8, about 75 % (69 % average in the whole 
group) of the CD8+ T cells could be identified as activated with an NKG2apos, CD11ahi and 
CD62Llow phenotype (Fig. 4a, Table 2). Of the CD8+ T cells in the BAL, 20 % stained positive 
with the M187-195 tetramer, with all the tetramer positive cells being NKG2apos, CD11ahi and 
CD62Llow (Fig. 4a and Table 3).

When we applied the same procedure at day 21 post infection, the majority (81 % average 
in the group, Table 2) of CD8+ T cells remained NKG2apos. The CD62L expression was low 
on 86 % of the cells. However, the expression of CD11a declined, only 30 % (20 % average 
in the group, Table 2) of the CD8+ T-cells had the CD11ahi, CD62Llow phenotype (Fig. 4b). 
Despite the low CD11ahi expression by CD8+ T cells, more than 34 % of CD8+ T cells stained 
positive with the M187-195 tetramer. These M187-195 specific CD8+ T cells predominantly had 
an NKG2apos, CD62Llow phenotype. Of the M187-195 specific CD8+ T cells only 16.5 ± 3 % 
were CD11ahi. These results suggested that there is an efflux of activated M187-195 specific 
CD8+ T cells from the lung parenchyma into lung airways, where the expression of CD11a is 
progressively lost. When we looked at the functional responses in the BAL, initially at day 
8 after primary infection the ratio IFN-γ versus tetramer positive cells was higher than in the 
lung parenchyma. However, at day 28 the functional inactivation was also found in the BAL 
(Table 3).

Secondary M187-195-specific CD8+ T-cell responses in the lungs

The hierarchy of CD8+ T cell immune responses can change after a secondary infection. To 
test if there was a difference in hierarchy after a secondary RSV infection in the C57BL/6 
RSV model, we infected C57BL/6 mice with RSV and 4 weeks later they were i.n. challenged 
with the same dose of RSV. The lung parenchyma and splenic CD8+ T-cells were analyzed 6 

Lung parenchyma Lung airways Spleen

% Tet+/
CD8+

% IFN-γ+/
CD8+

% IFN-γ+/
Tet+

% Tet+/
CD8+

% IFN-γ+/
CD8+

% IFN-γ+/
Tet+

% Tet+/
CD8+

% IFN-γ+/
CD8+

% IFN-γ+/
Tet+

day 8 12.1±1.5 12.5±0.8 103.2±3.6* 20.2±4.0 39.5±4.0 195.5±8.9* 1.4±0.2 1.6±0.1 114±8.9

day 21 8.5±1.5 5.0±0.4 58.9±3.9** 30.0±3.3 38.9±5.4 128.2±8.7** 0.5±0.1 0.6±0.1 128.9±18ns

day 28 9.1±1.5 3.5±0.4 41.3±7.2** 24.4±2.6 13.6±1.5 55.7±2.5** 0.9±0.1 0.7±0.2 83.9±11ns

Table 3. C57BL/6 mice were intranasally infected with 2.5x106 p.f.u RSV A2. Lymphocytes obtained from 
the lung parenchyma, lung airways and spleen (of 4 mice per group from 2 independent experiments) at 
indicated time-points after infection, were stimulated with M187-195 peptide for intracellular cytokine staining 
or stained directly with anti-CD8 and M187-195 tetramer. The values represent the percentages of CD8+ T cells 
staining positive for either IFN γ or the M187-195 tetramer ± standard error of the mean (SEM). Percentages of 
IFN-γ producing cells among M187-195 Tet+ were calculated by dividing the percentage of IFN-γ+/CD8+ by the 
percentage of M187-195 Tet+/CD8+ at each time-point. ns (not significantly different from day 8).
* Denotes values which significantly differ from day 8 (p<0.001), 
** denotes significant difference between day 8 lung parenchyma and lung airways (p<0.001), 
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days after challenge for their capability to produce IFN-γ after peptide stimulation. The ICS 
revealed that M187-195 still remained the dominant epitope, with >17 % (14 % average in the 
group, Fig. 5c) of the CD8+ T cells producing IFN-γ after stimulation (Fig. 5a). Furthermore, 
the results showed that the NP360-368 epitope was the second dominant epitope with 4.2 % 
IFN-γ positive CD8+ T cells. There was no clear hierarchy between the other epitopes, 
however NP57-64 and F433-442 hardly stimulated any IFN-γ production. Results obtained with 
control mice undergoing a primary MOCK infection that were challenged four weeks later 
with RSV had 4.3 ± 1.3 % of the lung CD8+ T cells producing IFN-γ after M187-195 stimulation 
on day 6 p.i. (Fig. 5b). This showed that during a “primary” infection on day 6 the response 
against the M187-195 epitope was significantly lower, compared with 14 % IFN-γ production 
after M187-195 stimulation during a recall response. Figure 5c summarizes the observed CD8+ 
T cell response (average values of the groups) for the different epitopes at several time points 

Figure 4. CD8+ T cell activation in the BAL over time following RSV infection. Expression of activation 
markers on CD8+ T cells on: A. day 8 p.i. and B. day 21 p.i.. The numbers in the quadrants represent the 
percentage of cells out of total BAL CD8+ T cell numbers. The pictures shown represent the data from pooled 
BAL samples of 4 individual mice. The average values and SEM of the fraction of cells expressing  activation 
markers NKG2a and CD11a can be found in Table 2.
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and clearly shows that the secondary response in all the mice was less heterogeneous in 
the lung parenchyma than the primary response. The substantial responses against the G177-

194, NP57-64 and F433-442 epitopes observed during the primary response was not found during 
the secondary response. In contrast, more CD8+ T cells responded to NP360-368 during the 
secondary response than during the primary response. The boost in the secondary response 
was not observed in the spleen.
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Discussion

CD8+ cytotoxic T lymphocytes play a crucial role in the clearance of RSV infections in 
humans and in mice. However, most of the studies in the mouse model have been performed 
in the BALB/c strain, leaving open the question whether important phenomena, such as the 
functional inactivation of lung CD8+ T cells are strain specific or will also occur in mice with 
different genetic backgrounds (10). To address such questions, we have identified a panel of 
H-2b restricted CD8+ T cell epitopes derived from the M, NP, F and G proteins of RSV A2. The 
M187-195 epitope, was recently reported by Rutigliano et al. (23). This group discovered only 
the M187-195 epitope, probably because they used as a T-cell source, spleen cells derived from 
C57BL/6 mice after secondary virus infection. In the present paper, we observed an altered 
epitope hierarchy during primary and secondary RSV specific T cell responses, whereby the 
secondary response was indeed dominated by CD8+ T-cells responding to the M187-195 epitope. 
Such altered hierarchy in epitope recognition during primary and secondary responses, has 
also been described for influenza epitopes, where it appeared to be the result of differences 
in epitope expression by different antigen presenting cell types (24). Most of the identified 
epitopes contained an H-2Db binding motif, whereas one peptide N57-64 harbored an H-2Kb 

binding motif. The G177-194 peptide did not contain a clear binding motif for either H-2Db 

or H-2Kb, although H-2Db was found to be the restriction element, by means of antibody 
blocking and peptide competition studies. However, attempts to identify the minimal G 
epitope were unsuccessful. Contamination with one of the other peptides could be excluded 
by mass spectrometry (ms) and tandem mass spectrometric sequencing. We are currently 
working on different approaches to solve the structure of the naturally presented G peptide. 

The fact that we found a G derived peptide that was recognized by CD8+ T cells was 
interesting because many reports suggested that the G protein is poorly recognized by CD8+ 
T cells (8;25;26). In BALB/c mice the G specific CD8+ T cell response is clearly absent. This 
lack of a H-2d restricted G specific CD8+ T-cell response has been held responsible for the 
enhanced CD4+ Th2 response causing lung eosiniphilia after vaccination employing the G 
protein as sole RSV component (8;8;21). Interestingly, the same priming procedure did not 
lead to the enhanced disease in C57BL/6 mice (15). The presence or absence of CD8+ T-cell 
responses directed against the G protein in different mouse strains that are relatively resistant 
to eosinophilic lung disease has not been extensively studied. A possible explanation for 
the resistance of C57BL/6 mice for enhanced disease after G priming could be the presence 
of the CD8+ T cell epitope in the G protein. This CD8 epitope might elicit a memory T cell 
response that could be sufficient to regulate the CD4+ T cell response upon viral challenge. 
Eight days after primary intranasal infection with RSV, more than 12 % of the CD8+ T cells 
in the lungs recognized the dominant M187-195 peptide. In several reports it has been shown 

Figure 5. Epitope hierarchy during RSV specific CD8+ T cell recall responses in the lung. Pulmonary 
tissue lymphocytes obtained 6 day after intra nasal challenge infection with 2.5x106 p.f.u. RSV were in 
vitro stimulated with synthetic peptides (1 μM) and IFN-γ production was measured using intra-cellular 
staining. A. Primary infection 2.5x106 p.f.u. RSV intranasally, B. Primary MOCK infection. The percentages 
of IFN-γ+CD8+ T cells of total CD8+ T cells are shown in the upper-right quadrant. Pictures represent one 
individual mouse out of 5. C. Summary of the average fraction of responding CD8+ T cells against the panel 
of RSV epitopes at different time points after primary and secondary RSV infection. Data from 5 mice of two 
independent experiments, error bars represent the SEM.
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that NKG2a is up regulated by CD8+ T cells after contact with antigen and remains expressed 
long after (27). This marker was therefore used as a surrogate activation marker for antiviral 
CD8+ T cells (28;29). We found that at day 8 p.i. about 45 % of the CD8+ T cells in the 
lungs expressed NKG2a. This number is similar for the CD11ahi/CD62Llow population. Of 
the activated pulmonary CD8+ T cells, 25 % recognized the M187-195 epitope as measured by 
tetramer staining. Indeed all M187-195 specific cells were CD11ahi/CD62Llow and NKG2apos. 
Furthermore, the percentage of tetramer positive cells matched with the percentage of IFN-γ 
positive cells. This means that in contrast to CD8+ T cell responses in BALB/c mice all the 
specific CD8+ T cells in the lungs of C57BL/6 mice were fully functional at day 8 after 
infection (10). If we would assume that also for the other epitopes T cells were fully functional 
at day 8, this would suggest that the epitopes we have characterized together amount to at 
least >95 % of the virus specific responses as measured by the total number of NKG2apos, 
CD11ahigh and CD62Llow CD8+ T cells.

The memory response against RSV is usually incomplete and individuals can be re-infected 
within a short period with the same strain (30). One possible explanation for the inefficient 
induction of T cell memory might be the CD8+ T-cell inactivation that occurs in RSV infected 
lungs, that was observed in BALB/c mice (10). When we studied the transition from effector 
to early memory phase at day 21 and 28 post infection in C57BL/6 mice we found that the 
decline in IFN-γ producing CD8+ T cells was greater than the decline in activated CD8+ T cells 
defined as NKG2apos, CD11ahi and CD62Llow. Tetramer staining at these time points showed 
that M187-195 CD8+ T cells were present, but they started to lose their functional response, 
like it was described for CD8+ T cell responses in the lungs of RSV infected BALB/c mice. 
The effect of functional inactivation on viral clearance is yet to be determined. However, we 
showed that upon secondary infection to RSV a robust recall response could be measured 
against the matrix epitope. These matrix specific T cells could potentially contribute to viral 
clearance.

Functional inactivation has also been described for other viruses from the Paramyxoviridae 
family (10;29;31). The fact that the decrease of function started later during primary RSV 
infection in C57BL/6 mice, might be explained by a lower replication of RSV in the lungs 
of C57BL/6 mice compared with BALB/c mice. Interestingly, Ostler et al. found a delayed 
decrease in the number of functional T cells in RSV infected BALB/c mice lungs than 
Chang et al. which may be related to differences in levels of virus replication reached in the 
experiments performed by both groups (10;32). Furthermore, our observation that functional 
inactivation increases over time is in agreement with findings for RSV, Pneumonia Virus of 
Mice (PVM) and Simian Virus 5 (SV5) infections in BALB/c (10;29;31).

In contrast to the lower numbers of epitope specific cells detected with the intracellular 
cytokine staining assay compared to the direct tetramer staining in the lung parenchyma, we 
found the opposite in the BAL, i.e. higher numbers of IFN-γ producing cells than tetramer 
positive cells (Table 3). A possible explanation for this observation could be that in the BAL 
CD8+ T cells had been recently exposed to antigen, which leads to initial T cell receptor down 
regulation followed by re-expression. As a result, tetramer staining may be ineffective, since 
the distribution of the T cell receptors on the cell surface may be diffuse in the early phase 
of re-expression, while the functional responses triggered by antigenic peptides are effective 
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(33).
In conclusion, we have identified a panel of MHC class I epitopes from the F, M, NP and G 
protein of RSV A2. The responses against the dominant M187-195 are fully functional at day 
8 during a primary infection. However at later time points, part of the CD8+ T cells become 
functionally inactive when triggered via the T cell receptor with cognate antigen. The number 
of dysfunctional cells increased over time, which was in agreement with observations made 
for other members of the Paramyxoviridae family. However, our data also suggest that the 
kinetics of inactivation differs between C57BL/6 and BALB/c mice and it is tempting to 
speculate that this may be driven by different viral loads. 

Materials and Methods

Mice
Pathogen-free six- to eight-week-old female C57BL/6cjo were purchased from Charles River 
Nederland (Maastricht, The Netherlands). The mouse study protocols were approved by the 
Animal Ethics Committee of the Medical Faculty of the Utrecht University.

Viruses and infections
RSV A2 strain was grown in HEp-2 cells, purified by PEG precipitation and stored in liquid 
nitrogen in 25 % sucrose in PBS. Mice were lightly anesthetized with ether and intra-nasally 
infected with 2,5x106 p.f.u. RSV in a volume of 50 μl or with 1 hemagglutination unit 
Influenza A/NT/60/68 in 50 μl diluted in PBS with 10 % sucrose.

Peptides
The RSV proteome with the exception of the L protein was screened for predicted epitopes 
for the H-2Db and the H-2Kb alleles, using the algorithms for epitope prediction of the 
SYFPEITHI (http://www.syfpeithi.de) (19) and BIMAS websites (http://bimas.dcrt.nih.gov/
molbio/hla_bind/) (20). Only predicted epitopes present in the top ten in both databases were 
synthesized and screened (Table 1). All peptides were synthesized by standard solid-phase 
Fmoc chemistry. In recent work we had prepared a set of overlapping 18 amino acid long 
peptide amides that overlapped by 12 residues, spanning the entire F protein (34).
 
Tissue sampling
Mice were sacrificed by i.p. injection of 300 μl pentobarbital. Effector cells from the lung 
airways were obtained by performing a bronchoalveolar lavage (BAL) with 5x1 ml of 
0.15 M NaCl. Prior to removal, the lungs were perfused with PBS containing 100 units/ml 
heparin. Lungs were sliced to 1x1mm pieces that were incubated for 30 min. at 37 oC with 
collagenase (2.4 mg/ml; Roche Applied Science, Basel, Switzerland) and DNAase (1mg/ml; 
Roche Applied Science, Basel, Switzerland). Single-cell suspensions were prepared from the 
pre-treated lungs and spleen by processing the tissue trough cell strainers. Spleen cells were 
depleted of erythrocytes by treatment with buffered ammonium chloride solution.

ELISPOT assay
The IFN-γ ELISPOT assay was performed on splenocytes of mice obtained eight days after 
primary infection, using the mouse IFN-γ ELISPOT pair (U-cytech, Utrecht, The Netherlands) 
and Multiscreen-IP filter plates (Millipore, Billerica, MA) according to the manufacturers 
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instructions. Cells were stimulated in 200 μl IMDM (Gibco, Invitrogen) containing 10 % 
FCS, penicillin/streptomycin and 50 μM 2-mercapto-ethanol with 10 μg/ml peptide for 24 
hrs at 37 oC, 5 % CO2.

Intra-cellular Cytokine Staining (ICS)
For ICS analysis, single cell suspensions of BAL, lung and spleen cells (106) were stimulated 
for 6 hrs at 37 oC, 5 % CO2 with 1 μg/ml peptide in 200 μl IMDM (Gibco, Invitrogen) 
containing 10 % FCS, penicillin/streptomycin and 50 μM 2-mercapto-ethanol. Brefeldin-A 
10 μg/ml (Sigma, St. Louis, Mo.) was added for the duration of the stimulation to facilitate 
intracellular accumulation of cytokines. To determine the restriction element for the G177-194 
peptides, lung cells were incubated with blocking antibodies to H-2Db or H-2Kb, or with the 
Influenza peptide NP366-374 (H-2Db) or VSV peptide NP52-59 (H-2Kb) for 30 min at 37 oC, 5 % 
CO2, before the G177-194 peptide from RSV was added. After five hours of stimulation with the 
G177-194 peptide, the cells were washed with PBS containing 2 % FCS, 2mM EDTA and 0.02 
% NaN3 (FACS buffer) and surface stained for flow cytometric analysis. Before intracellular 
staining, cells were fixed and permeabilized with CytoFix/CytoPerm solution and Perm/Wash 
buffer (BD Pharmingen, San Diego, CA) according to instructions of the manufacturer. 

Flow cytometric analysis of CD8+ T-cells
MHC class I-peptide tetramers were produced as described (35). Freshly isolated BAL, lung or 
spleen lymphocytes were stained in FACS buffer, using fluorochrome-conjugated antibodies 
and M187-195 RSV- and NP366-374 Influenza-MHC class I tetramers. The antibodies, anti-CD8 
(clone 53-6.7), anti-CD11a (2D7), anti-CD62L (clone MEL-14), anti-NKG2a (20D5) were 
used for cell surface staining. For intra-cellular IFN-γ staining we used the rat-anti-mouse 
IFN-γ FITC (clone XMG 1.2). All antibodies were purchased from BD Pharmingen (San 
Diego, CA). Stained samples were acquired on a FACSCalibur flowcytometer (BD, San 
Diego, CA). Data was analyzed using CellQuest software (BD, San Diego, CA).

Statistical analysis
Data were analyzed for statistical significance using a Students T-test. Data are expressed 
as the mean ± standard error of the mean (SEM). A p value <0.05 was taken as the level of 
significance.
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Abstract

In the respiratory tract different Dendritic Cell (DC) populations guard a tight balance 
between tolerance and immunity to infectious or harmless materials to which the airways are 
continuously exposed. For infectious and noninfectious antigens administered via different 
routes, different subsets of DC might contribute during the induction of T cell tolerance and 
immunity. We studied the impact of primary Respiratory Syncytial Virus (RSV) infection on 
respiratory DC composition in C57BL/6 mice. We also tracked the migration of respiratory 
DC to the lymph nodes and studied antigen presentation by lung derived and lymph node 
resident DC to CD4+ and CD8+ T cells. We observed a massive influx of mainly CD103-

CD11bhighCD11c+ cDC and pDC during the first 7 days of RSV infection, while CD103+ 
CD11blowCD11c+ cDC disappeared from the lung. The two major subsets of lung tissue DC, 
CD103+CD11blowCD11c+ and CD103-CD11bhighCD11c+ cDC, both transported RSV RNA 
to the lung draining lymph node. Furthermore, these lung derived cDC subsets as well as 
resident LN DC, that did not contain viral RNA, displayed viral antigen by MHC class I 
and class II to CD8+ and CD4+ T cells. Taken together our data indicate that during RSV 
infections at least three DC subsets might be involved during the activation of lymph node 
homing naïve and memory CD4+ and CD8+ T cells. 
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Introduction

Respiratory Syncytial Virus (RSV) constitutes a major health burden for infants, elderly 
people and immune compromised individuals (1;2). The virus infects most children in their 
first year of life and is the main cause of severe lower respiratory tract infections (LRTI) 
in infants (1). Despite many decades of research, the immune response to RSV is still not 
completely understood. Infection with RSV leads to poor development of immunity and 
recurrent infections are common (3). In mice, it was found that RSV induces virus specific 
CD8+ T cell responses in the lung that are functionally impaired (4). It has been suggested 
that functional inactivation of CD8+ T cells by RSV could be a reason for the short-lived 
immune response. Furthermore, we and others have previously shown that human monocyte 
derived dendritic cells (DC) can be infected with RSV, which results in strong inhibition of 
their ability to support proliferative responses and induction of effector function in naive T 
cells (5;6). An early vaccine trial with formalin inactivated RSV in alum, administered intra-
muscularly, elicited a memory immune response that caused a strong aberrant secondary 
immune response in vaccinees upon natural exposure with live virus. This resulted in high 
morbidity in the vaccinated children (7). These observations underscore the necessity to 
understand the components of the immune response that are protective during RSV infections 
and the need to understand the mechanism by which protective immunity can be elicited for 
the development of an effective and safe vaccine.

DC play an important role in the initiation of both the innate and adaptive immune responses 
to pathogens, including RSV (8). They are a heterogeneous population of cells represented 
by two main subsets, the myeloid or “conventional” CD11c+ DC (cDC) and the CD11clow/
mPDCA-1+ plasmacytoid DC (pDC) (9;10). The cDC can be further divided based on the 
expression of surface markers and anatomic location. cDC in the tissue and in lymph nodes 
appear to be different subsets arising from different pools of progenitor cells and with 
specialized function (11-15). In the mouse lung two major cDC populations are derived from 
blood monocytes, the CD11c+MHC II+CD103-CD11bhigh cDC (CD11bhi cDC) are localized 
in the parenchyma. These cells are the main producers of chemokines, and important in the 
recruitment of leukocytes (16). A second cDC population, CD11c+MHC II+CD103+CD11blow 
(CD103+ cDC) is located directly underneath the airway epithelium. These CD103+ cDC 
express the integrin αEβ7, therefore they are mainly found at the basal lamina of the bronchial 
epithelia and arterioles which express E-cadherin, the ligand for αEβ7. Furthermore, CD103+ 
cDC express tight junction proteins ZO-2 and Caludin-7, which enables them to sample the 
airways with their extensions (17). In the lung draining lymph nodes in addition to pDC 
at least two steady state populations of cDC are present, characterized by the expression 
or absence of CD8α. In contrast to the lung tissue DC, these cells enter the LN from the 
blood and they are directly derived from a bone marrow precursor (18-20). In addition minor 
fractions of tissue derived cDC also access draining lymph nodes in the steady state (21). 
Several studies have addressed the role of different DC subsets that are present in the tissue 
and lymph nodes draining the infection site. In spleen and skin draining lymph nodes, the role 
of CD8α+ cDC seems to be important for the initiation of anti-ovalbumin and anti-viral CD8+ 
T cell responses (22-24). In mice exposed to innocuous (ovalbumin) or infectious (influenza 
virus) antigen functional specialization was described for CD103+ and CD11bhi lung cDC 
subsets. CD11bhi cDC presented intranasally administered ovalbumin or influenza virus 
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antigen mainly to naïve CD4+ T cells while CD103+ cDC were important for the induction of 
CD8+ T cell responses (25;26).

The ability of DC to present or cross present antigens depends on the type of antigenic 
materials and the uptake mechanism by the APC. Hence different pathogens and innocuous 
antigens might be differently presented by different DC subsets. We studied the kinetics of 
lung DC migration and repopulation during primary RSV infection in C57BL/6 mice. We 
found that upon RSV infection, CD103+ cDC disappeared from the lung, while there was 
a net increase in numbers of CD11bhi cDC, pDC and macrophages. Within the first 48 hrs 
after virus exposure both CD103+ and CD11bhi cDC rapidly migrated to the lung draining 
mediastinal lymph node (MLN), while this accumulation was absent in the non lung draining 
axillary LN (ALN). The migrating cDC showed the highest expression of co-stimulatory 
molecules CD40, CD80 and CD86 necessary for T cell stimulation, compared to the MLN 
resident cDC. Furthermore, the migrating cDC transported viral RNA to the MLN and were 
capable of stimulating RSV specific CD4+ and CD8+ T cell responses. Resident cDC in the 
lymph nodes were uniformly negative for viral RNA. However, resident lymph node cDC did 
present viral antigen via MHC class I and class II to respectively CD8+ and CD4+ T cells. 

Results

Rapid alterations in dendritic cell composition in the lung during RSV 
infection.

To study the role of RSV infection on lung DC populations we infected C57BL/6 mice 
intranasally (i.n.) with RSV or uninfected supernatant of HEp-2 cells as a MOCK infection. 
At several time points after infection we performed a bronchial alveolar lavage (BAL) to 
remove most of the alveolar macrophages before analysis of lung DC numbers and phenotype 
with flow cytometry. The CD103+ (R1) and CD11bhi (R2) cDC as well as lung macrophages 
(R3) could easily be detected (Fig. 1A). Within 24hr we found a rapid decline in absolute 
numbers of CD103+ cDC and lung macrophages in RSV infected compared to MOCK 
infected animals (Fig. 1B). Absolute numbers of CD103+ cDC remained significantly lower 
throughout the first 6 days of infection. This suggested that the CD103+ cDC had migrated 
out of the lung or died because of the infection and were not replenished by precursors. In 
contrast, absolute numbers of CD11bhi cDC and pDC remained constant during the first 48 
hours of RSV infection and significantly increased during the following five days compared 
to MOCK infected mice (Fig. 1B).

We also enumerated CD103+ and CD11bhi cDC populations in BAL to determine whether 
migration into the airway lumen occurred. We found that the majority of cells in the BAL 
consisted of alveolar macrophages. There were no significant alterations in absolute numbers 
of CD103+ cDC in the BAL during an RSV infection. Similar to the lung tissue we observed 
an increase in the numbers of CD11bhi cDC in BAL which was delayed by 24 hours compared 
to the lung (Fig. 1C). In conclusion, RSV infection induced a rapid alteration of the DC 
composition in the lung. We observed a disappearance of CD103+ cDC, while there was an 
accumulation of CD11bhi cDC and pDC in the lung during RSV infection.



55

Dendritic cell migration

ch
ap

te
r 

3



56

Chapter 3

Migration of lung DC to the lung draining lymph node.

Naïve T cell priming occurs in lymph nodes draining the site of infection. To study the 
kinetics of lung DC migration to the lung draining mediastinal lymph nodes (MLN), we 
administered the fluorescent dye carboxyfluorescein succinimidyl ester (CFSE) intranasally 
to mice to stably label all the cells in the lung six hours before an intranasal RSV infection 
(29). This procedure enabled us to track DC migrating from the lung to the MLN during RSV 
infection and separate migrating from resident DC in the lymph node with flow cytometry. 
CFSE treatment alone did not induce significant DC migration as is shown from the minimal 
numbers of CFSE labeled cells in the MLN after mock infection (Fig. 2A and 2B). After 
intranasal infection with RSV predominantly CD11c+ cells were labeled with CFSE in 
the MLN. Both CD103+ and CD11bhi cDC migrated from the lung to the MLN (Fig. 2A). 
There was an 8-10 fold increase in absolute numbers of cDC during an RSV infection in 
comparison to mice that received a MOCK infection (Fig. 2B). Absolute numbers of CFSE 
labeled cDC in the MLN showed a steep rise in RSV infected mice, which peaked at 36 hours 
after RSV infection. After 36 hours there was a gradual decline in absolute numbers of CFSE+ 
cDC, while there was still an accumulation of cDC in the MLN (Fig. 2B,C). This might be 
explained by the migration of CFSE negative cDC that originated from cells that entered the 
lung later after CFSE labeling and hence were not efficiently labeled, or alternatively these 
cells were not lung derived but entered the lymph node from the blood.

In the lungs we found a net accumulation of CD11bhi cDC, while the CD103+ cDC numbers 
declined in the lung during the RSV infection. To determine to what extent both populations 
migrated to the MLN during the RSV infection, we analyzed the fraction of CFSE positive 
and negative cells within these subpopulations in the MLN. We found equal numbers of total 
CD103+ and CD11bhi cDC in the MLN during the first 36-48 hours after RSV infection (Fig. 
2D). Both CD103+ and CD11bhi cDC contributed equally to the accumulation of cDC in the 
MLN during the first 36-48 hours of RSV infection as the same percentages of CD103+ and 
CD11bhi cDC were labeled by CFSE (Fig. 2E). Later during the RSV infection predominantly 
unlabeled CD11bhi cDC were responsible for the accumulation of cDC in the MLN (Fig. 2D 
and 2F). Thus, we observed a two step accumulation of cDC in MLN after RSV infection. In 
the first 48 hours an influx of equal numbers of both subsets of lung cDC, followed in the next 
48 hour period by the influx of unlabeled cDC which might not be lung derived.

Figure 1. Migration characteristics of DC subsets in lung and BAL during primary RSV infection. A. Lungs 
of naïve mice were used for the gating strategies to identify the different cDC populations. R1: CD103+ cDC, 
R2: CD11bhi cDC and R3: pulmonary macrophages. B. At several time points after primary RSV and MOCK 
infection the absolute numbers of CD103+, CD11bhi cDC, macrophages and pDC (CD11clow, mPDCA-1+ 
and CD45R/B220+) were determined in the lungs. C. Similarly, absolute numbers of CD103+, CD11bhi cDC 
and alveolar macrophages were determined in the BAL. The experiment was performed twice with 5 mice 
per time point. Average values of absolute DC number per mouse lung are depicted. Error bars represent the 
S.E.M. (* p< 0.05, ** p< 0.01, ns not significant).
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Migrating cDC have a more mature phenotype than resident lymph node 
cDC.

For efficient T cell stimulation DC have to be mature, i.e. they should express or up-regulate 
T cell co-stimulatory molecules such as CD40, CD80 and CD86. Therefore, we measured the 
maturation status of the cDC in the MLN, by staining these cells with CD40, CD80 and CD86 
specific antibodies and compared the expression of these surface markers between resident 
and migrant cDC. We found that at 36 hours after RSV infection the CFSE+ migrating cDC 
had a higher expression of all three co-stimulatory molecules than the CFSE- cDC (resident 
cDC) as judged by the mean fluorescence intensity (MFI, Fig. 3A). Over time the expression 
of CD40 remained significantly higher on migrating cDC compared to resident cDC. The 
expression of CD80 and CD86 also remained significantly higher on migrant cDC than 
resident cDC, but in contrast to a constant level of CD40 expression, these molecules showed 
a clear peak between 36 and 48 hours after RSV infection (Fig. 3B).

Figure 2. Migration of cDC to the lung draining lymph nodes (MLN) during primary RSV infections. A. 
Mice were given CFSE intranasally 6 hours before RSV or MOCK infection. With flow cytometry CFSE+ 
cDC subsets were identified in the MLN. B. At several time points after RSV or MOCK infection, absolute 
numbers of CD11c+ cDC were determined in MLN and in RSV infected mice in axillary LN (AxLN). C. 
Lung derived CFSE+/CD11c+ cDC were quantified per lung draining LN and in AxLN after RSV exposure 
or Mock infection. D. During primary RSV infection, absolute numbers of CD103+ cDC and CD11bhi cDC 
per MLN were determined. E. Percentage of and F. absolute numbers of lung derived (CFSE+) CD103+ cDC 
and CD11bhi cDC were determined per MLN during RSV infection. The experiment was performed twice 
with 5 mice per time point. Average values of absolute cDC number per mouse MLN are depicted. Error bars 
represent the S.E.M. (* p< 0.05, ** p< 0.01, ns not significant).

Figure 3. Migrating cDC have a more mature phenotype then lymph node resident cDC. A. At 48 hours after 
primary RSV infection, MLN cDC were stained with anti- CD40, CD80 and CD86. Based on CFSE the cDC 
were divided in lymph node resident cDC (filled histogram) and migrating cDC (open histogram). B. At 
several time points after primary RSV infection the expression of CD40, CD80 and CD86 was determined 
on resident lymph node cDC and migrating cDC . The experiment was performed twice with 5 mice per time 
point. Average mean fluorescence intensity is depicted. Error bars represent the S.E.M.
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Transport of viral RNA from the lung to the lung draining lymph nodes by 
lung derived cDC.

Dendritic cells start a program of maturation after contact with inflammatory cytokines, 
pathogens or tissue damage. The lung derived cDC that arrived in the MLN had a mature 
phenotype required for efficient T cell stimulation. To test whether these cells had acquired 
RSV either via direct infection or uptake of RSV containing cell debris, we assayed the MLN 
cDC for the presence of RSV RNA. The MLN were harvested 72 hours after RSV infection 
and the cDC were sorted based on the expression of CD11c, CD103 and labeling by CFSE 
(Fig. 4A). Since there was an inverse relation between the expression of CD103 and CD11b 
on lung cDC subsets, we used the absence of expression of CD103 to identify CD11bhi cDC. 
The RNA was isolated from 104 cells per population and assessed for the presence of RSV 
RNA with a quantitative RT-PCR for the RSV N gene. We found most of the viral RNA in 
the cDC that had been labeled with CFSE, and thus originated from the lung. There was 
no significant difference in the presence of RSV RNA in CD103+/CFSE+ or CD103-/CFSE+ 
cDC, suggesting that they had been infected or internalized similar amounts of RSV. The 
CD103+/CFSE- cDC contained very low levels of viral material. The expression of CD103 
identifies these cells as lung derived. These cells might have been poorly labeled or most of 
these cells might have migrated before CFSE labelling. In unlabeled CD103 negative cells, 
the fraction composed of LN resident DC and possibly inflammatory monocyte derived DC 
originating from blood, no viral RNA could be detected. (Fig. 4B).

MHC I and II restricted antigen presentation by lung derived DC.

The lung derived cDC in the MLN contained most of the RSV RNA and were likely candidates 
to contribute to induction of RSV specific T cell responses. However several reports have 
shown that T cell responses are induced primarily by the LN resident DC (36) or by both LN 
resident and airway derived cDC (31). Furthermore, it is unclear how the different airway 
cDC types contribute to MHC I and MHC II antigen presentation during RSV infection. To 
investigate which cDC type was involved in antigen presentation to CD4+ and CD8+ T cells 
during RSV infection, we again sorted MLN cDC 72 hours after RSV infection, based on the 
expression of CD11c, CD103 and CFSE labeling. These sorted MLN cDC were cocultured 
with lung lymphocytes isolated 8 days after primary RSV infection that were depleted of B 
and NK cells and either CD4+ or CD8+ T cells. The enriched CD4+ or CD8+ T cell populations 
were cocultured with the different cDC subsets and the IFN-γ production by the virus specific 
effector CD8+ or CD4+ T cells was assessed with an IFN-γ ELISPOT assay. We found that 
the CFSE labeled cDC subsets were most effective inducers of IFN-γ production by CD8+ T 
cells. There was no significant difference in IFN-γ production by CD8+ or CD4+ T cells, when 
these cells where stimulated with CD103+ or CD103- lung derived (CFSE+) cDC in the T cell 
DC ratios used. (Fig. 4C and D). CD103+/CFSE- cDC activated a lower number of CD4+ and 
CD8+ T cells, which could be explained by the lower amount of viral RNA detected in this 
population of lung derived cells (Fig 4B, 4C and D). Interestingly, a clear response of CD4+ 
and CD8+ T cells was also observed against the CD103-/CFSE- DC population of non-lung 
derived DC that did not contain viral RNA (Fig. 4B, 4C and D). In summary, we found that 
virus exposed lung cDC subsets migrating to the MLN as well as non-lung derived cells 
present in MLN could present viral antigen to CD4+ and CD8+ effector T cells. Moreover, 
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we found no indication that different cDC subsets preferably processed and presented viral 
materials for the presentation to either the CD4+ or CD8+ T cell subset. 

Discussion

In this study we showed that both major lung cDC subsets: the sub-epithelial CD103+CD11blow 
and the parenchymal CD103-CD11bhigh DC, as well as a population of non-lung derived 
MLN cDC display viral antigen in the context of MHC class I and II molecules in MLN after 

Figure 4. Migrating CFSE+ cDC transport viral RNA to the lung draining lymph nodes and present antigens 
by MHC class I and II molecules. A. MLN cDC were harvested 72 hours post RSV infection and sorted in 
four populations based on CD103 expression and CFSE labeling. B. Sorted MLN cDC (104 cells/subset) were 
analyzed for the presence of the RSV N RNA by quantitative RT-PCR. C and D. Antigen presentation was 
analyzed by culturing RSV specific CD4+ or CD8+ T cell populations for 24 hours with sorted cDC subsets 
isolated from the MLN 72 hours after RSV infection. To enrich for CD8+ T cells, lung lymphocytes isolated 
on day 8 after primary RSV infection were depleted of CD4+ T cells, B and NK cells. Similarly, CD4+ T cells 
were enriched by depletion of CD8+ T cells, B and NK cells. RSV specific IFN-γ production was measured by 
ELISPOT assay. Figure shows the mean of 6 individual experiments for the RT-PCR assay. For the ELISPOT 
assay the mean values of 5 individual experiments are shown using cDC purified from 5 individual mice for 
each experiment. Error bars represent S.E.M. (* p< 0.05, ** p< 0.01, ns not significant, n.d. not detected).
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i.n. RSV infection. Thus migratory lung DC that might have been directly infected as judged 
from the observed presence of viral RNA, as well as MLN cDC that did not originate from 
the upstream infection site in which no viral RNA was detected, triggered T cell activation in 
vitro (Fig. 4). In recent studies with influenza virus infection models and intranasal installation 
of ovalbumin, a functional specialization of cDC subsets in the lung has been described. 
CD11bhi and CD103+ cDC were found to differ in the efficacy to present antigen to naïve CD8+ 
and CD4+ T cells (25;26). It was shown that CD103+ cDC had the unique capacity to cross 
present exogenously acquired (non-infectious) antigen in vitro to naïve CD8+ T cells (26). In 
contrast CD11bhi lung DC appeared to be more effective in the induction of naïve CD4+ T cell 
proliferation. However, the observed functional dichotomy might be less pronounced when 
antigen is acquired via direct infection. Indeed there was a clear difference in the ability of 
CD11bhi cDC to present live and noninfectious influenza virus particles (25). Upon intranasal 
infection with live influenza virus CD11bhi cDC could in vitro present antigen by MHC class 
I molecules to naïve CD8+ T cells albeit at a somewhat lower efficiency than CD103+ cDC. 
These differences might reflect the more effective uptake of influenza virus by the CD103+ 
cDC subset that is located directly underneath the infected airway epithelium and/or the fact 
that these cells are more easily infected by influenza virus in vitro, plus the characteristic of 
these cDC to be able to capture and present influenza virus derived antigen also via a non-
infectious route (25;37). In our experiments with RSV we found no substantial difference 
in the infection levels of both lung cDC subsets as measured by viral RNA content (Fig 4). 
Using effector T cells as a readout system to measure antigen display by MHC class I and II 
molecules we found that both migrating lung cDC subsets presented RSV derived antigens to 
CD4+ and CD8+ T cells. Viral RNA presence might indicate that a proportion of these DC had 
been directly infected, but also material transferred to DC from infected epithelial cells might 
have contributed to the antigen displayed to T cells. Migrating cDC had upregulated co-
stimulatory molecules CD80, CD86 and CD40. The role and relative efficacy of the two lung 
derived cDC subsets and resident LN cDC during initiation of RSV specific T cell responses 
in vivo is unclear. Because TCR transgenic mice are not available for RSV it was not possible 
for us to study the in vitro stimulation of naïve CD4+ and CD8+ T cell responses. However, 
such in vitro studies are inadequate to determine the exact in vivo role of DCs in initiating 
T cell responses. It was elegantly shown by Allenspach et al. that although migratory DC 
activated naïve CD4+ T cell proliferation in vitro, they were unable to initiate T cell responses 
in vivo possibly because they can not anatomically interact with naïve T cells in the LN (38). 
Interestingly, the role of migratory cDC was not limited to antigen delivery into the node 
as suggested in earlier studies because full expansion of antigen specific T cells required in 
addition to primary contacts with LN resident cDC secondary contacts with migratory cDC 
(36;38). A similar cooperation of migrating and resident cDC subsets might be needed for 
CD8+ T cell response because studies in vivo in which CD8α+ LN and splenic cDC were 
depleted showed the essential role of this DC subset in the initiation of anti-viral, anti-tumor 
and ovalbumin specific CD8+ T cell responses (22-24;31). Because these studies did not look 
at the role of CD8α+ cDC after administration of antigen via the intranasal/intra-tracheal 
route, it is unclear whether the role of LN resident cDC in the MLN is obligatory as after 
antigen exposure via intravenous or intradermal administration (39). The CD103+ lung cDC 
population has many similarities with the LN resident CD8α+ cDC subset. They share the 
ability to cross present, to react to TLR3 stimulation and in spleen CD103 is co-expressed 
with CD8α. They may therefore function in a similar way in the MLN (17;26;40). 
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For effective in vivo activation of T cell responses other cellular interactions might be 
required. In addition to multiple DC-T cell contacts licensing of cDC by CD4+ T cells might 
contribute to the efficacy of DC to prime CD8+ T cell responses in vivo and after primary 
triggers in the lymph nodes additional activation of T cells might occur when activated T 
cells migrate into the infected tissue (32;41). Thus the complete picture of how effective T 
cell responses are elicited can only be learned from experiments in the intact hosts. Because 
it is currently not possible to delete or functionally inactivate single DC populations in the 
respiratory tract, the exact in vivo role during T cell activation awaits tools or genetically 
engineered mice to perform these experiments.

We found a massive increase of total cDC in the MLN, with a peak influx 96 hours after RSV 
infection. There were 5-8 fold more cDC in the MLN during RSV infection compared to 
MOCK infected mice. The peak influx of CFSE+ cDC occurred 36 hours after RSV infection. 
This is a slower accumulation of cDC in the MLN as is reported for Influenza or Sendai 
infection, where the peak influx of respiratory cDC in the MLN is 12-24 hours after infection 
(29;32;33). This can be explained by differences in virus dose or innate detection of the 
different viruses by pattern recognition receptors, resulting in a different pattern and possibly 
different tempo of inflammatory response. The source of accumulating unlabeled CD11bhi 
cDC in MLN during RSV infection is not clear. These cells might not be lung derived but 
enter the lymph node via blood. Alternatively, they might derive from cells that enter the 
lung after CFSE labeling or develop from DC precursors after extensive cell division, which 
results in dilution of the CFSE label. It has been reported that DC precursors exist in the lung 
that can divide extensively and develop into DC upon exposure to GM-CSF (42). In contrast 
immature DC and mature DC do not extensively divide in the course of 4 days making these 
committed DC from the lung an unlikely source of CFSE negative cells in the draining lymph 
node (43). It has been shown that respiratory cDC only migrate during a short period of 
time after infection and subsequently become refractory to activation signals resulting in the 
inability of subsequent infections to induce DC migration (29). Therefore, local development 
of DC from lung or monocyte precursors most likely contributes to the enhanced CD11b+ DC 
numbers in the lung tissue (Fig. 1B) and the late expanding unlabeled CD11bhi cells in MLN 
are most likely not lung derived.

We and others have shown that human dendritic cells infected with RSV are poor inducers of 
T cell proliferation (5;6;44). Also CD4+ T cells that do expand upon exposure to RSV infected 
DC do not develop effector function to a similar extent as T cells cultured with influenza 
virus infected DC or DC matured with TLR ligands or cytokines. The exact mechanism of the 
inhibition effect is still not completely clear. Cell contact mechanisms as well as unidentified 
soluble components in RSV-DC cultures might contribute to inefficient DC function (5;6;44-
46). Despite the fact that RSV infection impairs DC function we have observed quite robust 
functional T cell responses in peripheral blood of infants during primary RSV infections 
(47). These observations might indicate that in vivo cross-presentation could be an important 
pathway of T cell priming. Thus a role for resident LN DC that are not infected might be 
important during the activation of RSV specific T cell responses.

During respiratory infection with RSV and influenza virus an increase in DC populations in 
the lung has been observed in humans and mice (48;49) and (Fig.1B). These cells might play 
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a role in additional activation of LN primed T cells and/or be important as local APC that 
stimulate effector/memory T cells that are directly recruited to inflammatory sites (32;50;51). 
Furthermore they could also play a role in the production of cytokines and chemokines that 
are involved in the attraction of different inflammatory cell types (14). Previous studies 
in RSV infected mice have reported the increase of cDC and pDC populations in the lung 
similar to our observations in (Fig. 1) (49;52;53). However, in these studies the cDC subsets 
that accumulated were not further characterized. We show that upon RSV infection both 
CD103+ and CD11bhi cDC migrate in similar numbers to the draining lymph nodes but only 
CD11bhi cDC are replenished and reach higher levels than originally present in the lung 
tissue. In contrast to LN resident cDC that develop from precursor cells in the bone marrow, 
blood monocytes are the precursor cells that give rise to the two major lung tissue cDC 
subsets (13-15;19). Ly6C(Gr1)highCCR2highCX3CR1int monocytes develop into CD103+ cDC 
whereas Ly6C(Gr1)lowCCR2lowCX3CR1high develop into CD11bhi cDC during homeostatic 
conditions (15). Landsman et al. showed that both monocyte subsets also give rise to cDC 
under inflammatory (LPS given intra-tracheal) conditions (13). However, the phenotype of 
the resulting cDC populations was not determined. It is unclear whether the accumulating 
CD11bhi cDC subset in the lung after RSV infection are derived from a single monocyte 
precursor, and whether this is different during different viral infections. It is an intriguing 
idea that the type of inflammatory response induced by the infecting virus might impact on 
the pattern of DC re-population. During influenza infection also CD11bhi cDC numbers were 
increased while it appears that CD103+ cDC numbers stayed stable during the first three days 
after influenza virus infection, suggesting that these cells were replenished but to a lower 
extent than CD11bhi cDC (25).

It has been described that local ratios of cDC and pDC in the lung might affect the severity of 
RSV disease, whereby pDC might ameliorate disease by shifting the T cell response to a Th1 
type of response and potentiate more effective viral clearance (52;53). The exact mechanism 
behind this more beneficial response by enhanced pDC/cDC ratios needs to be established. 
Possibly enhanced IFN-γ producing CD8+ T cell numbers could ameliorate Th2 CD4+ T cell 
responses. However it is currently unclear how pDC contribute to enhanced CD8+ T cell 
responses, clearly IFN-γ is not crucial in this process (53).

We have shown that at least three subsets of cDC display RSV derived antigen in the context 
of MHC class I and class II molecules in the lymph nodes draining the infected lung. These 
subsets might thus be involved in activating RSV specific T cells circulating through the 
lymph nodes. We further identified the cDC subset that enters the lung after RSV infection as 
CD11bhi cells, while CD103+ cells are not replenished in the first 8 days after RSV infection. 
Future work, studying the contribution of DC subsets during secondary immune responses 
after natural infection or vaccination and in the presence of pre-existing (maternal) antibodies, 
will contribute to the understanding of the exact role these cells play during protective or 
pathologic immune responses. These studies may therefore contribute to the design of safe 
vaccine approaches.
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Materials and Methods

Mice
Pathogen free six- to eight-week-old female C57BL/6cjo mice were purchased from Charles 
River Nederland (Maastricht, The Netherlands). The mouse study protocol was approved 
by the Animal Ethics Committee of the University Medical Center Utrecht and the Utrecht 
University.

Viruses and infections
RSV A2 strain was grown on HEp-2 cells and purified by PEG-6000 precipitation. Mice were 
lightly anesthetized with iso-fluorane and intranasally infected with 106 plaque forming units 
RSV in a volume of 50 µl diluted in PBS with 10 % sucrose.

Isolation of tissue DC
Mice were sacrificed by i.p. injection of pentobarbital. After performing bronchial alveolar 
lavage (BAL), the lungs were perfused with 10 ml ice cold PBS containing 100 U/ml heparin 
via the right ventricle. The lungs, mediastinal and axillary LN were removed and cut in pieces. 
The fragments were digested for 25 min at 37 oC in 5 % CO2 with 3.2 mg collagenase A and 
1 mg DNAse (Roche Applied Science, Basel, Switzerland). For the last 5 min 1 mM EDTA 
was added. Single-cell suspensions were prepared from the pre-treated LN by processing the 
tissue trough cell strainers (BD Falcon, Franklin Lakes, NJ).

Flow cytometry
The DC of the lung and lymph nodes were prepared as described above. All cell suspensions 
were pre-incubated with 5 µg/ml blocking antibody against CD16/CD32 (2.4G2) obtained 
from BD biosciences (San Diego, CA) before staining to reduce non-specific binding. The 
cells were stained in PBS containing 2 % FCS, 2 mM EDTA and 0,02 % NaN3 with the 
following mAbs; anti-CD4 (L3T4), anti-CD8α (clone 53-6.7), anti-CD11b (clone M1/70) 
anti-CD11c (clone HL3), anti-CD19 (clone 1D3), anti-CD40 (clone 3/23), anti-CD45R 
(B220,clone RA3-6B2), anti-CD80 (clone 16-10A1), anti-CD86 (clone GL1), anti-CD103 
(clone M290) and anti-MHC-II (I-Ab/I-Eb) (clone M5/114.15.2), obtained from BD 
biosciences (San Diego, CA) and anti-mPDCA-1 (clone JF05-1C2.4.1) from Miltenyi Biotec 
(Germany). Flow cytometry was performed on a FACS Calibur (BD Biosciences San Diego, 
CA). Data was analyzed using CellQuest software (BD, San Diego, CA). 

CFSE labeling of migrating DC
To detect migrating DC, mice were lightly anesthetized with iso-fluorane and 50 µl 8 mM 
CFSE (Fluka, Buchs, Switzerland) diluted in PBS was intranasally administered 6 hours 
before intranasal infection with RSV. This method is based on labeling of intracellular 
proteins and is stable for at least 8 weeks in non-dividing lymphocytes. Cells that undergo 
cell division can still be distinguished from unlabeled cells after at least 5-6 cell divisions 
(27;28). This labeling procedure has frequently been used to stain cells in the lung after 
intranasal administration and allowed the tracking of respiratory DC migration. At least 95-
100 % of all respiratory DC labeled in vivo remained CFSE positive up to 6 days after CFSE 
instillation (29-35). At various time points after RSV infection, DC were isolated from the 
mediastinal and axillary LN to study the kinetics of migration.
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RSV specific RT-PCR
Lymph nodes were processed as described above. Subsequently cDC subsets were sorted 
on FACS Aria (BD Biosciences San Diego, CA) based on the expression of CD11c, CD103 
and uptake of CFSE. RSV RNA was extracted from 1x104 DC using the RNeasy mini kit 
(Qiagen, Valencia, CA) according to the instructions of the manufacturer. cDNA was prepared 
by reverse transcriptase using 2.5 µM random hexamers for 5 min at 25 oC, 30 min at 48 oC 
and 10 min at 95 oC. Real-time PCR for the RSV N gene was performed using an ABI Prism 
7700 sequence detector (Applied Biosystems, Foster City, CA) using 10 µl sample in a total 
volume of 25 µl mastermix with the following run conditions, 1 cycle for 2 min at 50 oC, 
and 10 min at 95 oC, followed by 45 cycles for 15 seconds at 95 oC and 1 min at 60 oC. The 
following primers and FAM labeled probe were used (RSV FW-AGA TCA ACT TCT GTC 
ATC CAG CAA), (RSV REV-TTC TGC ACA TCA TAA TTA GGA GTA TCA AT) (RSV 
PROBE-CAC CAT CCA ACG GAG CAC AGG AGA T) . RSV A2 known concentrations 
were used to derive a standard curve. Standards and negative controls were run together with 
each PCR; the lower limit of detection of the assay was 12 viral copies/ml.

Detection of antigen presentation by LN DC
At several time points after RSV infection the MLN cDC populations were isolated as 
described above and sorted on FACS Aria (BD Biosciences San Diego, CA). MLN cDC 
(1x104 cells) were co-cultured with 105 lung lymphocytes harvested eight days after primary 
infection and before co-culture with cDC depleted of CD19, NK1.1 and CD4 or CD8 positive 
cells. An ELISPOT assay was performed to detect IFN-γ production. The mouse IFN-γ 
Elispot pair (U-cytech, Utrecht, The Netherlands) and Multiscreen-IP filter plates (Millipore, 
Billerica, MA) were used according to the manufacturers instructions. Cells were stimulated 
in 200 μl IMDM (Gibco, Invitrogen) containing 10 % FCS, penicillin/streptomycin and 50 
μM 2-mercapto-ethanol with 25 u/ml recombinant human IL-2 for 24 hrs at 37 oC, 5 % 
CO2.
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Abstract

A protective role for CD8+ T cells during viral infections is generally accepted, yet little 
is known about how CD8+ T cell responses develop during primary infections in infants, 
their efficacy, and how memory is established after viral clearance. We studied CD8+ T cell 
responses in bronchoalveolar lavage (BAL) samples and blood of infants with a severe 
primary RSV infection. RSV specific CD8+ T cells with an activated effector cell phenotype: 
CD27+CD28+CD45RO+CCR7-CD38+HLA-DR+Granzyme B+CD127- could be identified 
in BAL and blood. A high proportion of these CD8+ T cells proliferated and functionally 
responded upon in vitro stimulation with RSV antigen. Thus, despite the very young age 
of the patients, a robust systemic virus specific CD8+ T cell response was elicited against 
a localized respiratory infection. RSV specific T cell numbers as well as the total number 
of activated effector type CD8+ T cells peaked in blood around day 9-12 after the onset 
of primary symptoms, i.e. at the time of recovery. The lack of a correlation between RSV 
specific T cell numbers and parameters of disease severity make a prominent role in immune 
pathology unlikely, in contrast the T cells might be involved in the recovery process.
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Introduction

Respiratory Syncytial virus (RSV) is the most common cause of severe lower respiratory 
tract infections in infants. Fifty to seventy percent of all children become infected during the 
first year of life, which usually results in symptoms of mild upper respiratory tract infection. 
However, a considerable proportion of infants develops lower respiratory tract disease 
and 1-3 % of the entire birth cohort requires hospitalization because of respiratory distress 
and feeding problems (1;2). Of these hospitalized children about 10 % needs mechanical 
ventilation (3;4). Morbidity is highest during the first six months of life and in infants with 
chronic lung disease of prematurity, congenital heart disorders, immune system disorders and 
in infants born preterm.

Since the implementation of non-bronchoscopic bronchoalveolar lavage (NB-BAL) in very 
young infants, several groups have studied the cellular immune response to primary RSV 
infection in ventilated patients (5-7). It has consistently been shown that neutrophils are the 
predominant cells in NB-BAL, accounting for up to 85 % of the total cell count, and that 
the total number of lymphocytes is low (0.1 to 9 %). Interestingly, postmortem studies of 
children who died from RSV infection showed a lymphocytic peribroncheolar infiltrate in 
the lungs (8;9). 

The role of CD8+ T cells, while appreciated as a crucial component of an anti-viral immune 
response, has not been extensively addressed in studies of human RSV infections. Studies 
in mouse models and in patients with deficiencies in T cell responses provided evidence for 
an important role for CD8+ T cells in clearance of the virus (10;11). However, it has been 
shown in the mouse model that they can also cause immune pathology (12-14). Indications 
for immune mediated pathology in humans were also found during a vaccine trial in the 
1960s, in which infants were vaccinated with formalin-inactivated whole virus. Exposure 
of vaccinated infants to natural RSV infection resulted in enhanced morbidity and mortality 
(15;16). At present it is still an issue of debate whether T cell responses are the cause or 
cure during severe primary RSV infections (17;18). In previous studies several groups have 
described the presence of RSV specific T cells in peripheral blood and/or nasal washes of 
RSV infected infants (19-23). However, these studies used in vitro expansion protocols to be 
able to enumerate and functionally test virus specific T cells. Moreover, to our knowledge 
no information besides differential cell counts is available on T cells present in the airways 
during RSV infections in infants. With the introduction of HLA-class I tetrameric complexes 
a method of direct detection of virus specific cells was introduced. The recent characterization 
by our group and others of several dominant RSV T cell epitopes provided the necessary 
tools to study the role of CD8+ T cells during RSV infection (23-27). 

In the present study we describe our investigation into the dynamics and function of the 
primary CD8+ T cell response in the airways and peripheral blood during a localized 
severe primary respiratory infection. RSV specific CD8+ T cells were positively identified 
and characterized as activated effector cells. In blood, virus specific T cell responses were 
heterogeneous and RSV specific T cell numbers peaked at the moment of discharge from the 
intensive care unit.
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Results

Highly activated CD8+ effector T cells accumulate in the airways during 
acute RSV infections.

During the RSV seasons of 2002-2006 NB-BAL samples were collected from 32 patients on 
mechanical ventilation for RSV bronchiolitis and from 18 control patients without respiratory 
infections who had to be intubated before surgery. The average age of admission was 8.7 
(SEM 1.3) weeks for the RSV patients and 13.9 (SEM 2.3) weeks for the controls, which was 
a non-significant difference. The mean time from onset of clinical symptoms to intubation 
was 6.3 days (range 2-21) in RSV patients and the mean time of ventilation was 11.1 days 
(range 2-21). We studied the BAL leukocyte composition in detail by cytospin and FACS 
analysis. Neutrophils were the most abundant cell type found in the cytospins of BAL of RSV 
patients (85 %, range 71-96), while in controls monocyte/macrophages were the predominant 
cell type (79 %, range 75-83). Lymphocytes were found at 1.5 % (range 0-5) in RSV patients 
versus 8 % (range 0-15) in controls. Eosinophils were rare in both RSV patients (1 %, range 
0-7) and controls (0.3 %, range 0-1). By FACS analysis CD16 was found on 76 % (range 
65-97) of the cells, the majority accounting for the abundant neutrophil population (Table 
1). This number is somewhat lower than the values found by cytospin experiments, which 
might be explained by the more extensive handling of the samples before FACS analysis 
and the exclusion of dead cells during FACS measurements which may underestimate the 
number of fragile neutrophils. All monocytes (25 %) were HLA-DR positive. Only small 
fractions of B cells (0.35 %), and natural killer cells (0.4 %) were detected. The percentage 
of lymphocytes in RSV patients was lower than in controls due to the enormous influx of 
neutrophils. However, the absolute number of both CD3+CD4+ lymphocytes (mean values 
0.52x105 cells/ml in RSV patients versus 0.022x105 cells/ml in controls) and CD3+CD8+ 
lymphocytes (mean values 1.15x105 cells/ml in RSV patients versus 0.031x105 cells/ml in 
controls) was much higher in RSV patients than in controls because of the higher cellularity 
of the samples which was 6.6x106 cells/ml (range 0.6-19.9x106) in RSV patients versus 
0.21x106 cells/ml (range 0.05-0.55x106) in controls (Fig. 1A). Although the increase in CD8+ 
T cells was larger than the increase in CD4+ T cells, the difference in CD4/CD8 ratio was not 
significant (patients 0.48 versus controls 0.67, p value 0.13).

Cell Marker % of Cellsa Range Range of absolute cell Number (105/ml)
CD16 (granulocytes)b 76.4 65-97 1.5-10.9
CD14 (monocytes) 25.0 19-36 0.4-4.5
CD19 (B Cells) 0.4 0.1-0.5 0.0-0.5
CD56 (NK Cells) 0.4 0.3-0.4 0.1-0.6
CD3 ( T Cells) 1.9 0.4-4.4 0.3-5.9
CD4+ of CD3+ 28.1 21-39 0.1-1.2
CD8+ of CD3+ 62.2 50-80 0.2-3.0

Table 1 FACS analysis of BAL samples of RSV infected children
aThe percentage of cells from total live cells, based on FCS/SSC and 7AAD negative-staining (mean of tested 
patients). 
bCD16 is mainly expressed on granulocytes but also on minor populations like macrophages and natural killer 
cells.
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To study the CD8+ T cell response during primary RSV infection in the airways in more detail, 
we first focused on the characteristics of the total CD8+ T cell population in RSV positive 
patients, and compared them to controls. In contrast to PBMC of young infants, most CD8+ 
T cells in the airways had the effector/memory phenotype (CD45RA-, CD45RO+, CCR7-, 
CD27+ and CD28+) both in the RSV infected group and in the control group (Fig. 1B). A 
large proportion of CD8+ T lymphocytes were activated in both RSV patients and controls, 
showing increased expression of CD38, HLA-DR and GzmB. However, the percentage of 
HLA-DR, GzmB and CD38 positive cells i.e. the phenotype of effector cells, was significantly 
higher in RSV patients (Fig. 1C). Ki-67 expression in the CD8+ T cell population was also 
increased in RSV patients compared to controls indicating that a larger fraction of T cells 
was proliferating. CD127, the IL-7 receptor that is expressed on naïve and memory T cells 
and down-regulated on effector cells, was found on 3.7 % (range 1.2-6.9) of the BAL CD8+ 
T cells in RSV patients (Fig. 1B). The staining was performed at several time points after 
intubation. There was no correlation for any marker with time after intubation, duration of 
ventilation or severity of disease (need of oxygen/pressure of ventilation, data not shown). 
These data suggested that CD8+ T cells only migrated to the lower airways, in patients as well 
as controls, when they had differentiated into effector/effector-memory cells.

RSV specific CD8+ T cells have an activated phenotype

To measure RSV specific T cell responses in the airways during severe RSV infection we 
used HLA-A1 and HLA-B7 tetrameric complexes containing RSV epitopes M229-237 and 
NP306-314. Both epitopes are derived from a well conserved region of RSV proteins, and no 
strain differences have so far been reported. In 22 out of 23 infants that expressed either 
HLA-A1 or HLA-B7 (confirmed by PCR-SSP) we were able to detect an RSV specific CD8+ 
T cell response, although at low percentages (average 0.58 % of CD8+ T cells). T cells of 
the HLA-A1/B7 controls that had never been exposed to RSV did not stain positive with the 
tetramers. There was no correlation found between the percentage of RSV specific CD8+ T 
cells and time after intubation, age, duration of mechanical ventilation or severity of disease. 
To determine the differentiation and activation status of RSV specific cells, BAL samples 
were stained with HLA tetramers and different cell markers. The RSV-specific T cells had 
the phenotype of effector cells: CD45RO+, CD27+, CD28+, CCR7-, similar to the total CD8+ 
T cell population. Most CD8+ T cells (>93 %) were CD127 negative, at all time points during 
ventilation. The percentage of activated CD38+/GzmB+ cells was higher in the tetramer 
positive fraction compared to the total CD8+ T cell population (Fig. 1D, E). To study whether 
RSV specific CD8+ T cells were proliferating, tetramer stained cells were co-stained for Ki-
67. Forty-eight percent (range 30-61) of tetramer positive CD8+ T cells positively stained for 
Ki-67 indicating that they were actively proliferating cells.

The absolute number of virus specific T cells that we detected with tetramer staining in BAL 
was very low. An explanation for the small numbers of tetramer positive cells might be the 
time and location of sampling, i.e. in the airways. In the mouse it was observed that effector 
T cell numbers in BAL increased when the peak of the response in tissue had subsided (30). 
During the 2005-2006 RSV season two children with a tracheotomy came to our hospital 
who had recovered from a severe primary RSV infection respectively one and three months 
earlier. In these two cases we had the opportunity to sample tracheal aspirate at a later time 



76

Chapter 4

point than the BAL samples that we obtained from ventilated patients who were usually 
extubated around day 11 after onset of symptoms. Indeed in these two patients we found 
higher percentages of tetramer positive CD8+ T cells (3.7 % and 6.7 % after respectively one 
and three months) than in any of the HLA-A1 positive patients tested at earlier time points 
during infection, where the RSV specific response never exceeded 1.8 % (Fig. 2). 

Numbers of activated CD8+ T cells in PBMC of RSV infected infants peak at 
the time of extubation 

In addition to T cell response in BAL we studied CD8+ T cell responses in blood. PBMC 
from RSV patients were isolated on admission, at the time of extubation and during the 
convalescence phase when infants visited the outpatient’s clinic. In some infants that were 

Figure 1. Lymphocyte populations in BAL samples. A. Percentage (left) and total numbers (right) of CD3+, 
CD3+CD4+ and CD3+CD8+ lymphocytes in BAL. CD4+ and CD8+ T cells are depicted as the percentage of 
total live CD3+ BAL cells. Differentiation (B) and activation markers (C) on CD8+ T cells present in BAL 
samples. Percentages of marker positive live CD8+ T cells are shown, based on negative 7AAD staining and 
positive CD8+ staining. D. Comparison of the expression of activation markers on total CD8+ T cells and 
HLA-tetramer+/CD8+ T cells in the BAL of RSV patients. E. Example of HLA-tetramer staining used for 
figure D. ns: not significant, * <0.03, ** <0.006, *** <0.001.
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ventilated for more than a week, a 4th time point was included during the ventilation period. 
All patients showed a peak in tetramer specific cells by the time of extubation which coincided 
with the peak of total activated T cells (Fig. 3). The RSV specific T cells initially lost CD127 
expression which they partly regained during convalescence, presumably showing their 
destiny to become memory cells (31). In agreement with these findings is the observed 
appearance of a population of CCR7+HLA-DR+ CD8+ T cells at this time point.

All infants showed exactly the same pattern of activation markers which is represented in 
Figure 3. Proliferating CD8+ T cells were present early after intubation as measured by Ki-
67 expression and the fraction of Ki-67+ cells increased to peak at the time of extubation. 
At this time point we also found the highest numbers of activated CD8+ T cells as measured 
by expression of HLA-DR, GzmB, chemokine receptor CCR5 that facilitates trafficking to 
the lungs, and by downregulation of the IL-7 receptor CD127 and the lymph node homing 
chemokine receptor CCR7. As previously shown, all PBMC in the infants were CD38 
positive (32). However, at the same time of gaining CCR5 expression, CD8+ T cells in PBMC 
upregulated CD38 two to three fold compared to resting T cells. Co-stimulatory molecule/
differentiation marker CD27 was downregulated two to three fold and CD28 upregulated 
two to three fold during the peak of the effector phase of the response, compared to the mean 
fluorescence intensity of naïve CD8+ T cells. Importantly, the kinetics of the RSV specific T 
cell response, as visualized by HLA-tetramer staining, closely resembled the kinetics of the 
total activated CD8+ T cell population. Using intra-cellular staining for IFN-γ and CD107 
upregulation (as an assay for degranulation) upon cognate peptide stimulation we found 
similar percentages of RSV specific T cells as detected by tetramer staining (data not shown)
(33). In summary these observations suggested that in peripheral blood the peak of the total 
activated CD8+ T cell numbers as well as the RSV specific T cell numbers coincided with the 
time of recovery.

RSV specific CD8+ T cells in peripheral blood of RSV patients

The total number of activated CD8+ T cells in the peripheral blood of the patients as 
determined by different surface marker combinations: GzmB+Ki-67+ cells, HLA-DR+CD27low 
or CD38hiCCR5+ cells was in all patients around 100 fold higher than the number of virus 
specific CD8+ T cells that we could detect with single peptide containing HLA tetrameric 
complexes. This observation might suggest that only an extremely small fraction of the 
virus specific response was visualized by the HLA tetramers that incorporated single RSV 
epitopes. To address this issue we performed experiments that could give an impression of 
the magnitude of the RSV specific component in the total activated CD8+ T cell population. 

Figure 2. RSV specific CD8+ T cells during 
convalescence. One (A) and three (B) months 
after a severe primary RSV infection, the 
number of RSV specific CD8+ T cells was 
determined in tracheostoma aspirates of two 
patients. Cells were gated for live CD8+ T 
cells.
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We previously showed that monocyte 
derived dendritic cells could be infected 
with RSV. Although the infection with the 
virus strongly inhibits the ability of such DC 
to support proliferative responses in T cells 
(29), the class I antigen presentation route 
was intact and virus specific memory T cells 
responded functionally with the production 
of IFN-γ to stimulation with infected DC 
(unpublished results and Fig 4A). Because 
we had only small amounts of cryopreserved 
PBMC of the patients available, we used 
monocyte derived dendritic cells of adult 
blood donors as antigen presenting cells 
that partially matched the HLA type of the 
patients. Infected and uninfected DC were 
co-cultured with PBMC samples of the RSV 
patients obtained at different time points 
after hospitalization. Figure 4B shows an 
example of the RSV specific T cell response 
in the context of a set of three HLA alleles 
that were matched between the patient T 
cells and the adult APC. This response 
was substantially higher than the response 
against a single virus epitope, NS133-41, 
restricted to HLA-A2. Moreover, the T cell 
response visualized by stimulation with 
RSV infected DC showed the same kinetics 
as the appearance of Ki-67+GzmB+ cells and 
CCR5+ cells and represented roughly one 
third of the total activated T cell response in 
this patient. Figure 5 shows the RSV specific 
T cell response in PBMC of a second patient 
after exposure to RSV infected DC sharing 
HLA-A2 alone or HLA-A2 in combination 
with HLA-B35 or A24 and B44. This 
experiment shows that the response against 
the only known epitope restricted to HLA-
A2 represented only a minor fraction of the 

Figure 3. Activated CD8+ T cell numbers in peripheral blood peak at the time of recovery after a primary RSV 
infection. PBMC were drawn on admission, day 4, at the time of extubation and during the convalescence 
phase. Day 1 indicates the first day after intubation which was 5 days after onset of clinical symptoms in 
this patient. Cells were gated on a CD8+ gate and a live lymphocyte gate based on the forward side scatter. 
The experiment shown is a representative example of 15 individual patients. In all patients a similar pattern 
of activation markers and chemokine receptor expression was observed. Moreover in all patients activated 
effector CD8+ T cell numbers were highest at the time of extubation. Only the level of the response varied 
significantly.
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HLA-A2 restricted response in this patient when epitopes of the entire virus are presented. 
Moreover, the HLA-B35 and A24 plus B44 alleles significantly contributed to the response. 
As in the experiment shown in Fig. 4B the RSV specific CD8+ T cell response in blood was 
larger by the time the patient had recovered. Table 2 summarises the RSV specific T cell 
responses in 9 patients. The fraction of IFN-γ producing RSV specific T cells stimulated by 
APC sharing two to three alleles with patient T cells varied from 3.4-47 % of total activated 
T cells based on Ki-67+GzmB+ staining. The responses against synthetic peptides M229-237 
and NP306-314 that were earlier identified as dominant epitopes in adult memory responses 
were around the detection limit of the assay (data not shown). These data confirm that virus 
specific CD8+ T cell responses were substantially higher than the responses visualized with 
HLA tetramers. We did not find a correlation between the total number of activated CD8+ T 
cells in peripheral blood of RSV patients and parameters of disease severity. 

Discussion

In the present study we showed that substantial numbers of CD8+ T cells infiltrate the airways 
during severe primary RSV infections. Furthermore, we positively identified RSV specific 
CD8+ T cells in this local site as activated effector type cells. As expected in a peripheral 
site, the CD8+ T cells had an activated phenotype in both patient and control BAL samples 
(34;35). Most cells were CD45RO+, CD28+, CD27+, CCR7-, CD127-. The high proportion 
of CD8+ T cells in the BAL of patients expressing GzmB and HLA-DR and a somewhat 
lower expression of CD27 further indicated that preferentially highly differentiated effector 
type CD8+ T cells migrated to the airways (36). These findings resemble those of a recent 

Figure 4. Kinetics of the RSV specific 
CD8+ T cell response in peripheral blood 
during a primary infection with RSV. A. 
Peptide specific CD8+ T cells expanded 
from adult PBMC in the presence of NP306-

314 and recombinant IL-2 respond equally 
well to peptide pulsed and RSV infected 
dendritic cells showing the efficacy of 
RSV infected DC to display viral epitopes. 
B. Partially HLA matched RSV infected 
(top row) or uninfected (second row) and 
peptide (NS133-41 KLIHLTNAL) pulsed 
dendritic cells (HLA-A1, A2, B8, B15, 7.0 
% of the DC in the culture expressed RSV 
F protein at the surface) were cocultured for 
5 hours with PBMC of a patient (HLA-A2, 
A11, B8, B15). Peptide pulsed dendritic 
cells were used to stimulate PBMC samples 
at the time of discharge, i.e. the peak of the 
virus specific response. The appearance of 
proliferating effector T cells (GzmB+Ki-
67+CCR5+) in the same samples is shown 
in rows 3 and 4.
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murine study showing that predominantly the effector CD8+ T cell population migrated 
from alveolar capillaries into the lung interstitium (37). It was shown in this study that this 
process was dependent on G protein-coupled receptor triggering in T cells. In non-inflamed 
lungs constitutive expression of RANTES/CCL5 by airway epithelial cells might explain a 
continuous recruitment of effector cells from the circulation that express CCR5 the receptor 
for RANTES. RSV infection leads to increased levels of RANTES expression in the lungs 
which might explain the enhanced recruitment of CCR5+ effector T cells to the lungs during 
an ongoing RSV infection (38;39).

Naïve and memory T cells depend on IL-7 for maintenance. IL-7Ra (CD127) expression is 
downregulated on effector T cells during acute infection and can therefore be used as a marker 
of effector cells (31). After clearing of antigen, memory T cells re-express CD127 (35). We 
found that in both the control group and RSV patients CD8+ T cells in BAL were CD127 

Figure 5. Contribution of different HLA alleles to the total RSV specific CD8+ T cell response in peripheral 
blood. HLA type of patient: HLA-A2, A24, B35, B44. Adult antigen presenting cells: 1. HLA-A2, A25, B18, 
B51, 2. HLA-A2, A24, B44, 3. HLA-A2, A32 B7, B35. The shared alleles between antigen presenting cells 
and patient responder cells are depicted in the figure. NS133-141 pulsed HLA-A2+ dendritic cells were used to 
stimulate PBMC samples at the time of extubation. CD27 downregulation and CCR5 upregulation are shown 
at both time points to give an indication of the total activated CD8+ T cell population.
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negative. Recently, de Bree et al. evaluated the presence of virus specific T cells in lung tissue 
of elderly lung carcinoma patients, who had at the time of lobotomy no symptoms of upper 
respiratory tract infection (36). They found a higher frequency of T cells directed against 
cleared respiratory viruses in lung tissue compared to blood. It was shown that virus specific 
T cells had an activated phenotype, CD45RO+CD27low, but in contrast to the situation of acute 
RSV infection shown by us, the expression of CD127 was high which reflected the memory 
status of these cells. The enrichment of respiratory virus specific CD8+ T cells in lung tissue 
that was not observed for CMV and EBV specific T cells might suggest that a proportion of 
effector cells attracted during the acute phase of infection locally differentiated to memory 
cells. In the mouse it has been documented that the transition of effector to memory CD8+ 
T cells can indeed occur outside lymphoid tissues (40). While the infants of our control 
population had no signs of a respiratory infection at the time of sampling, CD8+ T cells in BAL 
did not express CD127. However, the CD8+ T cells of the controls had a significantly lower 
expression of activation markers (GzmB, CD38, Ki-67 and HLA-DR) than the RSV specific 
cells in patients that were positively identified by tetramer staining (Fig 1D). The difference 
in CD127 expression on CD8+ T cells in the airways of the young controls and on CD8+ T 
cells in lung tissue of elderly patients described by de Bree might reflect the difference in 
age (36). Young infants are frequently exposed to infectious agents and the time elapsed after 
an earlier infection may not have been long enough for CD127 memory cells to develop. An 
alternative explanation might be that the airway environment, in contrast to lung tissue, does 
not allow for memory cell differentiation. Indeed it was recently shown in mice that T cells 
found in the airways after viral clearance are effector type cells, continuously replenished 
from blood. This process continues for months, as long as a reservoir of processed viral 
antigen is present in the draining lymph nodes (41). Interestingly, in the two tracheostoma 
patients the percentage of RSV specific CD8+ T cells seemed higher in the airways during 
the convalescence phase of the response than at earlier time points (Fig. 2), which might also 
reflect the continuous recruitment of effector cells. Some caution is required because we were 

Patient Age 
(days)

Days 
Hospitalized

% GzmB+Ki-
67+a

% CCR5+ % RSV 
Specific 

CD8+ T cellsa

Number of 
matching 
Allelesb

Infection 
level DC 

(%)
505 29 8 21.6 22.2 6.48 3 20.0
510 41 10 9.2 10.7 2.90 3 7.0
501 8 12 7.7 n.d. 1.12 2 19.3
103c 31 5 4.5 5.1 0.55 2 5.1
504 13 9 n.d. 7.5 3.50 3 9.0
105c 56 3 5.1 5.8 0.30 3 4.9
506 64 7 5.0 5.9 0.30 3 7.7
503 74 8 2.9 8.4 0.10 2 7.7
514 70 11 n.d. 2.2 0.58 2 9.0

Table 2 Overview of patient characteristics and RSV specific CD8+ T-cell responses in periferal blood
aPercentage of live CD8+ T-cells.
bPatients 103 and 105 did not require mechanical ventilation.
cThe number of HLA-alleles shared between patients and the adult donor derived dendritic cells used as 
antigen presenting cells in T cell stimulation assays.
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unable to make this comparison longitudinally in the same patients. The opportunity to obtain 
material from the “lower” airways in the two tracheotomy patients that had recently recovered 
from a proven severe RSV infection were unique events. Therefore, we only had two samples 
that could be used to determine the level of the RSV specific CD8+ T cell response at a later 
time point. However, the observation that later after infection T cell numbers increased in the 
airways is similar to observations we made in mice (30). 

It is not clear what percentage of CD8+ T cells in BAL of patients reflected the RSV specific 
response. The percentage of virus specific cells detected with two different tetramers was low 
(<1.8 %). However, there was a difference in the percentage of Ki-67 positive proliferating 
cells during acute infection in RSV patients versus controls (22.5 % versus 4.1 %) which 
points to recent activation of these cells in patients. In the tetramer positive fraction the 
percentage of Ki-67 positive cells was even higher: about 47 %. Because we found that in 
peripheral blood of patients the number of CD8+ T cells responding to RSV infected antigen 
presenting cells was much higher than the number of tetramer+ cells, it is likely that also in 
BAL the Ki-67+CD8+ T cells reflected for a large part virus specific cells. Unfortunately, for 
technical reasons we were unable to perform stimulation assays with T cells derived from 
BAL samples using RSV infected DC to directly measure the total RSV specific response.
Because the total number of virus specific T cells in peripheral blood was much higher than 
the numbers we detected with single tetramers or single peptide stimulation assays it seemed 
likely and was indeed shown in Fig. 4 and 5 that there were additional RSV epitopes restricted 
by different HLA-alleles (27). The HLA tetramers used contained epitopes that were found to 
be immunodominant in memory responses of healthy adults. However, immunodominance 
during primary and secondary responses may not be the same as was previously shown for 
influenza epitopes that were dominant during primary infection in mice, but less dominant 
during secondary infections (42;43). Also for RSV we have found in mice that the response 
during secondary infection is focused on a single epitope derived from the matrix protein 
while the primary response is more heterogeneous (30). During primary RSV infection there 
might thus be other epitopes with a significant contribution to the response that we missed 
because we based the choice for the epitopes contained in the tetramers on the specificity 
of adult memory T cell responses. Obviously, also T cells responding to HLA alleles for 
which we have not performed epitope searches might significantly contribute in the total 
antiviral response as is shown for HLA-B35 and HLA-A24 and B44 (Fig. 5). Because we 
used partially HLA matched DC as antigen presenting cells and the infection level of the DC 
varied, the total virus specific response might approach the total activated T cell response 
even closer than is shown in Figure 4 and 5 and Table 2.

During primary RSV infections in mice there is a large lymphocytic influx into the lungs. 
It was shown that although depletion of CD8+ T cells delayed viral clearance, it diminished 
illness severity (14). This observation led to the hypothesis that this delicate balance between 
viral clearance and immune pathology might account for the differences in severity of illness 
observed in infants during primary RSV infection. Because it is not easy for ethical reasons to 
obtain BAL samples from infants with mild infections, we have so far been unable to perform 
extensive studies to link levels of CD8+ T cell responses in the airways to disease severity. 
Within the presented patient group there was no correlation between any of the clinical 
parameters and the level of the CD8+ T cell response in BAL or peripheral blood. This might 
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suggest that CD8+ T cells were not involved in immune pathology, but in contrast contributed 
to the recovery process. Several studies have shown that at the time of hospitalization for 
severe RSV infections, which is usually 3-6 days after the onset of primary symptoms, the 
viral load is already declining in nasal aspirates and BAL samples (44-47). We found that CD8+ 
T cell responses in blood peaked at the time of extubation which was at least 4-7 days after 
hospital admission and presumably also 4-7 days after the peak of the viral load. Thus during 
primary RSV infections severe airway symptoms preceded the peak of the T cell response in 
blood. It is currently unclear how the kinetics of the CD8+ T cell response measured in blood 
relates to the infiltration of virus specific effector T cells in lung tissue. Welliver et al. recently 
reported that low numbers of lymphocytes were present in post mortem lung tissue samples 
of children with severe untreated RSV infections (17). Their findings suggested that T cells 
might not contribute to the disease process.

In summary in the present report we present the first time evidence that RSV specific CD8+ T 
cells are present in NB-BAL during primary severe RSV infection. Although we found a low 
frequency of RSV specific T cells by using HLA tetramers, these were activated effector cells. 
Comparisons with T cell responses in patients with mild disease could in the future contribute 
to discriminate between a role for viral load versus immune pathology as parameter affecting 
disease course. 

Materials and methods

Study population and sample collection 
Thirty-two infants admitted to the paediatric intensive care unit of the Wilhelmina Children’s 
Hospital were included during the winter seasons of 2002-2006. They all required mechanical 
ventilation because of respiratory failure due to RSV lower respiratory tract infection. RSV 
status was confirmed by indirect immunofluorescence or PCR on nasopharyngeal aspirates. 
Because RSV specific T cell responses in the context of HLA-A2, the allele most frequently 
expressed in the human population are very low in adults (23) and antigenic epitopes for 
HLA-A2 had not been identified at the time we started our study, we included patients 
expressing HLA-A1 and HLA-B7 for which immunodominant epitopes were known (25;27). 
Excluded from the study were children above 52 weeks of age and infants with known 
immune deficiencies. In 2006 a new T cell epitope was characterized by elution from HLA-
A2 molecules purified from RSV infected dendritic cells (28). We used this peptide (NS133-41 
KLIHLTNAL in some functional studies with PBMC of HLA-A2 positive infants.

The control group consisted of 18 infants that underwent surgery for non-respiratory 
pathology. The control group was born after the RSV season and was included before the 
next season had started. We also studied the presence of RSV specific T-cells in the tracheal 
aspirate of two children who came to the hospital respectively one and three months after 
they had been admitted for a proven primary RSV infection. Sputum was obtained by direct 
suction through the tracheostomy opening.

From every infant 1.5 ml of heparinized blood was drawn for HLA-typing. From 15 children 
blood was drawn at 3-4 different points in time after intubation: directly after inclusion, a 
time point in between, the day of extubation and during the convalescence phase on the 
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visit to the outpatient’s clinic. Nonbronchoscopic bronchoalveolar lavage (NB-BAL) was 
performed as described previously (6). In RSV patients NB-BAL was performed prior to 
routine bronchial toilet as soon as the clinical situation allowed for it, just before extubation 
and at a time point in between. In controls NB-BAL was performed within 5 minutes after 
intubation. Samples were directly placed on ice. Specimens were filtered through 70 μm cell 
strainers (Falcon, BD) to remove mucus. No dithiothreitol was used to dissolve the mucus 
in order to avoid possible denaturation of cell surface proteins. Cells were immediately used 
for FACS staining. Due to the small blood and BAL samples that could be obtained from the 
infants, we were not able to perform all analyses in every patient. If individual data are not 
shown in the figures the number of patients used in a particular experiment is provided in 
the figure legends. Parents of patients and controls gave their informed written consent. The 
study was approved by the Medical Ethical Committee of the University Medical Center, 
Utrecht, the Netherlands. 

Direct HLA-typing of the patients
To be able to perform HLA-tetramer staining of fresh BAL samples, immediate limited 
HLA-typing was performed. Therefore, 50 μl of whole blood was stained with HLA specific 
antibodies (IHB-Hu-037 for HLA-A1/A36, and IHB-Hu-035 for HLA-B7 kindly supplied 
by Dr. A. Mulder, LUMC Leiden, the Netherlands). After 30 minutes of incubation at room 
temperature cells were stained with FITC-conjugated Fab fragments (IgG1 for IHB-Hu-035 
and IgM for IHB-Hu-037, DAKO F0315 and F0317). After another 30 minutes of incubation 
at room temperature cells were washed in FACS-buffer (PBS containing 2 % Fetal Calf 
Serum (FCS), 0.1 % sodiumazide and 2 mM EDTA). Erythrocytes were lysed using lysis 
buffer (BD Bioscience) for 15 min. Cells were washed twice in FACS buffer and analyzed 
by FACS Calibur flow cytometer and CellQuest software (BD Biosciences). The HLA type 
of the patients was confirmed at a later stage by PCR-SSP using cultured EBV B cell lines 
of the patients. PCR-SSP was performed according to the instructions of the manufacturers 
(Biotest, Dreieich, Germany).

Phenotyping of CD8+ T cells and RSV specific T cells
To maximize cell viability, BAL samples were processed directly after sampling. PBMC’s 
were isolated by Ficoll-Paque gradient centrifugation (Pharmacia Biotech, Uppsala, Sweden), 
stored in liquid nitrogen and stained at the same time after all samples of one patient were 
collected. Cells were washed in FACS buffer and blocked in FACS buffer containing 10% 
pooled human AB serum (HPS) for 30 minutes on ice. Cells were stained with 10 μl of 
the appropriate HLA-A1, or -B7 tetramer. The allophycocyanin (APC)-conjugated HLA-
B7 tetramer containing the peptide NPKASLLSL (NP306-314) and the HLA-A1 tetramer 
containing peptide YLEKESIYY (M229-237) were purchased from Sanquin (Amsterdam, the 
Netherlands).

After 20 minutes incubation at room temperature, cells were washed and further stained 
with different extra-cellular mAbs. FITC-conjugated anti-CD3, -CD4, -CD8, -CD14, 
-CD16, -CD19, -CD27, -CD45RA, -CD45RO, PE-conjugated anti-CD3, -CD4, -CD8, 
-CD14, -CD27, -CD28, -CD38, -CD45RO, -CD56,  -CD127, -HLA-DR, -CCR7 and APC-
conjugated anti-CD3, -CD8, -CD28 were all purchased from BD-Pharmingen (San Jose, 
California) except CD8-FITC (Sanquin, Amsterdam, specifically used in combination with 
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tetramers) and CD127-PE (Immunotech, Marseille, France). For intracellular staining cells 
were permeabilized and fixed using FACS permeabilizing/fixation solution (perm/Fix) 
(BD-Pharmingen). Cells were stained intra-cellularly with FITC-conjugated anti Ki-67, PE-
conjugated anti-Granzyme B (GzmB) or their isotype control (BD-Pharmingen). For surface 
stained samples 7AAD (BD-Pharmingen) was added just before FACS analysis to visualize 
cell viability. Cell staining was analyzed on a FACS-Calibur using CellQuest software (BD 
Bioscience, Mountain View, CA).

IFN-γ expression upon in vitro stimulation 
Peptide or virus exposed monocyte derived dendritic cells were used to study the virus 
specific CD8+ T cell response in peripheral blood of RSV patients. Because we had only 
small frozen aliquots of patient PBMC, dendritic cells were made from monocytes derived 
from adult volunteers that shared HLA alleles with the patients. The culture procedure and 
infection of dendritic cells was performed as described before (29). As control cells we used 
immature DC cultured for 48 hour with TNF-α (50 ng/ml, Strathmann) and IL-1β (50 ng/
ml Strathmann) to obtain mature DC with a similar pattern of maturation markers as the 
RSV infected DC. Infection levels and maturation status were checked by measuring the 
expression of the viral F protein at the cell surface and the expression level of costimulatory 
molecules CD80/86 and HLA class II as well as the mature DC marker CD83. 1x105 DC 
and 5x105 patient derived PBMC were co-cultured for 5 hours. Total RSV specific responses 
were compared to the responses against synthetic peptides. These peptides (NP306-314, M229-237 
and NS133-142 at 1 μM) were added to co-cultures of PBMC and uninfected mature DC. After 
one hour brefeldin A was added to the cultures to accumulate IFN-γ inside the responding T 
cells. Surface and intracellular staining was performed with APC conjugated anti-CD8 mAb 
(BD-Pharmingen) and PE-labelled IFN-γ specific mAb (BD-Pharmingen, clone 340449). 

To check whether RSV infected DC efficiently presented viral epitopes to CD8+ T cells adult 
HLA-B7+ PBMC were cultured for 9 days in the presence of peptide NP306-314 and 20 U/
ml recombinant human IL-2. The IFN-γ response of expanded peptide specific T cells was 
compared when peptide exposed and virus infected dendritic cells were used in an in vitro 5 
hours stimulation assay.

Statistical analysis
Differences in absolute cell numbers and percentages of activation and differentiation were 
assessed with the non-parametric Mann Whitney U rank sum test. Tests were two tailed and 
a p value equal or less than 0.05 was regarded as statistically significant.
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Abstract

Severe primary Respiratory Syncytial Virus (RSV) infections are characterized by bronchiolitis 
accompanied by wheezing. Controversy exists whether infants suffer from virus induced 
lung pathology or from excessive immune responses. Furthermore, detailed knowledge on 
the development of primary T cell responses to viral infections in infants is lacking. We 
studied the dynamics of innate neutrophil and adaptive T cell responses in peripheral blood 
in relation to viral load and parameters of disease in infants admitted to the intensive care 
unit with severe RSV infection. Analysis of primary T cell responses showed a substantial 
CD8+ T cell activation which peaked during convalescence. A strong neutrophil response, 
characterized by mobilization of bone marrow derived neutrophil precursors preceded the 
peak in T cell activation. The kinetics of this neutrophil response followed the peak of clinical 
symptoms and viral load with a 2-3 day delay. From the sequence of events we conclude that 
CD8+ T cells responses, initiated during primary RSV infections, are unlikely to contribute 
to disease when it is most severe. The mobilization of precursor neutrophils might reflect 
the strong neutrophil influx into the airways, which is a characteristic feature during RSV 
infections and might be an integral pathogenic process in this disease.
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Introduction

Viral infections are characterized by a dynamic interplay between the pathogen and defensive 
innate and adaptive immune responses of the host (1;2). Upon infection, virus specific 
structural components are recognized by pattern recognition receptors of the host, which 
triggers a mechanism aimed at the suppression of virus replication and eventually virus 
elimination. Each virus has a characteristic signature of triggering innate immune receptors 
and methods to counteract immune responses of the host, which ultimately results in an 
immune response tailored to the particular properties of the infecting virus (3). 

Most insights in the sequence of events occurring during viral infections have been obtained 
from animal experiments, where the immunological control of viral infections can be studied 
in detail. In many murine models the crucial role of CD8+ T cells in complete elimination of 
the virus during acute infections has been well established (4-6). However, both viral-induced 
damage and immune pathology might contribute to the disease depending on the type of viral 
infection and/or the intensity of innate and adaptive immune responses triggered (6-11).

Primary infections with Respiratory Syncytial Virus (RSV) can cause severe bronchiolitis 
and pneumonia in infants (12). For RSV the mouse is not a good model to study primary 
disease because the virus replicates poorly in murine cells. Hence to obtain insight in the 
mechanism of disease caused by RSV infection studies in humans or non human primate 
models are needed. We and others have shown that RSV infection causes a strong influx of 
neutrophils into the airways (13-15). In addition, we have recently shown that substantial 
virus specific CD8+ T cell responses can be elicited in infants with severe RSV infections 
(15). However, it is still a controversial issue whether the severe manifestations of lower 
respiratory tract disease are caused directly by the virus or by innate and/or adaptive immune 
responses triggered by RSV (6;16-18). In our previous work we found no relation between 
the severity of disease and the number of virus specific CD8+ T cells in peripheral blood (15). 
Moreover, a direct role of viral load or different viral strains on disease severity has neither 
been established convincingly (19;20). 

Data on the development of primary T cell responses in infants (< 6 months old) during 
acute viral infections and after vaccinations is sparse. It is generally accepted that the infant 
immune system is immature and less effective compared to older children or adults. This has 
been shown by lower activation and/or Th2 polarized adaptive immune responses (21-23). 
For RSV-induced disease it has been suggested that a Th2 biased immune response might be 
correlated with disease (24-26), but this idea has been challenged by others (27-29).

Currently, there is no RSV vaccine and the only preventive treatment available is a humanized 
neutralizing antibody specific for the Fusion protein of RSV which is administered to high 
risk groups and is effective in about 60 % of children (30). Immune suppressive or antiviral 
treatments during severe RSV disease have marginal to no effect (31-33). Insights in the 
kinetics of viral load and disease course in relation to activation of the innate and adaptive 
immune response will shed light on factors that attribute to severe RSV-induced disease and 
possibly provide leads for the development of curative treatment. We therefore monitored the 
dynamics of these parameters in infants admitted to the pediatric intensive care unit (ICU) 
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with severe primary RSV infections. During primary RSV infection peak values of viral load 
and disease severity were followed by the exhaustion of the peripheral blood neutrophil pool, 
indicating a strong innate immune response closely associated with the peak of disease. We 
further showed that this natural respiratory infection elicited a strong primary CD8+ T cell 
response in the very young patients (< 3 months). This T cell response was undetectable at 
the moment of hospitalization when infants were severely ill, and peaked at convalescence. 
Therefore, severe primary RSV disease does not seem to be caused by inadequate or 
exaggerated T cell responses but is most likely initiated by viral damage followed by intense 
innate immune processes. 

Results

Study setup and clinical characteristics of patients.

Previously, we have demonstrated that during severe primary RSV infections, virus specific T 
cell responses could be detected in peripheral blood and bronchial alveolar lavage of infants 
with severe RSV bronchiolitis (15). We initiated the present study to elaborate on our previous 
work and gain more insight into virus clearance, disease severity and immune responses by 
studying the kinetics of neutrophil and developing T cell and responses in relation to viral 
load, and parameters of disease severity.

Twenty two patients <52 weeks of age were included in the study. They all had severe RSV 
bronchiolitis and required mechanical ventilation due to respiratory failure (for demographics 
see table 1). During the study five patients were excluded based on bacterial superinfection 
with positive bacterial cultures. Of the 17 patients who were included in the final analysis, 
16 were < 3 months of age and one child was 5 months old. Peripheral blood samples, 
nasopharyngeal aspirates (NPA) and tracheal aspirates (TA) were taken at the same time 
intervals. Upon study inclusion parental reported onset of symptoms (rhinitis, cough, fever, 

RSV patients (n=17) Healthy controls (n=7)
Male/female, no. 11/6 3/4
Age, w, mean (SEM) 7.2 (1.2 5.6 (0.4
Premature birth <36w. no. (%) 3 (18) 0 (0)
Symptoms onset*, d, means (SEM) 5.4 (0.7) NA
Viral culture positive for RSV**, no. (%) 11 (65) NA
Viral co-infection, no. (%) 5 (31)a NA
Bacterial culture positive ≤2d, no. (%) 12 (71)b NA
Duration of ventilation, d, mean (SEM) 10.4 (0.6) NA
Length of stay, d, mean (SEM) 11.3 (0.6) NA

Table 1 Clinical characteristics of patients and healthy controls
Abbreviations: w: weeks; d: days; NA: not applicable
aRhinovirus (n=5) and coronavirus (n=1) 
bHaemophilus influenza (n=7), Staphylococcus aureus (n=5), and Moraxella catarrhalis (n=4) were most 
commonly found. 
*before admittance to the ICU
**all patients were positive by RSV PCR
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wheezing, apneas, dyspnea, vomiting, and diarrhea), gestational age at birth, and birth weight 
were recorded. On average the RSV patients were symptomatic for 5.4 (SEM 0.7) days before 
admission to the ICU. Severity of illness was assessed using (i) Length of Stay (LoS) at the 
ICU (days), and (ii) parameters of mechanical ventilation (Fig. 1). Since the exact moment 
of infection was unknown, the day of first clinical symptoms of a respiratory infection as 
reported by the parents was regarded as day zero. The disease was most severe in the first 2-3 
days on the ICU in all patients.

Kinetics of RSV load.

Viral RNA loads were measured in NPA and TA by real-time PCR and quantitative viral 
culture. Viral RNA load was maximal in the first samples in both NPA and TA (Fig. 2A and 
B), decreased during the hospital stay, but could still be detected in most patients in the NPA 
at the time of discharge (around day 17 after onset of symptoms; Fig. 2A). Interestingly, RSV 
RNA was cleared more rapidly in the lower than in the upper airways (Fig. 2B versus 2A). In 
only 65 % of the patients we were able to detect infectious virus particles by viral culture, and 
virus could never be cultured beyond day 10 after onset of symptoms. This was well before 
discharge from the ICU in the majority of patients (data not shown). 

Figure 1. Kinetics of parameters of 
mechanical ventilation. Day 0 denotes the 
first reported symptomatic day. Disease 
severity of RSV patients, based on 
oxygenation index (OI), open symbols, 
right x-as or ventilation index (VI), closed 
symbols left x-axis, determined during 
the stay at the ICU.

Figure 2. Decrease in viral load. RSV load was determined by PCR in NPA (A) or TA (B) during the stay at 
the ICU, and plotted as log10 viral particles/ml. The lower limit of detection (DL) of the PCR was 2.9 log10 
viral particles/ml RSV.
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Recruitment of neutrophil precursors into the blood during RSV infection.

RSV infection is characterized by a massive influx of mainly neutrophils into the airways 
compared to control patients undergoing surgery for non respiratory tract related disease (13-
15). Neutrophils were phenotyped in order to monitor systemic effects involved in neutrophil 
recruitment into airways of RSV patients. Neutrophils were identified based on FSC/SSC 
patterns and staining with anti-FcγRIII (CD16) and VLA-4 (CD49d) (CD16hiCD49dneg) and 
could easily be separated from eosinophils (CD16negCD49dhi, Fig. 3A). Interestingly, during 
the course of RSV infection we observed the appearance of a population of neutrophils with 
an intermediate CD16 expression (Fig. 3B). Banded neutrophils or their precursors recruited 
from the bone marrow into the blood by G-SCF or inflammatory conditions in general have 
a lower expression of CD16 (34;35). To confirm that this was also the case during RSV 
infections and not due to prolonged stimulation, we sorted granulocytes in three different 
populations based on negative, intermediate and high CD16 expression (36). Cytospins of 
these sorted cell populations were performed and the presence of eosinophils (CD16neg), 
and mature/activated neutrophils (CD16hi) were identified by May-Günwald Giemsa staining 
(Fig. 3C). The population of cells characterized by intermediate expression of CD16 (CD16int) 
was a heterogeneous population of neutrophil precursors consisting of myelocytes and 
metamyelocytes and banded neutrophils, which are neutrophil precursors normally residing 
in the bone marrow (Fig. 3C) (37;38). The same cell types were also observed in direct 
bloodfilms of RSV patients (data not shown).

Figure 3. Identification of blood neutrophils. (A) Whole blood of a healthy control was stained with anti-
CD16, and -CD49d. Granulocytes were identified based on FSC/SSC patterns and CD16 staining (left panel), 
neutrophils were identified based on low expression of CD49d, while eosinophils had a high expression of 
CD49d (right panel). (B) Expression pattern of CD16 on granulocytes from a healthy control (left panel) or 
RSV patient (right panel). (C) Gating strategies (FACS plot) for sort of eosinophils and neutrophils of an 
RSV patient, (right panels) cytospin with May-Günwald Giemsa staining of sorted eosinophils, neutrophil 
precursors and mature neutrophils.
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We quantified the percentage of CD16intCD49dneg neutrophil precursors within the total 
granulocyte gate (neutrophils and eosinophils) in time during the stay at the ICU. We found 
very low numbers of neutrophil precursors in the blood of RSV patients at admission to the 
ICU, but they appeared a few days after admission to the ICU (Fig. 4A). The main increase 
in neutrophil precursors for all of the RSV patients was between day 7 and 9 after the onset 
of symptoms (Fig. 4B) and subsided a few days later. 

Figure 4. Influx of neutrophil precursors into peripheral blood. (A) Whole blood of a RSV patient was stained 
with anti-CD16, and the percentage of precursor neutrophils within the granulocyte gate was enumerated. (B) 
Kinetics of neutrophil precursor (CD16int expression) recruitment into the blood.
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Identification of activated CD8+ T cells in peripheral blood

Because in infants younger than 6 months of age the majority of T cells are still naïve, 
the presence of a RSV specific T cell response could be readily identified by a large set of 
phenotypic markers that are known to be expressed on activated and/or memory CD8+ T 
cells (15). To monitor CD8+ T cell kinetics we stained whole blood samples with different 
combinations of activation markers. First, we used the combination of antibodies recognizing 
chemokine receptors CCR5 and CCR7. CCR7 is expressed on naïve and central memory T 
cells but not on effector T cells. CCR7 is the receptor for the ligands CCL19 and CCL21 that 
are mainly expressed in lymphoid organs (39). The down-regulation of CCR7 allows T cells 
to leave lymphoid organs while upregulation of CCR5 directs the migration to inflamed sites 
where the ligand RANTES (CCL5) is expressed as in the RSV infected lung (40;41). Figure 
5A shows an example of the presence of activated CCR7-CCR5+ effector CD8+ T cells (31.6 
% of CD8+ T cells) in a patient during severe RSV bronchiolitis compared with a typical 
example of a healthy age matched control child (0.9 % of CD8+ T cells).

A second way to identify effector CD8+ T cells in this young age group is the combination of 
CD127/CD45RO staining. CD127 is the receptor for IL-7 which is expressed on naïve and 
memory T cells and is required for homeostatic proliferation (42). The IL-7 receptor is down-
regulated on effector T cells that are also identified by upregulated expression of CD45RO. 
Fig. 5A shows that the combination of these markers identifies a similar fraction of effector T 
cells in the RSV patient which is enhanced compared to the control (respectively 29.4% versus 
4.5% of CD8+ T cells). The combination staining of Granzyme B and perforin identifies CD8+ 
T cells with lytic potential, while Ki-67 stains proliferating or recently divided cells (43-45). 
Fig. 5A shows that in the same patient also these combinations of markers identified a similar 
fraction of CD8+ T cells, GzmB/perforin (33.6 % versus 0.2 % in control) or GzmB/Ki67 
(31.2 % versus 0.9 % in control). In previous work we have shown that these markers are all 
co-expressed on recently activated cells, that are for a substantial part also virus specific (15) 
and unpublished results). Figure 5B and 5C show an example of the developing CD8+ T cell 
response in time in a second RSV patient using the combination staining for CCR7/CCR5 
(Fig. 5B) and GzmB/perforin (Fig. 5C). These data illustrate that the kinetics of the CD8+ T 
cell response can be visualized by both combinations of markers.

The identification of CCR5+CCR7- and GzmB+Perforin+ effector CD8+ T cells in peripheral 
blood, allowed us to track the kinetics of the CD8+ T cell response in patients during the 
hospital stay. In figure 5D, the kinetics of the CD8+ T cell response is summarized for the 
patient group, based on expression of CCR5+/CCR7-. The data represent the percentage of 
effector CD8+ T cells found on the depicted days, whereby day 0 was the day of first clinical 
symptoms. While the peak level of the T cell response varied significantly between patients 
(varying from 5 % to 35 %), the kinetics of the response was similar in all patients, peaking 
between day 11 and 15 after the onset of symptoms (Fig. 5D). In one patient the peak of the 
T cell response was found 22 days after the onset of symptoms. This child had symptoms of 
common cold for two weeks before admission to the hospital. Although we did not detect a 
different virus in this patient, it remains possible that a different viral infection preceded the 
RSV infection.
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Figure 5. Identification of activated CD8+ 
T cells in blood. (A) Whole blood of a 
healthy control infant (upper panel) and 
a 12 week old RSV patient (lower panel) 
drawn at day 11 after onset of symptoms, 
was surface stained with anti-CD3, -CD8, 
-CD45RO, -CD127, -CCR5, -CCR7 or 
stained intracellular with anti-GzmB, 
-Perforin and -Ki-67. CD8+ T cells were 
identified based of FSC/SSC lymphocyte 
gating and then on the expression of 
CD3+CD8+. (B) Whole blood of a second 
(2 week old) RSV patient was drawn 
at admission and every other day until 
discharge. The blood was surface stained 
with (B) anti-CD3, -CD8, -CCR5, -CCR7 
or (C) stained with anti-CD3, -CD8, and 
intracellular with -GzmB and -Perforin. 
The percentages of activated CD8+ T cells 
are given in the respective quadrant. The 
experiments shown are representative 
examples of individual (13) RSV patients 
and (7) healthy controls. In all patients 
and controls a similar pattern of activation 
markers and chemokine receptor 
expression was observed, however the level 
of activation differed between patients. 
(D) The kinetics of CD8+ T cell activation 
was measured in whole blood during the 
stay at the ICU based on the expression 
pattern of CCR5 and CCR7 on CD3+CD8+ 

lymphocytes. Due to technical reasons, we 
could only measure T cell activation in 13 
out of the 17 patients.
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On admission, when viral load and disease severity peaked, the percentage of effector CD8+ 
T cells was extremely low and comparable to the percentages observed in healthy control 
children (1.5 % SEM 0.2). After extensive expansion the number of effector CD8+ T cells 
in blood of RSV patients dropped from peak levels by the time of discharge. The kinetics 
and peak values in the effector CD8+T cell response as measured by chemokine markers 
(CCR5+CCR7- CD8+ T cells) was very similar to observations made with GzmB+Perforin+ 
stained CD8+ T cells (data not shown). 

Combined kinetics of viral and immune parameters during RSV infection.

The kinetics of the neutrophil precursors and activation of CD8+ T cells combined with the 
quantitative data on viral load and disease severity were normalized and grouped for every 
two days to eliminate variations in height of responses and time point of sampling between 
the patients. The period between first signs of infection, disease manifestation and subsequent 
admission to the ICU is variable between patients due to thus far unknown parameters (range 
2-14 days, average 5.4 days). Viral load was shown to be maximal at admission to the ICU, 
and disease severity peaked around day 2-3 after admission to the ICU (Fig. 6A and B). 
While the disease severity and viral load were declining, there was an influx of neutrophil 
precursors in the blood followed by the activation of CD8+ T cells (Fig 6C and D). Upon 
discharge from the ICU, RSV RNA is still detectable in the nose, the percentage of neutrophil 
precursors drops to levels seen in healthy controls and also the level of CD8+ T cell activation 
declined but, remained higher compared to healthy controls. Together these data showed a 
sequence of events whereby i) viral load peaked before or upon hospital admission, when 
disease was most severe, ii) neutrophil precursors peaked in blood around day 7-9 after the 
onset of symptoms while iii) CD8+ T cell responses peaked in peripheral blood towards the 
end of the ICU stay around day 11-15 after the onset of symptoms.

We did not observe a correlation between the immune response activation (neutrophil 
precursors and effector T cells), viral load, and the ventilation index. However, we observed 
a weak correlation between the height of the T cell peak and length of stay. This observation 
should be confirmed in a larger group of patients in the future.

Discussion

We explored the dynamics of human neutrophil and CD8+ T cell responses during acute 
severe RSV induced bronchiolitis in infants younger than 6 months of age. To our knowledge 
this is the first longitudinal analysis correlating parameters of innate and adaptive immune 
responses with viral load and parameters of disease severity, during a natural primary viral 
infection in this age group. After admission to the ICU, both viral load (as determined by 
real-time PCR) and, 2-3 days later, disease severity declined, indicative for the fact that these 
children were admitted to the ICU with peak values of viral load and disease severity. The 
decline in viral load in children hospitalized with RSV disease has been described before by 
other groups (46;47). However, these studies used quantitative viral culture, or evaluated 
viral load for a short period after admission (<4 days). We found infectious RSV by viral 
culture in only 65% of the patients, whereas all patients were RSV positive by real-time 
PCR. With real-time PCR we could still demonstrate RSV RNA in the nasal area in nearly 
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all patients at discharge, although at lower quantities than at admission (Fig 2B and C). 
The observed presence of non-infectious virus might indicate that virus is neutralized by 
antibodies. Interestingly, although serum antibodies are low in peripheral blood after RSV 
infection in the youngest infants (<6 months), antibody responses in nasal secretions are fast 
and are similar in magnitude and quality in infants and older children (48). It has recently 
been shown that during RSV lower respiratory tract infection (LRTI) B lymphocytes and 
plasma cells are recruited to the lungs of infants at the peak of RSV illness (49). This mucosal 
B cell activation occurs most likely in a T cell independent way because CD4+ T cells were 

Figure 6. Dynamics of disease parameters during primary RSV infection in infants. (A) Kinetics of normalized 
and grouped data of disease severity and (B) viral load in TA during the stay at the ICU. (C) Normalized values 
of precursor neutrophil percentages and (D) activated CCR5+CCR7-CD8+ T cell recruitment into peripheral 
blood. The error bars represent the standard error of the mean (SEM). (E) Combined dynamics of viral load, 
neutrophil precursor recruitment and CD8+ T cell activation.
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not found in the lung tissue at the time B cells were abundantly present (49), consistent with 
our observation that CD4+ T cell responses are hardly detectable in our patients and appear 
late, i.e. at the time of recovery (data not shown). Interestingly, RSV RNA load declined 
more rapidly in the lower airways compared to the nasal areas. Because serum IgG antibodies 
are somewhat more efficient in accessing the lower respiratory tract it is possible that more 
efficient clearance in the lower airways might indicate a role for IgG (50).

Primary RSV infection is characterized by a strong influx of neutrophils into the airways 
(13-15). Furthermore, increased numbers of neutrophil precursors in peripheral blood 
are a characteristic feature during severe inflammatory conditions (35;51). Therefore, the 
recruitment of bone marrow derived neutrophil progenitors indicated a dramatic involvement 
of neutrophils during RSV disease and the RSV infection presumably exhausted the banded 
neutrophil pool in peripheral blood (Fig 4B). Mechanical ventilation can induce a local and 
systemic inflammatory response and enhanced neutrophil activation and recruitment to 
the lungs (52). However, also in non-ventilated children with severe RSV disease a strong 
neutrophil response was observed, demonstrating that marked involvement of neutrophils 
is a characteristic feature during RSV infection (17). Nevertheless, it is possible that during 
the first days of respiratory support ventilation induced effects might enhance neutrophil 
responses and even delay recovery.

T cell activation in peripheral blood was quantified based on a set of antibodies directed 
against well known activation-associated surface markers and cytotoxic proteins; CD27, 
CD45RA, CD45RO, CD127, CCR5, CCR7, Perforin, Ki-67 and Granzyme B (GzmB). 
Based on these parameters we showed that despite the young age of the patients, a robust 
CD8+ T cell response developed during primary RSV infection. In all patients CD8+ T cell 
responses peaked between 11-15 days after onset of first symptoms. The phenotype of the 
CD8+ T cells showed that they were actively dividing cells (Ki67 expression) (43). They 
acquired the ability to migrate to a peripheral site of inflammation because we observed the 
reciprocal down regulation of CCR7, a lymph node homing receptor, and upregulation of 
CCR5 a chemokine receptor involved in migration of T cells to inflamed tissues. Moreover, 
the presence of components of the lytic machinery, GzmB and perforin, showed their 
functional potential (45).

Recently, Miller et al. described the longitudinal analysis of CD8+ effector and memory T 
cell responses to live smallpox (Dryvax) and yellow fever virus (YFV-17D) vaccines in adult 
volunteers (53). These vaccines are attenuated live virus vaccines that cause acute infections. 
Based on phenotypic analysis (CD38+/HLA-DR+/Bcl-2low and Ki-67+) and HLA-tetramer 
staining, peak CD8+ T cell effector responses were found at day 15 after vaccination that 
declined sharply by day 30. YFV was detected in serum by PCR and viral load peaked on day 
7 after vaccination and became undetectable by day 11. Peak CD8+ T cell responses based 
on phenotypic analysis ranged from 2-13 % for YFV and 10-40 % for Dryvax. CD8+ T cell 
responses detected in infants during natural infection with RSV were very similar to the T 
cell responses described by Miller after Dryvax and YFV vaccination. First we found the 
peak of the CD8+ T cell response between day 11 and 15 after first symptoms that occur 3-5 
days later than virus inoculation (54). In addition to the similarities in kinetics, we observed 
a range of responding Th1 CD8+ T cells; between 1 and 40 % of CD8+ T cells in our patient 
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population comparable to the responses in healthy adults. The striking similarity between the 
kinetics and height of the response between healthy adults and the predominantly < 3 month 
old infants during the different viral infections is remarkable. The infant immune system 
is generally considered to be immature, Th2 biased and thought to be weaker compared to 
adults (21). However, our findings indicate that despite the young age, infants can develop 
robust CD8+ T cell responses against a respiratory viral infection. In contrast to complete 
virus eradication in serum observed after YFV vaccination we still detected RSV by PCR in 
the airways of children at discharge from the ICU which was around day 17 after the onset 
of symptoms. Hence, in this location virus eradication seemed less efficient in RSV patients 
compared to systemic viremia in YFV vaccinated individuals. In earlier work we have found 
that one third of the effector CD8+ T cells of RSV patients, identified by phenotypic analysis, 
responded with IFN-γ production upon RSV stimulation (15). Also this observation was 
similar in adults where one third of the CD8+ T cells responded by production of IFN-γ after 
antigenic stimulation. It is currently unclear why only one third of the effector CD8+ T cells 
produce IFN-γ upon stimulation with virus antigen. In the infants in our study, the T cell 
compartment consists mostly of naïve cells, which makes substantial bystander activation 
unlikely. Also after live vaccine induced CD8+ T cell responses in adults no evidence of 
bystander T cell activation was observed (53).

All these similarities suggest that the neonatal response to an acute viral infection is 
comparable to primary T cell responses induced in adults with respect to kinetics, magnitude 
and function. The sequence of events in these children, with high viral loads and disease 
parameters upon admission to the ICU while T cell responses are absent, suggest that these 
T cells play a minor role in RSV immune pathology. In contrast, massive neutrophil influx 
in the airways and subsequent recruitment of neutrophil precursors a few days after peak 
viral load and disease severity indicated that these cells might be important contributors 
to RSV disease (13-15). A similar conclusion was made by Welliver et al. who described 
lung tissue analysis in autopsy materials from RSV and influenza virus infected children 
(17). Lymphocytes were hardly detected in the lungs of the children who died from severe 
RSV LRTI. However, strong neutrophil influxes were found in the autopsy material of these 
children (17). Our findings confirmed this study by showing that the T cell response develops 
after the peak of disease, while neutrophils dominated the early response.

It has been shown that neutralizing antibodies and antivirals have no protective ability when 
given during established disease (32). This observation suggests that lowering viral load 
during disease has no beneficial effect. Because T cell responses peak at convalescence and 
therefore do not appear to contribute to pathology, manipulating innate immune parameters 
might be the only option for disease treatment, while early administered replicating vaccines 
might induce protective T cell immunity.

Materials and methods

Study population, clinical characteristics and sample collection 
The study population consisted of 22 infants younger than 52 weeks of age, admitted to the 
pediatric ICU of the Wilhelmina Children’s Hospital during the winter seasons of 2007-2009. 
All patients required mechanical ventilation because of respiratory failure due to RSV lower 
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respiratory tract infection. Children with immune deficiencies were not included in the study. 
To measure the development of T cell and neutrophil responses in time, 1 ml of blood was 
collected in EDTA tubes directly after written parental informed consent and every other day 
until discharge from the ICU. At the same time intervals, undiluted nasopharyngeal aspirates 
(NPA) and tracheal aspirates (TA) were collected for the determination of respiratory 
viruses. To measure the course of disease severity, the ventilation index was calculated as the 
product of partial pressure of CO2 (mm Hg) x peak airway pressure (cm H2O) x respiratory 
rate (breaths per min) divided by 1000 (55). In patients on the high frequency oscillation 
ventilator (i.e. no respiratory rate available; n=2) the oxygenation index was used, calculated 
as the inspired oxygen fraction x mean airway pressure (cm H2O) divided partial pressure of 
oxygen in arterial blood. The control group consisted of 7 healthy infants around 4 weeks of 
age without current or recent clinical symptoms of a respiratory infection. Parents of patients 
and controls gave their informed written consent. The study was approved by the Medical 
Ethical Committee of the University Medical Center, Utrecht, the Netherlands. 

Respiratory virus detection and quantification
The presence of RSV and other respiratory viruses was determined by real-time (reverse 
transcriptase) PCR on NPA and TA. Nucleic acid was isolated as previously described 
(56;57). Shortly, nucleic acids were extracted using the MagnaPure LC total nucleic acid kit 
(Roche Diagnostics, Mannheim, Germany) and eluted in 100 μl elution buffer. cDNA was 
synthesized by using MultiScribe reverse transcriptase (RT) and random hexamers (both 
from Applied Biosystems, Foster City, CA). Each 100 μl reaction mixture contained 40 μl of 
the eluted RNA. After incubation for 10 minutes at 25 oC, RT was carried out for 30 min at 
48 oC, followed by RT inactivation for 5 min at 95 oC.

Detection of respiratory viruses was performed in parallel, using real-time PCR assays 
specific for: RSV A and B, influenza virus A and B, parainfluenza virus 1 to 4, rhinoviruses, 
adenoviruses, human corona virus OC43, NL63 and 229E, human metapneumovirus, and 
human bocavirus. Real-time PCR procedures were performed as previously described (56;57). 
Briefly, samples were assayed in a 50 μl reaction mixture containing 20 μl of cDNA, 25 μl 
of 2x TaqMan universal PCR master mix (PE Applied Biosystems, Foster City, CA), and 
200-900 nM concentrations of forward and reverse primers and 60-200 nM concentrations 
of each of the probes. Amplification and detection were performed with an ABI Prism 7900 
sequence detection system. Efficient extraction and amplification was monitored through 
the internal control viruses (RNA virus; murine encephalomyocarditis virus and DNA virus; 
phocine herpes virus) (58). Real-time PCR results were expressed in semi-quantitative Ct 
values. For RSV, Ct values were converted to number of particles/ml using standardization 
curves generated with EM counted stocks. The amount of infectious RSV particles present 
in fresh NPA was determined by an end-point dilution assay. Hep-2 cells grown in 96-well 
plates were inoculated with serial dilutions of the NPA in culture medium. RSV quantitative 
standards were run in parallel with each assay. For 10 days, cultures were observed daily for 
cytopathological effects. The 50 % culture infectious dose (TCID50) values were determined 
using the Spearman/Kärber relationship (59).
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Phenotyping of immune cells
Whole blood was stained with different extra-cellular mAbs for 30 min on ice. The following 
mAbs were used to phenotype CD8+ T cell populations; FITC-conjugated anti-CD8 (CLB-
T8/4, 4H8), -CD45RO (UCHL1), -CCR5 (2D7), PE-conjugated anti-CD3 (SK7), -CD8 (SK1), 
-CD127 (R34.34), -CCR7 (3D12), PercP-conjugated anti-CD8 (SK1), and APC-conjugated 
anti-CD3 (SK7), -CD27 (L128) were all purchased from BD Biosciences (San Jose, CA) 
except CD8-FITC (Sanquin, Amsterdam, The Netherlands) and CD127-PE (Immunotech, 
Marseille, France). For intracellular staining cells were permeabilized and fixed using FACS 
permeabilizing/fixation solution (Perm/Fix, BD Biosciences). Cells were stained intra-cellular 
with FITC-conjugated anti-Ki-67 (B56), anti-Perforin (δG9), ALEXA647-conjugated anti-
Granzyme B (GB11) or their isotype controls (BD Biosciences).

The following mAbs were used for the staining of neutrophils and eosinophils. PE-conjugated 
anti-CD49d (9F10) and ALEXA647-conjugated anti-CD16 (3G8) were purchased from BD 
Biosciences. After cell surface staining, erythrocytes were lysed using lysis buffer containing 
155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM Na2EDTA for 15 min. Cells were washed 
twice in FACS buffer and analyzed selected on FSC/SSC and marker expression patterns 
by FACS Calibur flow cytometer and CellQuest software or sorted on a FACS Aria (BD 
Biosciences). 

Statistical analysis
Data was normalized whereby the value of 100 % was assigned to the largest number in a 
patient data set and 0 % to the smallest number in the same data set (GraphPad 4.0, Prism). 
The Pearson’s correlation coefficients were calculated for (1) peak viral load (trachea), (2) 
peak percentage of CD16int neutrophils, and (3) peak percentage of CCR5+CCR7-CD8+ T 
cells with (a) length of stay (LoS) at the ICU and (b) peak ventilation index on day 0-2 (SPSS 
15.0 for Windows)
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Abstract

We determined the dynamics of CD8+ T cells specific for influenza virus and Respiratory 
Syncytial Virus (RSV) in blood and tracheostoma aspirates of children during the course of 
respiratory infections. We showed that during localized respiratory infections the ratio of 
activated effector CD8+ T cells to resting memory/naïve CD8+ T cells in peripheral blood 
increased significantly. Furthermore, the number of effector/memory T cells specific for 
respiratory viruses declined in blood and increased in the airways suggesting that these T 
cells redistributed from blood to airways. T cells specific for the infecting virus were present 
in the airways for longer periods at increased levels than non-specifically recruited bystander 
T cells. After clearance of the infection the ratio of resting memory and naïve CD8+ T cells 
normalized in peripheral blood and also memory T cell numbers specific for unrelated viruses 
that declined during the infection due to bystander recruitment were restored.  Together 
these results showed a significant systemic T cell response during relatively mild secondary 
infections and extensive dynamics of virus specific and non-specific antigen experienced T 
cells.
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Introduction

Antiviral CD8+ T cells are important for resolution of both primary and secondary viral 
infections. However, for respiratory infections caused by respiratory syncytial virus 
(RSV) and influenza virus protective T cell mediated immunity decreases over time (1-3). 
The respiratory tract is one of the largest surface areas of the body and effective immune 
surveillance is required to prevent damage caused by infectious and environmental antigens. 
Even in the absence of local infections in the lung, effector/memory T cells are effectively 
attracted to this peripheral site by continuous chemokine mediated T cell recruitment from 
the vasculature into the tissue (4). This process of effector cell recruitment is enhanced during 
infections when local chemokine production is up-regulated. When infections are cleared, 
substantial numbers of T cells remain detectable in the lung tissue and airways (5;6). The role 
of different T cell populations that are recruited into lung tissue and the airways in the process 
of viral eradication is still unclear, as is the mechanism by which the balance between the 
different T cell populations is re-instilled in peripheral blood after viral clearance.

Most insight into the dynamics of CD8+ T cell responses during respiratory infections has 
come from studies in mice. In the mouse model, naive virus-specific CD8+ T cells differentiate 
and gain the capacity to traffic into inflamed tissue during primary infection. Typically, 
proliferating T cells are first detected in the draining lymph nodes (DLN) around day 4, from 
where they migrate to the lungs where they are found from day 6 onwards (7). Peak responses 
are found in the tissue around day 8-10, while viral load declines as soon as CTLs appear (8). 
After resolution of the infection the virus specific T cell pool contracts and a small number of 
T cells survive and become long-lived memory T cells. 

Upon secondary infection a three phase defense has been suggested (9). The first phase is 
represented by effector/memory CD8+ T cells that are already present in the lungs. Cytokines 
and chemokines are secreted by these cells to create a pro-inflammatory milieu that attracts 
other immune cells. During the second phase a wave of non-proliferating T cells is recruited 
to the lung around day 4 in a non-antigen specific manner. Memory T cells specific for the 
infecting virus as well as non-specific bystanders are recruited. Bystanders do not proliferate 
and are deleted by apoptosis or phagocytosis. The third phase consists of antigen specific 
effector cells that are derived from reactivated memory cells in the draining lymph nodes 
(10;11). 

Few data have been published in the human host. A recent study has shown that CD8+ T 
cells specific for respiratory infections could be detected in lung tissue of elderly people 
that had no symptoms of infection at the time tissue biopsies were taken (5). There was a 
relative enrichment of CD8+ T cells specific for influenza virus and RSV in the lung tissue 
compared to blood that was not found for EBV. These cells had progressed to a highly 
differentiated phenotype and were IL-7 receptor (CD127) positive reflecting their memory 
status. The relationship between airway and tissue resident CD8+ T cells and their relative 
contribution to viral clearance is currently unclear. In mice it was found that effector memory 
cells were predominantly recruited to the airways (12;13). These cells did not divide locally 
and the virus specific CD8+ T cell numbers declined in murine models around 6 months after 
infection (3).
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Information obtained in murine models may not always reflect the human situation. Using 
human pathogens like influenza virus and RSV in the mouse model and the difference in 
anatomy in the murine and human pulmonary circulation may lead to differences in the 
inflammatory milieu and in the in vivo trafficking of immune cells (14;15). These differences 
may result in different populations of immune cells that contribute to the response. Therefore, 
we investigated the dynamics of human CD8+ T cells specific for two respiratory viruses, 
Respiratory Syncytial Virus (RSV) and influenza virus, in peripheral blood and tracheostoma 
aspirates of individuals during episodes of respiratory infections. We showed that during 
mild respiratory infections significant shifts in cell populations occurred in peripheral blood 
and airways. Both virus specific and bystander CD8+ T cells migrated to the lungs and lower 
numbers of virus specific effector/memory cells were detectable in the blood. Furthermore, 
the bystander response was more transient in the airways than the virus specific response. 
In blood the level of bystander memory/effector cells reestablished at a level similar to that 
before the respiratory infection. This study shows for the first time the dynamics of CD8+ T 
cell responses during mild local respiratory infections in humans.

Patient Age (years) HLA typea Underlying disorder Virus
1 2 A1 Subglottic stenosis RSV
2 4 A1 Pierre Robin sequence Rhino
3 3 A3 Spina bifida aperta RSV
4 3 _b Trisomy 11 RSV
5 6 A3 Congenital muscle 

distrophy 1a
RSV

6 12 A2 Nemaline myopathy Unknown
7 16 A1 Spina bifida aperta Unknown
8 17 B7 Spina bifida aperta Rhino
9 5 A2,B7 Mitochondrial 

complex 1 deficiency
Rhino→RSV →Corona→Rhino

10 1 A1,B7 Lunghypoplasia Corona→Rhino and Metapneumovirus 
→Adeno, Rhino and Metapneumovirus 

→Influenza 
11 2 _b Unknown retardation Rhino
12 2 A2 Spinal cord lesion Rhino
13 14 A1 Spinal muscle 

dystrophy
Rhino

14 0.6 A1,A3,B7 Down syndrome Unknown
15 1 A1 Crouzon syndrome RSV

Table 1 Characteristics of tracheostoma patients
aHLA molecule used for tetramer studies.
bHLA type of these children did not include HLA-A1, -A2, -A3 or –B7, the HLA types for which tetramers 
were available.
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Results

During respiratory viral infections bystander CD8+ T cells specific for 
different respiratory viruses disappear from blood.

Upon primary infection with RSV both an antibody response and CD8+ T cell immunity 
against well conserved epitopes develop. However, despite the memory B and T cell 
responses, re-infections in healthy adults occur regularly (1). To evaluate the dynamics of 
RSV specific T cell memory during common respiratory infections, we followed 10 healthy 
volunteers during the winter season. Each week blood was drawn and nose/throat swabs were 
taken to check for the presence of viruses. Eight out of ten individuals experienced at least 
one episode of common cold. In 5 individuals the virus was identified. Unfortunately, we did 
not find RSV. However, as sampling was performed only once a week viral detection was 
not optimal. After collection of all the blood samples the RSV specific memory CD8+ T cell 
response was investigated. Because we had previously found that RSV specific CD8+ T cells 
specific for single RSV epitopes were present at low frequencies (18), CFSE-labeled PBMC 
were cultured with synthetic peptides for 6 days. On day 6 the presence of RSV specific 
CD8+ T cells was determined by tetramer staining in the cell population with low CFSE, 
i.e. the cells that had divided in the cultures. In all patients with either clinical symptoms 
or asymptomatic infection we observed a reduction of RSV specific cells during respiratory 
infection (representative examples shown in Fig. 1A-D). Determination of exact frequencies 
of RSV specific memory CD8+ T cells was impossible because of the in vitro expansion that 
was necessary to visualize RSV specific T cells. To investigate the disappearance of virus 
specific CD8+ T cells during infections with heterologous viruses without the need of in vitro 
expansion, we also determined the influenza virus specific T cell numbers that are present 
in higher frequencies in peripheral blood (19). In these experiments we performed direct 
staining in four HLA-A2 positive donors with HLA-A2 tetrameric complexes containing 
peptide M158-66 derived from the influenza matrix protein. At several time points before, during 
and after the onset of clinical symptoms of respiratory infection, blood samples of HLA-A2 
positive donors were collected. We found a reduction but not complete disappearance of M158-

66 specific CD8+ T cells in peripheral blood during clinical symptoms caused by unrelated 
respiratory viruses (Fig. 1E and F). The percentage of influenza virus specific cells in peripheral 
blood was restored between day 4 and 7 after the onset of symptoms during heterologous 
infections. In the experiments described so far we have used tetramer staining to positively 
identify CD8+ T cells specific for virus derived epitopes. However, the frequency of CD8+ 
T cells specific for single viral epitopes is low in peripheral blood. Therefore, we performed 
additional experiments using the ELISPOT assay for IFN-γ. PBMC were stimulated with 
live virus to display the peptide repertoire representing the entire proteome of the virus. Fig.1 
G and H show the diminished RSV specific T cell response during upper respiratory tract 
infection. Using a mixture of HLA-DR, HLA-DQ and HLA-DP blocking antibodies in this 
assay allowed us to evaluate the effect on CD8+ T cells only. CD8+ T cell numbers specific for 
RSV were detected in lower numbers in peripheral blood during upper respiratory infections 
similar to the diminished number of CD8+ T cells using tetramer staining (Fig.1 I and J.). 
Using the ELISPOT assay similar results were found in two donors for T cell responses 
against influenza virus (data not shown). In most donors the number of PBMC recovered was 
lower during infection, and the percentage of CD8+ T cells within the CD3+ cell population 
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decreased. Therefore, it appeared that the absolute number of influenza virus specific cells 
also decreased. These results suggested the efflux from the blood of CD8+ T cells directed 
against respiratory viruses during episodes of upper respiratory tract infection. 

Figure 1. Dynamics of virus specific CD8+ T cell numbers in peripheral blood during episodes of respiratory 
infections in adults. A-D. RSV specific CD8+ T cells. CFSE labeled PBMC of healthy blood donors were 
stimulated for 6 days with peptide in the presence of IL-2. On day 6 cells were stained with the appropriate 
HLA tetramer. Cells were gated based on negative 7AAD staining and positive CD8 staining. The percentage 
of tetramer positive CFSE negative cells of total CD8+ T cells is given for each time point. A. PBMC of an 
HLA-A1 positive individual stimulated with the peptide YLEKESIYY (RSV-M229-237). PCR in nose/throat 
swab samples showed a coronavirus infection in week 1 and an influenza virus infection in week 2. B. PBMC 
of an HLA-A3 positive individual stimulated with the peptide RLPADVLKK (RSV-M2151-159). This donor 
experienced symptoms of a respiratory infection in week 1, 2 and 5. No virus was identified in nose/throat 
swabs at all time points. C, D. Two HLA-A1 positive donors were stimulated with YLEKESIYY (RSV-
M229-237). For the donor represented in C influenza virus was detected in week 2. The donor represented in 
D experienced symptoms of a respiratory infection in week 2 and 4-6. PCR of the nose/throat swab sample 
was negative in week 2, and rhinovirus was detected in week 4. Black colored bars and brackets around 
week numbers indicate that the individual had symptoms of a respiratory infection on the day of specimen 
collection. The four donors are representative of eight out of ten individuals who experienced symptoms 
during the study period. E and F. Influenza specific CD8+ T cells in PBMC during respiratory virus infections. 
PBMCs of two HLA-A2 positive donors were stained with a HLA-A2 tetramer loaded with the influenza 
virus peptide M158-166: GILGFVFTL. Samples were taken two weeks before, on several time points after 
onset of clinical symptoms and after resolution of the infection. The donor represented in E had a rhinovirus 
infection. The second donor, F had cold symptoms but no virus was identified. G-J. IFN-γ ELISPOT assay 
performed with PBMC of two donors with upper respiratory tract infections. The infecting virus was not 
identified in these subjects. PBMC were stimulated with RSV strain A2 at moi 5. G and H represent the 
number of spots/3x105 PBMC of two different donors. I and J are the T cell responses of the same donors 
when the experiment was performed in the presence of HLA-DR/DQ/DP blocking antibodies and therefore 
shows the response of CD8+ T cells only. D1, D2, D3, D5 depict the day after the first symptoms, pre and 
after samples were taken 6 weeks before the onset of first symptoms and six weeks after. ns not significant, 
*p<0.05, **p<0.01, ***p<0.001.
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A significant increase in CD8+ T cells with an effector (CD127-) phenotype 
is found in PBMC of adults with common colds.

CD8+ T cells directed against a single epitope of influenza virus obviously represent only 
a minor part of the memory pool of T cells directed against respiratory viruses. Therefore, 
we next analyzed the dynamics of the entire CD8+ T cell population in blood. During upper 
respiratory tract infection the percentage of activated effector cells, CD45RO+, CCR7- 
CD127-, HLA-DR+ cells increased (Fig. 2). The peak of the response was found on day 3-7 
after the onset of symptoms. The expression of chemokine receptor CCR5 on these cells 
indicated their capacity to migrate into the inflamed lung. 

Figure 2. A. Dynamics of the CD8+ T cell population in blood during rhinovirus infection. PBMC of an 
adult donor were collected 2 weeks before, on several days after onset of symptoms and two months after 
resolution of the infection and stained for differentiation and activation markers. Similar results were obtained 
in three additional donors. B. Decrease in naïve/memory CD8+ T cell populations (CD127+) and increase in 
effector population (CD127-) shown in four donors with respiratory infections. Day 1 is the first day of cold 
symptoms. Cells were gated for live CD8+ T cells based on FSC/SSC.
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During respiratory infections there is an influx of proliferating highly 
activated CD8+ T cells into the airways. 

During infection with a respiratory virus the airway epithelium is the tissue where viral 
antigens are expressed and innate immune responses create an inflammatory environment 
attracting effector T cells. To study whether the activated effector cells migrated from blood 
to the airways, we followed CD8+ T cell responses in the large airways during respiratory 
infection. Fifteen children between 6 months and 18 years of age with a tracheostoma were 
followed during one winter season. On day 2, 5, 8, 15, 28 and 56 after the onset of symptoms 
of a respiratory infection the CD8+ T cell number and phenotype was measured in tracheal 
aspirate. In these children 21 episodes of upper respiratory tract infection were studied (Table 
1). In the first 3-5 days after the onset of respiratory symptoms we found a higher ratio of CD8+ 
versus CD4+ T cells than later in the response when symptoms diminished and eventually 
disappeared (Fig. 3A). Moreover, early after the onset of symptoms a higher proportion 
of CD8+ T cells expressed the activation marker HLA-DR than later in the response (Fig. 
3B). While in almost all patients >70 % of CD8+ T cells expressed the cytotoxicity marker 
granzyme B (GzmB) during infection, the basic level of GzmB expression after 28 days 
varied tremendously among patients between 10 and 70 % (data not shown). The number of 
T cells expressing perforin, another component of cytotoxic granules, declined much faster 
and less than 10 % of CD8+ T cells was found positive on day 30 (Fig. 3C). Proliferating 

Figure 3. Activation status of CD8+ T cells in tracheal aspirate of children with symptoms of respiratory 
infections. In 15 children (Table 1) tracheal aspirate was collected at 6 time points after onset of symptoms. 
Cells of tracheal aspirate were stained for several activation markers. Missing values are either due to 
interfering new infections or limited numbers of cells in the aspirate
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CD8+ T cell numbers visualized by Ki-67 staining peaked between day 2 and 5 with up to 
30 % proliferating CD8+ T cells (Fig. 3D). In all patients, CCR5, CD45RO and CD27 were 
expressed in more than 75 % of CD8+ T cells at all time points. Twenty-five to fifty percent 
of CD8+ T cells expressed CD28. CD25 and CCR7 were expressed by less than 5 % of CD8+ 
T cells. No variation in these values was found at the different time points of sampling (data 
not shown).

CD8+ T cells show higher rates of proliferation and activation during 
infections with RSV than during rhinovirus infection.

To study the role of CD8+ T cells during infections with different viruses, we compared T 
cell responses in children infected with RSV (3 children, mean age 4.2 year), and rhinovirus 
infections (7 children, mean age 6.8 year). At the peak of the response RSV infected children 
had a higher influx of CD8+ T cells into the airways, and significantly lower percentages of 
CD4+ T cells, resulting in lower CD4/8 ratios (Fig. 4A and B). The number of proliferating 
(Ki-67+) CD8+ T cells and the number of cells expressing GzmB or CD38 were significantly 
higher during RSV infection (Fig. 4C). In one child with four consecutive infections: 
rhinovirus, RSV, coronavirus and rhinovirus, we observed more proliferating CD8+ T cells 
during RSV- and coronavirus infection than during two rhinovirus infections, while the 
response was comparable between the two rhinovirus infections (Fig. 4D-F). 

Figure 4. Comparison of T lymphocyte populations in tracheal aspirate samples during RSV (patient 5, 9, 15) 
and rhinovirus (patient 2, 8, 9-2x-, 11, 12, 13) infections. A. Percentage of CD3+ lymphocytes of total cells 
in tracheal aspirate of patients infected with ●RSV, ○ rhinovirus. CD4+ and CD8+ T cells are depicted as the 
percentage of total live CD3+ cells in tracheal aspirates. B. Comparison of CD4/CD8 ratio in these patients. 
C. Activation markers on CD8+ T cells present in tracheal aspirate samples of RSV and rhinovirus infected 
patients. The values depicted are from the samples taken at the peak of the response usually day 2 or 5 after 
the onset of symptoms. Percentages of marker positive live CD8+ T cells are shown, based on negative 7AAD 
staining and positive CD8+ staining. * p<0.02, ** p<0.05, ns = not significant. D-F. Activation markers 
on CD8+ T cells in tracheal aspirate of a five year old patient (number 9, Table I) who suffered from 4 
consecutive respiratory infections, respectively: (○) rhinovirus, (□) RSV, (■) coronavirus and (●) rhinovirus. 
Cells were gated on a CD8+ and live lymphocyte gate based on the forward/side scatter.
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Bystander CD8+ T cells are recruited to the airways during viral respiratory 
infections.

We next tested the specificity of CD8+ T cells attracted to the airways using HLA-tetrameric 
complexes. HLA-tetramers containing antigenic peptides derived from RSV and influenza 
virus proteins were applied in HLA-A1, -A2, -A3 or -B7 positive donors. Patients were 
followed during several episodes of respiratory infections. RSV specific CD8+ T cell 
responses were studied during 3 infections with rhinovirus, 1 infection with coronavirus and 
three infections with RSV. The influenza specific CD8+ T cell response was studied during 4 
episodes of rhinovirus, 1 coronavirus and 1 RSV infection. During each episode, influenza 
virus and/or RSV specific CD8+ T cells appeared in tracheal aspirate. T cell numbers peaked 
before day 10 after the onset of symptoms and disappeared soon after (Fig. 5A). In one child 
with 4 episodes of common cold, virus specific T cells appeared with every episode and 
T cell numbers declined in symptom free periods (Fig. 5B). Peak responses against single 
epitopes, measured by tetramer staining, varied between 0.1 and 0.83 % of CD8+ T cells. In 
one child with a rhinovirus infection we were able to compare the level of influenza tetramer 
positive cells simultaneously in tracheal aspirate and blood. Although the percentage of 
influenza virus specific CD8+ T cells was much lower in blood than in the airways, we found 
that similar to observations described in Figure 1, influenza virus specific cells disappeared 
from blood. When the cells disappeared from the peripheral blood they appeared in tracheal 
aspirate (Fig. 5C). Thus CD8+ T cells specific for respiratory viruses appear to be attracted 
to the airways during unrelated respiratory infections which results in a temporary decline 
in peripheral blood. During infection with RSV the number of RSV specific CD8+ T cells 
in tracheal aspirate exceeded levels during infection with other viruses. When RSV specific 
CD8+ T cell responses were compared between children with RSV infection and other viral 
infections, the magnitude was higher and elevated virus specific cell numbers were present 
for a longer period in RSV infected individuals (Fig. 5A). Similar observations were made 
for influenza virus specific responses (data not shown). Thus secondary anti-viral CD8+ T cell 
responses are of higher magnitude and of longer duration than bystander responses during 
unrelated infections.

Discussion

The observations made in the present study in human patients showed that in the circulation 
significant shifts in CD8+ T cell populations occur during mild upper respiratory infections. 
All of the three phases of the T cell responses observed during murine respiratory infections, 
reflecting three waves of different populations of memory cells contributing to the response 
in the airways, could be recognized in our experiments (20;21). The first phase is represented 
by effector/memory CD8+ T cells that are already present in the lungs. Indeed, long after 
clearance of a respiratory infection, cells present in tracheal aspirate are of the effector/
memory type. These cells reflect the effector/memory cells already present before the next 
exposure to a respiratory pathogen. The second phase of memory cells that are attracted to 
the inflammatory site in our experiments are identified as influenza virus specific cells and 
RSV specific cells recruited during heterologous respiratory infections (Figure 5, (9;22;23). 
Indeed, like it was described in the murine model, this nonspecific response composed of 
effector memory cells that originated from T cell pools present in the circulation, waned 
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faster than the virus specific response during homologous infections (9;12). While during 
heterologous infection RSV specific cells disappeared from the airways within two weeks, 
during secondary RSV infection RSV specific CD8+ T cell responses peaked later and the 
virus specific cells remained detectable at higher than initial levels up to 58 days (Fig. 5A). 
The sustained response of virus specific CD8+ T cells during homologous infections is caused 
by the contribution of memory cells that encounter antigen-presenting cells in the lymph 
nodes draining the infection site (20). This induces T cell proliferation and effector function 
and the ability to migrate to the inflammatory site. These cells of the third wave are more 
apoptosis resistant than non-specific bystanders due to exposure to cognate antigen (21). 
Furthermore, a prolonged presence of antigen presenting cells that display viral antigens in 
the draining lymph nodes have been documented to be involved in a sustained specific anti-
viral response (14). However, this prolonged antigen presentation might be less pronounced 
during secondary infections when infectious material is rapidly cleared and lower viral 
loads are reached. The observation that the influx of dividing i.e. Ki-67+ cells decreased 
in the airways before day ten (Fig. 3D) while peak RSV specific CD8+ T cell numbers did 
not decline until day 15 (Fig. 5A) may indicate that prolonged survival times determined 
longer persistence of specific T cells during homologous infections. It has been suggested 
that bystander recruitment early during respiratory viral infection is the result of the 
proinflammatory milieu at the site of infection created by the secretion of several cytokines 
and chemokines (9). The rapid recruitment of all T cells to the site of inflammation provides 

Figure 5. Migration of virus specific and bystander T 
cells to the airways. A. Percentages of RSV specific HLA 
tetramer+ (HLA-A1/M229-237, HLA-A3/M2151-159 and HLA-
B7/NP306-314) CD8+ T cells in tracheal aspirates of 5 patients 
(Table 1 patient 1, HLA-A1, patient 3: HLA-A3, patient 
5: HLA-A3, patient 9: HLA-B7 and patient 15: HLA-
A1) with RSV infections (●), 4 patients with different 
infections: 3 with rhinovirus infection (patient 2: HLA-
A1, patient 9: HLA-B7 and patient 13: HLA-A1) and 1 
with coronavirus infection (patient 9: HLA-B7) (○), and 
influenza specific HLA-A2/M158-66 or HLA-A1/NP44-52 
tetramer+ CD8+ T cells during 6 episodes of viral infection, 
4 with rhinovirus (patient 9-2x-: HLA-A2, patient 13: 
HLA-A1, and patient 12: HLA-A2),  1 coronavirus (patient 
9: HLA-A2) and 1 RSV infection (patient 9: HLA-A2)(▼). 
The percentage of tetramer positive cells of total live CD8+ 
T cells is shown. B. In one patient (Table I, patient number 
9) with 4 consecutive infections, RSV and influenza virus 
specific CD8+ T cells were identified in tracheal aspirate 
by tetramer staining (HLA-A2/influenza-M158-66 and HLA-
B7/RSV-NP306-314). C. Influenza virus specific cells appear 
in tracheal aspirate at the same time they disappear from 
blood. At 6 time points after onset of symptoms due to 
rhinovirus infection PBMC and tracheal aspirate of an 
HLA-A2 positive patient (number 9, Table I) were stained 
with HLA-A2/influenza-M158-66 tetrameric complexes. In 
all figures the percentage of tetramer positive cells of total 
live CD8+ T cells are shown.
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a fast defense to previous experienced infections, and enables cross-reactive CD8+ T cells to 
contribute in heterologous infections. After recruitment to the airways, these bystander cells 
are presumably lost by apoptosis or phagocytosis, as in the mouse it has been shown that 
lung airway memory T cells are unable to migrate from the airways back into the circulation 
in contrast to T cells present in the lung interstitium (4;9;12;24). In our study we showed 
that virus specific memory T cells re-appear in blood after disappearance from the airways. 
Currently, we do not know whether in humans these CD8+ T cells migrated back from the 
airways, were redistributed from other sites or were replenished by proliferation.
Compared to children with rhinovirus infections we found higher fractions of CD8+ T cells 
in the airways expressing GzmB, Ki-67 and CD38 in children infected with RSV. This might 
be due to the fact that all children with RSV infection were more severely ill than children 
with rhinovirus infection. 

The possibility to obtain tracheal aspirate at different time points after infection provided a 
unique opportunity to study developing secondary immune responses at the local infection 
site. Using HLA tetrameric complexes we were able to study the dynamics of CD8+ T cells 
with particular specificities. However, due to the fact that the single epitopes used in the 
HLA tetrameric complexes only represent a small fraction of virus specific cells and the 
number of cells recovered from tracheostomal aspirates was low, it was impossible to obtain 
a full phenotypic characterization of the virus specific T cells that migrated to the lungs. 
Moreover, studies in patients will always have the disadvantage that the experimental setup 
cannot be controlled. Therefore, the exact time of virus inoculation was unknown, as was 
the viral load at the time of infection. Furthermore, the patient group was heterogeneous 
with respect to age and underlying disease condition and the history of unknown previous 
respiratory infections. We excluded children with immune disorders and children using 
immune suppressive medication to avoid immunological aspects of underlying diseases as 
much as possible. Due to the fact that the tracheostoma is an open connection between the 
outside environment and the trachea, the lower respiratory tract of tracheostoma patients 
is continuously exposed to bacterial infections. About 95 % of tracheostoma openings in 
adults contain bacterial colonization, while in 30-46 % of deeper brush cultures bacterial 
growth was found (25;26). It has previously been shown that this results in a persistent base 
line inflammation. Compared with healthy controls there is a larger influx of neutrophils 
in tracheostoma patients. Nevertheless, the tracheostoma patients provided us with unique 
material that is impossible to obtain from healthy individuals and the observations made 
provided valuable information on the dynamics of secondary T cell responses at the local 
infection site during the course of a respiratory infection. In summary these studies provided 
insight in human T cell dynamics upon viral infections. Studying human T cell responses in 
both peripheral and central sites will contribute to a broader understanding of the complex 
human T cell immunology necessary for future development of vaccines. 
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Materials and Methods

Study population and sample collection 
Fifteen patients with a tracheostoma between 6 months and 18 years of age were included in 
the study during the winter season of 2005-2006 (Table 1). Exclusion criteria were immune 
disorders and the use of immune suppressive medication. Blood samples were taken prior or 
on day one of the first episode of common cold. In 1 patient with paralysis of the legs and 
absent pain perception, blood samples were drawn at all time points when tracheal aspirate 
was collected. Parents were asked to collect morning samples of tracheal aspirate on day 2, 5, 
8, 15, 28 and 56 after the start of a common cold. During RSV or influenza virus infections a 
7th sample was collected on day 42. Samples were kept on ice during transport. All samples 
were processed within 4 hours after collection.

Healthy blood donors were followed during the winter season. Twenty ml of heparinized 
blood samples were drawn, either once a week for a ten weeks period, or at two time points 
before and after onset of common cold symptoms and at 1-4 time points during clinical 
signs of a common cold. Nose and throat swabs for viral PCR were taken at all time points. 
PBMC were isolated by Ficoll-Paque gradient centrifugation (Pharmacia Biotech) and used 
immediately or stored in liquid nitrogen. Healthy blood donors and parents of patients gave 
their informed written consent. The study was approved by the Medical Ethical Committee 
of the University Medical Center, Utrecht. 
 
Viruses 
Human RSV strain A2 was propagated in HEp-2 cells, and the viral titer was determined 
by plaque assay. RSV was used at MOI 5 in the elispot assay. Influenza virus strain A/
Nanchang/933/95, H3N2, was made in embryonated chicken eggs and used at MOI 5 in the 
ELISPOT assay.

Real-time PCR 
Tracheal aspirate samples or nose and throat swabs were evaluated for respiratory viruses by 
real time PCR. After spiking of samples with murine encephalomyocarditis virus and phocine 
herpes virus, nucleic acids were extracted using the total nucleic acid protocol with the MagNA 
pure LC nucleic acid isolation system (Roche Diagnostics, Basel, Switzerland). Each sample 
was eluted in 200 µl of buffer, which was sufficient for all real-time PCR analyses. cDNA 
was synthesized by using MultiScribe reverse transcriptase (RT) and random hexamers (both 
from Applied Biosystems, Foster City, CA, USA). Each 200 µl reaction mixture contained 8 
0µl of eluted RNA, 20µl of 10xRT buffer, 5.5mM MgCl2, 500 µM of each deoxynucleoside 
triphosphate, 2.5 µM random hexamer, and 0.4 U of RNase inhibitor per µl (all from Applied 
Biosystems, Foster City, CA, USA). After incubation for 10 min at 25 °C, RT was carried out 
for 30 min at 48 °C, followed by RT inactivation for 5 min at 95 °C. Detection of viral and 
atypical pathogens was performed in parallel, using real-time PCR assays specific for: RSV A 
and B, influenza virus A and B, parainfluenza virus 1 to 4, rhinoviruses, adenoviruses, human 
coronaviruses OC43, NL63 and 229E, hMPV, Mycoplasma pneumoniae and Chlamydia 
pneumoniae. Real-time PCR procedures were performed as previously described (16). 
Briefly, samples were assayed in duplicate in a 25 µl reaction mixture containing 10µl of 
cDNA, 12.5 µl 2xTaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, 
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CA, USA), and 300-900 nM of the forward and reverse primers and 75-200 nM of each of 
the probes (together 2.5 µl). Efficient extraction and amplification was monitored through the 
internal control viruses (murine encephalomyocarditis virus [RNA virus] and phocine herpes 
virus [DNA virus] (17).

HLA typing 
To be able to perform HLA-tetramer staining in fresh tracheal aspirate samples, immediate 
limited HLA-typing was required. Therefore, 50 μl of whole blood was stained with a panel 
of HLA specific antibodies to be able to select the proper HLA-tetrameric complexes to 
be used for T cell identification (IHB-Hu-037 for HLA-A1/A36, BB7.2 for HLA-A2, and 
IHB-Hu-035 for HLA-B7 were kindly supplied by Dr. A. Mulder, LUMC Leiden, The 
Netherlands). After 30 min. of incubation at room temperature cells were labeled with 
fluorescein isothiocyanate (FITC)-conjugated Fab fragments (IgG1 for IHB-Hu-035 and IgM 
for IHB-Hu-037, DAKO F0315 and F0317, IgG2b for BB7.2) and incubated for another 30 
minutes. Erythrocytes were lysed using lysis buffer (BD Bioscience). Cells were analyzed 
by FACS Calibur flow cytometer and CellQuest software (BD Biosciences). HLA-type of 
the patients was confirmed in a later stage by PCR-SSP using cultured EBV B cell lines of 
the patients. PCR-SSP was performed according to the instructions of the manufacturers 
(Biotest, Dreieich, Germany).
 
ELISPOT assay
Filtration plates (96-well; MAIPS4510; Millipore) were coated overnight with anti IFN-γ 
coating antibody 1-D1K (100µl, 15 µg/ml; Mabtech) in 0.1 M carbonate-bicarbonate buffer 
pH 9.6, at 4 oC. Before adding the PBMC, the plates were washed thoroughly with phosphate 
buffered saline and blocked for 1 hour at 37 oC with RPMI containing 10 % fetal bovine 
serum. Cells and virus (RSV or influenza virus both used at MOI 5) were added to the wells 
in triplicate in a final volume of 200 µl of RPMI 1640 containing 10 % fetal bovine serum 
and penicillin and streptomycin. Cells were incubated at 37 oC for 24 hour in a humidified 
incubator. Then  cells were removed by thorough washing in phosphate buffered saline, 
and 100 µl of detecting antibody 7-B6-1-biotin (Mabtech), diluted to 1ug/ml in phosphate 
buffered saline-0.5 % fetal bovine serum, was added to the wells. After incubating 2 hour 
at room temperature and washing (phosphate buffered saline), 100 µl (diluted 1:1,000 in 
phosphate buffered saline-0.5 % fetal bovine serum), ExtraAvidine alkaline phosphatase 
conjugate (Sigma) was added and incubated for 1 hour at room temperature. Then the plates 
were washed in phosphate buffered saline, and 5-bromo-4-chloro-3-indolylphosphate-
nitroblue tetrazolium substrate was added at 100 µ/well (Sigma, one tablet dissolved in 10 
ml of H2O). Spots were counted by an automated ELISPOT reader. Data were represented 
as the number of spots per 3x105 PBMC minus the background of unstimulated samples. In 
the monoclonal antibody blocking experiments, we used culture supernatants of hybridomas 
B8.11.2 producing anti HLA-DR, SPVL3 producing anti HLA-DQ and B7/21 producing anti 
HLA-DP.

CD8+ T cell phenotyping
To maximize cell viability, tracheal aspirate samples were processed directly after sampling. 
Specimens were filtered through 70 µM cell strainers (Falcon, BD) to remove mucus. Cells 
were washed in RPMI medium supplemented with penicillin and streptomycin and 10 % 
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FCS and blocked in FACS buffer containing 10 % HPS for 30 minutes on ice. Cells were 
stained with the appropriate HLA-A1, -A2, -A3 or -B7 tetramer. The allophycocyanin 
(APC)-conjugated HLA-B7 tetramer loaded with the RSV peptide NPKASLLSL (NP306-314), 
the HLA-A1 tetramer loaded with the RSV peptide YLEKESIYY (M229-237), the HLA-A3 
tetramer loaded with the RSV derived peptide RLPADVLKK (M2151-159) and the HLA-A2 
tetramer loaded with the influenza virus peptide GILGFVFTL (M158-66) were purchased from 
Sanquin (Amsterdam, the Netherlands). The HLA-A1 tetramer loaded with influenza NP-
derived CTELKLSDY (NP44-52) peptide was obtained from Proimmune (Oxford, UK).

After 20 minutes, cells were stained extra-cellular with different mAbs for another twenty 
minutes at room temperature. FITC-conjugated anti-CD8, -CD25, -CD27, -CD45RO, 
-CCR5, -CD38, phycoerythrin (PE)-conjugated anti-CD4, -CD8, -CD27, -CD28, -CD38, 
-CD45RO, HLA-DR, -CCR7, PerCP conjugated anti-CD8, -HLA-DR and APC-conjugated 
anti-CD3, -CD8, -CD28 were all purchased from BD-Pharmingen (San Jose, California) 
except CD8-FITC (Sanquin, Amsterdam) and CD127-PE (Immunotech, Marseille, France). 
For intracellular staining cells were permeabilized and fixed using FACS permeabilizing/
fixation solution (Perm/Fix, BD-Pharmingen). Cells were stained intra-cellular with FITC-
conjugated Ki-67, FITC-perforin (both BD-Pharmingen), PE conjugated Granzyme B 
(GzmB, Sanquin, Amsterdam) or isotype control (BD-Pharmingen) for 30 minutes at room 
temperature. Cells were washed twice in perm-wash and once in FACS buffer. For surface 
stained samples 7AAD (BD-Pharmingen) was added just before FACS analysis to visualize 
cell viability. Cell staining was analyzed on a FACS-Calibur using CellQuest software (BD 
Bioscience, Mountain View, CA).

To measure RSV specific CD8+ T cells in PBMC of adult volunteers, carboxyfluorescein 
diacetate succinimidyl ester (CFSE, Sigma) labeled PBMC were cultured with synthetic 
peptide at 1 µM for 6 days in the presence of 20 U/ml of recombinant human IL-2. CFSE 
labeling of PBMC was performed during 5 minutes at room temperature in 2.5 mM CFSE in 
serum free culture medium. Cells were washed three times in culture medium with 10 % FCS 
prior to culture with peptide. At day 6 RSV specific CD8+ T cells were visualized by staining 
with HLA tetrameric complexes, in a gate for live cells (based on forward/side scatter) that 
had divided (based on dilution of CFSE). Percentages of tetramer positive cells as a fraction 
of total CD8+ T cells are depicted in the figures. All PBMC samples of an individual were 
tested in one experiment.

Statistics
Comparison of differences between patient groups (i.e. infected with RSV or rhinovirus) was 
made using the Mann Whitney U test. A P value < 0.05 was considered significant. Statistical 
analysis of the data in Fig. 1 was performed by using two-tailed Student’s t test (GraphPad 
Prism). Values are expressed as the mean +/- SEM.
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Abstract

Severe lower respiratory tract infection caused by Respiratory Syncytial Virus (RSV) is a 
major disease burden in infants during the first six months of live. A vaccine is not available 
and currently high risk infants receive prophylactic treatment with palivizumab, a humanized 
mouse monoclonal antibody recognizing the Fusion (F) protein of RSV. We recently described 
a method to genetically modify human B cells that maintain B cell receptor expression and 
secrete immunoglobulin. By this procedure, we obtained several RSV specific antibodies 
with strong broad neutralizing capacity from peripheral blood memory B cells of an RSV 
exposed individual. These fully human IgG1s recognized only conformational epitopes on 
the RSV-F protein. In addition, compared to palivizumab the antibodies were very potent in 
reducing viral load, pathology and controlling the cellular immune responses in mouse and 
cotton rat models, and therefore hold promise for the use in prophylactic treatment to prevent 
severe RSV disease. These data showed the relevance of the novel B cell technology to select 
for functional human antibodies.
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Introduction

The first years of life are characterized by an increased risk for severe infections. In neonates 
memory T and B cell responses are absent and infants have to rely on innate immune responses 
and maternally derived antibodies transferred in utero and via breast milk for protection 
(1;2). Respiratory Syncytial Virus (RSV) infection is a major health burden, being the main 
cause of lower respiratory tract disease (LRTD) in children. Infants less than 6 months of age 
constitute the major group of children hospitalized for severe RSV infection (3). A recent 
paper by Hall et al. estimated the total burden of RSV on the admittance of children under 
the age of 5 years to the hospital and out patient’s clinics. The hospitalization rate for RSV 
respiratory tract infection in the U.S.A. was 17 per 1000 infants under 6 months, while this 
was 3 per 1000 for children younger than 5 years (4). Furthermore, children admitted to 
the hospital for severe RSV infection had an 8-fold higher chance of developing asthmatic 
symptoms during the subsequent months, probably due to bronchial hyperresponsiveness or 
virally induced airway inflammation (5;6).

Protection by vaccination has proven to be difficult in the neonatal period, due to low 
responsiveness of the developing immune system and Th2 skewed immune responses (7). 
In addition, the presence of maternally derived antibodies, while providing some early 
protection, might also hinder the effective induction of protective immune responses by 
vaccines, in part due to B and T cell epitope masking or by lowering antigenic load (8). 
Although much effort has been put in the development of an effective and safe vaccine, 
this development has been hampered by a disastrous trial with formalin inactivated RSV 
(FI-RSV) in the 1960s. Vaccinees in this trial developed enhanced disease upon exposure 
to natural RSV infection (9;10). Nevertheless, new encouraging data from Delgado et al. 
and Moghaddem et al. showed that the lack of antibody affinity maturation by the FI-RSV 
vaccine in combination with the Th2 skewing effect of reactive carbonyl groups caused this 
vaccine trail to fail (11;12). Nonetheless, a vaccine like natural RSV may always be a poor 
inducer of effective adaptive memory responses since recurrent infections are common even 
in healthy adults (13).

Absence of a safe vaccine has led to the development of prophylactic treatments based on 
the administration of either polyclonal (RespiGam) or a monoclonal antibody (palivizumab). 
These strategies were based on the association between maternally derived RSV neutralizing 
IgGs and protection in infants younger than 6 months of age (14;15). These maternally derived 
antibodies and treatment with RespiGam or palivizumab demonstrated that neutralizing RSV 
specific antibodies can confer protection and indicated that prophylactic treatment with an 
efficient and cost effective antibody against RSV is a promising option to protect the very 
young children (14;16;17). 

Although palivizumab shows a much wider protective effect then RespiGam, palivizumab 
effectively reduced the hospitalization rate of high risk infants only with 50 % compared to a 
placebo group (17). Some high risk infants are not protected by prophylactic treatment with 
palivizumab, with ongoing viral replication in the upper respiratory tract. Therefore, there 
still is a need for new treatment options for those at risk for severe RSV infection. Because 
effective protection by vaccination is difficult to achieve in young infants and immune 
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compromised patients, passive immunization remains a desired strategy, with the need for 
more and potent RSV specific antibodies.

We previously described the isolation and immortalization of human memory B cells from 
peripheral blood by introducing the transcriptional repressor BCL6 and the anti-apoptotic 
gene Bcl-xL. The cells resemble germinal center B cells and produce relatively high amounts 
of antigen specific immunoglobulin while still expressing the B cell receptor (BCR) (18-20). 
We found that several of these germinal center like B cell clones produced RSV specific 
IgGs with high neutralizing capabilities (21). These fully human IgGs are an interesting pool 
of RSV specific antibodies because they were elicited during natural infection and can be 
expected to show minimal cross reactivity. We further characterized four of the most potent 
RSV specific IgGs to neutralize RSV in vitro and in vivo and to diminish inflammation 
compared with palivizumab. In contrast to palivizumab, all natural fully human anti-
RSV antibodies recognized conformational epitopes of the RSV-F protein. The in vitro 
neutralization of several clinical isolates of RSV A and B strains was up to 100-fold more 
efficient then palivizumab. This was paralleled by an efficient neutralization in vivo, in a 
mouse and cotton rat model, leading to reduced immune pathology because of diminished 
innate and RSV specific adaptive immune responses.

Results

D25 recognizes a conformational epitope of the Fusion (F) protein of RSV

We previously described the isolation and immortalization of memory B cells from a 
healthy donor, producing RSV specific human IgGs (21). A panel of four monoclonal cell 
lines (D25, AM14, AM16, and AM23) were selected with median half maximum inhibitory 
concentrations (IC50) against the RSV A2 virus ranging from 2.1 ng/ml for D25 and AM14, 
4.3 ng/ml for AM23 to 145 ng/ml for AM16 (21) (Table 1). D25, selected based on its high 
neutralizing capacity was further characterized. The specificity of D25 for the RSV-F or 
the attachment- (G) protein was determined by using recombinant vesicular stomatitis virus 
(VSV) expressing either the RSV F- or G- protein (22). EL-4 cells were infected with VSV-Wt, 
VSV-Frsv or VSV-Grsv and stained with D25 (Figure 1). Like palivizumab, D25 recognized 
the F protein of RSV (Figure 1A). Next the binding of polyclonal goat anti-RSV, palivizumab 
and D25 to lysate of RSV infected HEp-2 cells was compared by ELISA (Figure 1B). In 
contrast to polyclonal goat anti-RSV and palivizumab, D25 did not bind the lysate of RSV 
infected HEp-2 cells, data that was confirmed by using a commercial anti-RSV ELISA (data 
not shown). However, both palivizumab and D25 bound equally efficient to RSV infected 
HEp-2 cells as determined by a FACS staining (Figure 1C). Together this would suggest that 
D25 recognized a very restricted conformational epitope and therefore did not interfere with 
binding of palivizumab to infected HEp-2 cells or did palivizumab interfere with D25 binding 
(Figure 1D). This demonstrated that D25 and palivizumab recognized distinct epitopes on the 
F protein, and bound without sterical hindrance to the F protein of RSV.
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Figure 1. D25 recognizes a conformational epitope from the RSV-F protein that is different from palivizumab. 
(A) Binding of Ctrl IgG1 and D25 to EL-4 cells infected with VSVwt, VSV-FRSV or VSV-GRSV measured 
by flow cytometry. (B) Binding of polyclonal goat-anti-RSV, palivizumab, D25 or control IgG1 to RSV 
A2 infected HEp-2 cell lysate measured by ELISA. (C) Recognition of RSV A2 infected HEp-2 cells by 
palivizumab and D25 measured by flow cytometry. Competitive binding of ALEXA633 labeled palivizumab 
and PE labeled D25 to RSV A2 infected HEp-2 cells in the presence of increasing concentrations unlabeled 
palivizumab (D left panel) or unlabeled D25 (D right panel).

RSV A2a RSV-X RSV 2006-1 RSV 2007-1 RSV z
palivizumab 151 1159 260 103 1.36

D25 1.28 4.90 2.26 2.57 0.51
AM14 2.09 43.8 12.2 5.99 0.04
AM16 78.7 184 147 75.2 0.14
AM22 1.15 n.t. n.t. n.t. n.t.
AM23 4.18 27.1 9.15 117 19.3

Table 1. RSV neutralising activity of purified IgGs
The IC50 (ng/ml) values of the selected anti-RSV IgGs were determined with standard TCID50 culture assay 
on RSV A2 , two clinical A strain isolates (RSV-X and RSV 2006-1) and two clinical B strain isolates (RSV 
2007-1 and RSV Z). n.t. Not tested.
aThe IC50 values of selected antibodies against RSV A2 have been determined in our previous study (21).
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D25 efficiently neutralizes RSV in vivo

To test the anti-viral potential of D25 in vivo, Balb/c mice were intra-nasally challenged 
with RSV A2 one day after receiving D25 at concentrations of 1.0, 0.1 and 0.01 mg/kg, 
palivizumab at 10, 1 and 0.1 mg/kg or an isotype control IgG1 at 1 mg/kg. In contrast to 
the D25 treated animals, the control and palivizumab mice lost weight between day 2 to 
4 post-infection when pre-treated with 1 mg/kg antibody (Figure 2A). At lower antibody 
concentrations there were no differences in relative weight between mice treated with D25, 
palivizumab or Ctrl IgG1.

Figure 2. D25 is highly efficient in neutralizing RSV A2 in vivo. (A) Weight change of mice treated with 
different concentrations of Ctrl IgG, palivizumab and D25 is expressed in percentages, whereby the weight at 
the day of RSV A2 infection is set to 100 %. The RSV load in the BAL (B) or lungs (C) of mice treated with 
the indicated antibody, was determined 5 days after infection with TCID50 culture (left panel) or quantitative 
PCR for the RSV N gene (right panel). The error bars represent the standard error of the mean (SEM), with * 
P < 0.05 and ** P < 0.01. The experiment was performed twice with 5 individual mice per group.
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To test if the reduced weight loss correlated with diminished viral replication, lungs and BAL 
were obtained from mice five days after primary RSV infection. With a standard TCID50 culture 
assay the BAL viral load was determined (Figure 2B, left panel). At the highest concentration 
both palivizumab (10 mg/kg) and D25 (1.0 mg/kg) reduced the viral load below the limit of 
detection of 2.1x102 TCID50/ml. At 1.0 mg/kg, palivizumab only partially reduced viral load 
compared to Ctrl IgG1, which disappeared when palivizumab was administered at 0.1 mg/
kg. The D25 treated mice even showed partial protection at a concentration of 0.01 mg/kg 
compared to Ctrl IgG1 treated mice. These data were confirmed with a quantitative PCR for 
the RSV N gene on BAL samples (Figure 2B, right panel). The same efficient reduction in 
viral load was also found in the lung tissue compared to the BAL samples (Figure 2C). Again 
D25 reduced viral load more potently than palivizumab as measured by TCID50 culture assay 
and PCR. There was no difference found in the decay of serum hIgG1 levels as measured 
by the antibody levels in the serum, 6 days after administration of the three antibodies (data 
not shown). Therefore, the higher reduction in viral load could be attributed to more potent 
neutralization of RSV by D25 compared to palivizumab.

The innate immune response is diminished in D25 treated mice compared 
to palivizumab

There is much debate whether pathology during RSV infection is directly virus induced tissue 
damage or mediated by excessive immune responses (29-31). Similar to the gain of weight 
and the lower virus levels in the lungs of D25 pre-treated mice, total cellular infiltrate in the 
airways was lower in BAL of D25 treated mice compared to palivizumab treated animals at 
concentrations of 1 and 0.1 mg/kg. Palivizumab only reduced the influx of cells at 10 mg/
kg compared to Ctrl IgG1 treated mice (Figure 3A). The majority of the cellular infiltrate in 
the airways consisted of neutrophils and T cells identified based on the expression patterns 
of CD3, CD11c, B220 and CCR3 (32). Mice treated with 1.0 mg/kg D25 had significantly 
lower absolute numbers of neutrophils in the airways compared to Ctrl IgG1 treated mice 
(Figure 3B). There was no difference in neutrophil influx between palivizumab or Ctrl IgG1 
treated mice, despite the lower viral load in the first group (Figure 2B). The same pattern was 
found for the influx of T cells in the airways, D25 at a concentration of 1.0 mg/kg lowered 
the influx of T cells in the airways compared to palivizumab or Ctrl IgG1 (Figure 3C). No 
difference in the recruitment of T cells in the BAL between palivizumab and Ctrl IgG treated 
mice was found. This suggested that D25 was not only capable of lowering the viral load, but 
also reduced the virus induced inflammatory cell recruitment initiated by recognition of RSV 
by the innate immune system. 

Reduced viral load results in reduced adaptive immune responses.

After the innate immune response, the adaptive immune response develops to eliminate 
the virus and generate long term memory responses. Antibodies can affect the uptake of 
antigen and influence the generation and nature of the T cell response. Here we determined 
whether reduced virus titers or uptake via immune complexes affected the subsequent T 
cell response. Mice were again treated with 0.1, 1.0 and 10 mg/kg D25, palivizumab or 
Ctrl IgG1 before intra-nasal RSV infection. Eight days post infection, at the peak of the T 
cell response, lungs were removed and the RSV specific CD4+ and CD8+ T cell responses 
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determined. D25 at a concentration of 1.0 mg/kg significantly reduced the absolute number of 
activated CD11ahiCD62LlowCD8+ T cells compared to Ctrl IgG treated mice. These low CD8+ 
T cell numbers were only found at 10 mg/kg for palivizumab (Figure 4A). The RSV specific 
response was studied with tetramer staining against the dominant M187-195 H-2Db epitope from 
the RSV matrix protein (24;25). Again D25 was 10 times more efficient then palivizumab 
and significantly reduced the absolute number of M187-195 specific CD8+ T cells found in the 
lung of RSV challenged mice (Figure 4B). In addition, the functional RSV specific responses 
of lung CD4+ and CD8+ T cells 8 days ex vivo after RSV infection were determined. Lung 
CD4+ and CD8+ T cells were stimulated with RSV A2 infected dendritic cells (D1) and IFN-γ 
production was measured by intra cellular cytokine staining. The absolute number of virus 
specific IFN-γ producing CD8+ and CD4+ T cells recovered from lungs of mice infected 
with RSV A2 was significantly reduced when mice were pretreated with 1.0 mg/kg of D25 
compared to mice receiving Ctrl IgG or palivizumab (Figure 4C and D). The later required 
a ten-fold higher concentration to significantly reduce the absolute number of RSV specific 
IFN-γ producing CD8+ T cells, while no significant reduction in absolute numbers of RSV 
specific CD4+ T cells was found (Figure 4D). These data correlated with the ability of D25 to 

Figure 3. The cellular influx in the airways during RSV infection is diminished in D25 treated mice. (A) 
Absolute live cell counts of BAL were obtained 5 days after RSV A2 infection. (B) Absolute numbers of 
neutrophils in the airways of mice infected 5 days before with RSV were determined with flow cytometry, 
based on the FSC/SSC pattern and the absence of CD3/B220/CCR3/MHC II expression. (C) Absolute 
numbers of T cells in the airways of mice 5 days p.i. with RSV were determined with flow cytometry, based 
on the FSC/SSC pattern and the expression of CD3. The error bars represent the (SEM), with * P < 0.05 and 
** P < 0.01. The experiment was performed twice with 5 individual mice per group.
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reduce virus replication at 1.0 mg/kg and palivizumab at 10 mg/kg. The virus specific CD4+ 
T cells producing the Th2 cytokine IL-5 were also enumerated. The absolute numbers of 
IL-5 producing CD4+ T cells were low in all mice, with no differences between the different 
antibody treated groups (data not shown). Thus both palivizumab and D25 lowered viral 
loads, cell recruitment and the level of RSV specific T cell responses in the lungs of RSV 
infected mice, but D25 was in all aspects more potent than palivizumab.

Figure 4. Reduced RSV specific T cell responses in D25 and palivizumab treated mice. Lung T cells of mice 
treated with the designated antibody at 0.1, 1 or 10 mg/kg were obtained 8 days after primary RSV infection. 
(A) Total number of activated CD8+ T cells was determined by measuring the CD11ahiCD62LlowCD8+ T 
cells by flow cytometry. (B) Total number of M187-195 CD8+ T cells was determined by H-2Db M187-195 tetramer 
staining in combination with anti-CD8. RSV specific CD8+ T cell numbers (C) or CD4+ T cell numbers (D) 
were measured by stimulating lung T cells with RSV infected or uninfected LPS matured D1 cells (H-2b+ DC 
cell-line) and staining for intra cellular IFN-γ. The error bars represent the (SEM), with * P < 0.05 and ** P < 
0.01, the experiment was performed twice with 5 individual mice per group.
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Characterization of a panel of conformational dependent anti-RSV 
antibodies

In addition to D25, four other potent conformational dependent anti-RSV antibodies were 
recovered by using our B cell immortalization protocol. These B cell lines were screened 
for RSV recognition by testing B cell supernatants on RSV infected Hep-2 cells by FACS. 
Three of these named AM14, AM16, AM23, were earlier described (21). AM22 showed an 
IC50 of 2.6 ng/ml against the RSV A2 virus (Table 1). The sequence of the VH and VL chain 
of the new antibody set revealed that they were different from each other (data not shown). 
All antibodies were produced as recombinant protein in 293T cells and purified by protein 
A. With in vitro neutralization experiments, the antibodies efficiently neutralized a panel of 
primary RSV A and B isolates (Supplementary Figure 1).

All antibodies recognized the RSV-F protein when expressed by recombinant VSV (Figure 
5A). Furthermore, except for AM16, recognition was dependent on the presence of 
conformational epitopes in the RSV-F protein, they did not recognize lysate of RSV infected 
HEp-2 cells (Figure 5B). Also purified HIS-tagged recombinant RSV-F protein was not 
recognized by D25, AM14, AM22 and AM23 when tested in a direct (data not shown) or 
capture ELISA (Figure 5B). However, when the original stable BCR expressing B cell lines 
were incubated with non-purified culture supernatant of the HIS tagged RSV-F protein we 
did observe binding to the B cell clones AM16, AM23 and less strong to D25. No RSV-F 
protein capture was observed to the BCRs of the AM14 and AM22 B cell lines (Figure 5C). 
Possibly a low percentage of protein F homotrimers or dimers was present in the untreated 
culture supernatant of the F protein producing cell line. These more native F conformations 
may express the epitopes recognized by AM23 and D25, which were lost in the denaturizing 
conditions of the ELISA procedures, but were present when RSV infected HEp-2 cells were 
stained. Competition of the novel antibody panel against D25 and palivizumab revealed 
that D25 binding was reduced when cells were pre-incubated with AM23. Binding of D25 
binding was enhanced when increasing concentrations of AM14 were added (Supplementary 
figure 2). These results suggested that most antibodies recognized novel and yet unknown 
conformational epitopes on the RSV-F protein. 

Anti-RSV neutralizing capacity in Cotton rats

The complete anti-RSV antibody panel was tested in Cotton rats, since this animal model is 
known for its enhanced support of RSV replication compared to mice (33). Animals were 
prophylactically treated with 2.0 or 0.4 mg/kg of monoclonal antibodies before RSV-X, 
a primary RSV A isolate, was intra-nasally administered. Due to relatively low antibody 
production, the AM14 antibody was administered at 0.4 and 0.1 mg/kg. The level of recovered 
human IgG from cotton rat sera at day 1 (day of virus inoculation, data not shown) and day 
6 (day of sacrifice) was in the same expected range for all antibodies, although the level of 
palivizumab was in the lower range (Supplementary figure 3). The decline of antibodies in 
time was comparable.

The retrieval of RSV virus from the lungs of sacrificed animals was strongly reduced in all 
animal groups treated with 2.0 mg/kg of immunoglobulin compared to the control group 
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(Figure 6). In the groups treated with 0.4 mg/kg significant amounts of virus were retrieved 
from the palivizumab group and to a much lesser extent from the D25 and AM23 groups. 
Surprisingly the animals treated with 0.1 mg/kg of AM14 still showed reduced virus titers. 
These results indicated that the new antibodies that specifically recognized conformational 
epitopes on the RSV F protein harbor strong in vivo neutralizing capacities. The AM16 
antibody that neutralized RSV in vitro in the same range as palivizumab and also recognized 
F protein by ELISA was not tested.

Figure 5. Extended panel of neutralizing RSV specific human antibodies. (A) Binding of selected human 
anti RSV IgGs to EL-4 cells infected with VSV-FRSV or VSV-GRSV measured by flow cytometry. Binding of 
polyclonal goat-anti-RSV, palivizumab, selected human anti-RSV IgGs to RSV A2 infected HEp-2 cell lysate 
measured by ELISA (B left panel) or capture ELISA with His tag purified RSV-F (B right panel). (C) FACS 
plot of B cell lines producing the selected human anti-RSV IgGs, identified by the expression of Bcl-XL-GFP, 
were stained with non-purified supernatant of His tagged RSV-F producing 293T cells in combination with 
APC labeled penta-His.
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Analysis of lung pathology of RSV challenged cotton rats

From each cotton rat at day 5 after i.n. RSV infection the left lung was removed and fixed 
with formalin. Lung damage was classified between 0-5 for three individual markers: 1) 
hypertrophy of bronchus and bronchioli epithelia, 2) inflammation surrounding bronchus 
and bronchioli (peribronchiolitis) and 3) inflammation in the alveoli (alveolitis). The average 
sum of the scores of all animals in one group created the pathology index (maximum score 
15) (supplemental Figure 3B). Lung pathology after RSV infection was significantly reduced 
in animals groups treated with high doses of immunoglobulin (2 mg/kg). However only 
in the AM14, AM22 and AM23 groups the pathology was significantly reduced at lower 
concentrations (0.4 mg/kg). While a complete absence of pathology was only seen in 3 out 
of 5 animals treated with AM22 and AM23 at 2 mg/kg, at 0.4 mg/kg complete protection was 
only detected in 2 or 1 out of 6 animals in the AM14 and AM22 groups respectively (Table 2). 
The reduced pathology seen in AM23 treated animals is interesting since this antibody only 
partially prevent virus replication.

Discussion

We described the characteristics of a panel of fully human, highly potent RSV neutralizing 
IgG1 antibodies. These antibodies probably recognized conformational epitopes within the 
homotrimeric structure of the RSV-F protein, since they did not recognize denatured RSV 
virus or monomeric forms of the F protein in ELISA. It has been shown for the related 
para-influenza 5 virus that the F protein undergoes profound conformation changes from 
the pre- to post fusion state upon infection (34). Also the transition of RSV-F protein from a 
cone to lollypop shaped form has been implicated to affect membrane fusion and infection 
(35). Recognition and binding to yet unidentified epitopes on any of the conformational 

Figure 6. RSV neutralization in Cotton rats. The RSV load in the lungs of cotton rats treated with the indicated 
antibodies 24 hours before infection with RSV-X, was determined 5 days after infection with TCID50 culture. 
Experiments were performed twice with four to six individual animals per treatment group.
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states of the F protein may render the virus envelope susceptible to neutralization both in 
vitro and in vivo. Interestingly, the existence of these conformation dependent antibodies 
seemed not unique, since we found several antibodies that did not compete with each other. 
This indicated that there are several important conformational epitopes on the RSV-F protein 
accessible by antibodies. 

The antibodies effectively decreased the viral load and diminished innate and adaptive immune 
responses in animal models (Figure 2, 3, 4 and 6), when administered prophylactically. 
Palivizumab, derived from a mouse monoclonal antibody that recognizes the antigenic A 
site of the F protein of RSV, is currently used as passive immune therapy to protect high risk 
infants (36-38). While palivizumab has reduced hospitalization rates in the target populations 
by 50%, clearly not all infants are protected (17;39). Compared to palivizumab, the novel 
antibody panel was at least ten-fold more efficient in vivo RSV neutralization and diminishing 
inflammation.

The F protein of RSV has been implicated in TLR4 mediated signaling leading to NFκB 
activation facilitating innate immune responses during RSV infection (40). Triggering 
of TLR4 and subsequent production of pro-inflammatory cytokines can be inhibited by 
incubating RSV-F with monoclonal antibodies directed against the RSV-F protein (40). 
Whether reduced inflammatory responses were solely due to the reduction in viral load or 
because of reduced immune activation via direct binding to pattern recognition receptors 
remains to be studied.

One of the main issues in RSV disease is the cause of illness. The virus can cause serious 
damage to lung epithelial layers, but persistence and severity of disease may be caused by 
exaggerated innate and adaptive immune responses (41). Our data in mice and cotton rats 
showed that the human RSV specific IgG1s at relatively low concentrations could diminish 
viral load in the lungs. In addition innate immune responses in mice, as measured by lower 
inflammatory cell influx into the airways were also decreased. Besides the efficient reduction 

Antibody mg/kg Significant reduction in 
pathology

No pathology

palivizumab 2 5/5 1/5
palivizumab 0.4 3/5 0/6

D25 2 5/5 0/5
D25 0.4 2/6 0/6

AM14 0.4 5/6 2/6
AM14 0.1 4/5 0/5
AM22 2 5/5 3/5
AM22 0.4 5/6 1/6
AM23 2 5/5 3/5
AM23 0.4 5/6 0/6

Table 2. Prevention of pathology in Cotton rats
Number of animals with significant reduction in/or of absence of lung pathology at day 5 during RSV-X 
infection. Experiments were performed twice with four to six individual animals per treatment group.
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of inflammatory cells in the airways by D25, administration of neutralizing antibodies also 
reduced the induction of adaptive immune response as measured by RSV specific CD4+ and 
CD8+ T cell numbers 8 days post infection. These T cells still mainly produced IFN-γ and 
there was no shift towards a Th2 type response. Th2 type T cell response with increased 
IL-4, IL-5 and Il-13 production are often observed after vaccination with inactivated or 
subunit vaccines, and have are associated with enhanced disease (42;43). The human RSV 
specific IgG1s also effectively reduced pathology in cotton rats by lowering inflammatory 
cell infiltrates. 

It has been observed that children with severe RSV infection admitted to the intensive care 
unit, have high numbers of neutrophils in their airways (44). Therefore the inflammatory cell 
influx could be a major contributor to the RSV induced disease severity. It has been suggested 
that in mouse models, innate cell influx is in part mediated by the fracktalkine chemokine 
motif (CX3C) in the RSV-G protein (45). Early therapeutic administration of an anti-RSV G 
specific antibody directed against this CX3C motif reduced cellular infiltrate, lung pathology 
and viral load in RSV challenged mice (45;46). However, reduction of viral load later during 
infection by the antibody directed at the CX3C motif in RSV-G, did not limit disease severity 
(46). This suggested that antibodies with more potent neutralizing capacities and antibodies 
with the capacity to reduce inflammation may improve clinical outcome in young infants or 
even adults with RSV disease.

This study showed that using our method to immortalize human B cells we were able to 
isolate human high affinity IgG antibodies that could protect against RSV disease in vivo. 
Since many others have tried to develop antibodies against RSV but never found these unique 
and highly potent, conformation dependent antibodies our technology is a powerful tool to 
specifically reveal these highly effective antibodies. Therefore, this procedure holds promises 
for the development of functional and therapeutic antibodies for the protection against RSV 
and many other infectious diseases.
 
Materials and Methods

Viruses and cells
The RSV A2 strain was grown on HEp-2 cells, purified by PEG-6000 precipitation and 
stored in liquid nitrogen. The RSV A strains; RSV-X, RSV-2006 and RSV B strains; RSV-Z 
and RSV-2007 were isolated from RSV infected infants. Wild type and recombinant VSV 
expressing RSV-G protein (VSV-G) and VSV expressing RSV-F protein (VSV-F) (kindly 
provided by Dr. J.S. Kahn and Prof. J.K Rose, Yale University School of Medicine) were 
cultured on BHK cells grown in DMEM containing 5 % FCS, penicillin/streptomycin and 
50 µM 2-mercapto-ethanol (22). EL-4 cells were cultured in Iscove’s Modified Dulbecco’s 
medium (IMDM, Gibco, Invitrogen) supplemented with 5 % FCS, penicillin/streptomycin 
and 50 µM 2-mercapto-ethanol. HEp-2 cells were cultured in IMDM with 5 % FCS and 
penicillin/streptomycin. The murine H-2b dendritic cell line D1 was cultured in IMDM with 
10 % FCS, penicillin/streptomycin, 50 µM 2-mercapto-ethanol and GM-CSF (23).
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Animals and experimental setup
Pathogen free 6 week-old female C57BL/6cjo mice were purchased from Charles River 
Nederland (Maastricht, The Netherlands) and pathogen free 6 week-old female Balb/c mice 
were purchased from Janvier (Le Genest-St-Isle, France). Mice were lightly anesthetized 
with isoflurane and intranasally infected with 107 TCID50 RSV A2 in a volume of 50 µl 
diluted in PBS with 10 % sucrose. One day (day -1) before infection mice were i.p. injected 
with 10, 1 or 0.1 mg/kg palivizumab (MedImmune Inc. Gaithersburg, MD) dissolved in PBS 
or with 1, 0.1 or 0.01 mg/kg D25 (AIMM Therapeutics, Amsterdam, The Netherlands) or 
with 1, 0.1 mg/kg hIgG1 isotype control (Eureka therapeutics, Emeryville, CA). The mouse 
study protocol was approved by the Animal Ethics Committee of the University Medical 
Center Utrecht and the Utrecht University. 

Pathogen free 7–9 week-old Cotton rats (Sigmodon hispidus, Charles River Nederland) were 
anesthetized with isoflurane and given 0.1 ml of purified antibody by intramuscular (i.m.) 
injection at doses of 2.0 or 0.4 mg/kg for the control antibody, palivizumab, AM22, AM23 
and D25, while AM14 was administered at 0.4 and 0.1 mg/kg. Twenty-four hours later, 
animals were anesthetized, bled for serum hIgG determination and challenged by intranasal 
instillation of 106 TCID50 RSV-X (100 µl). Five days later animals were sacrificed and their 
lungs were harvested. Lung virus titers were determined and the lowest limit of detection was 
2.1 log10 TCID50 /g. The Animal Experiment Committee of the Netherlands Vaccine Institute 
approved all procedures involving cotton rats.

Tissue sampling
Mice were sacrificed by i.p. injection of pentobarbital. For determination of viral load, the 
lungs were removed after performing Bronchial Alveolar Lavage (BAL). The lungs were 
homogenized in 1 ml of IMDM and then centrifuged at 1,000 x g for 10 min. For measurement 
of T cell responses, the lungs were cut in pieces and the fragments were digested for 25 
min at 37 oC and 5 % CO2 with 3.2 mg/ml collagenase A and 1 mg/ml DNAse (Roche 
Applied Science, Basel, Switzerland). For the last 5 min 1 mM EDTA was added. Single-cell 
suspensions were prepared from the pre-treated lungs by processing the tissue trough cell 
strainers (BD Falcon, Franklin Lakes, NJ).

RSV quantative and neutralization assay
For determination of viral load, the lungs and BAL were obtained as described above. The 
clarified supernatants were used to determine viral load by standard TCID50 culture. Serial 
dilutions of the clarified lung supernatants or BAL fluid were cultured on HEp-2 cells in flat 
bottom 96 well plates (Costar, Schiphol-Rijk, Netherlands) in IMDM, containing penicillin/
streptomycin and 1 % FCS. For the RSV neutralization assay, 100 TCID50 of RSV A2 or 
RSV-X viruses mixed with B cell culture supernatant and pre-incubated for 30 min at 37 °C 
before addition in triplicate to HEp-2 cells. After 96 hours of culture at 37 oC with 5 % CO2, 
the monolayers were fixed with 80 % acetone followed by washing with PBS/0.05 % Tween 
20. The monolayers were incubated for 2 hours at 37 oC with polyclonal goat anti-RSV 
HRP (Biodesign, Kennebunk, ME, USA), and 3-amino-9-ethylcarbazole (AEC) was added 
as substrate. Plaques were counted under a light microscope. 
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RSV specific RT-PCR
RNA was isolated using the RNeasy mini kit (Qiagen, Valencia, CA) according to the 
instructions of the manufacturer. cDNA was prepared by reverse transcriptase using 2.5 µM 
random hexamers for 5 min at 25 oC, 30 min at 48 oC and 10 min at 95 oC. Real-time PCR 
for the RSV N gene was performed using a ABI Prism 7700 sequence detector (Applied 
Biosystems, Foster City, CA) using 10 µl sample in a total volume of 25 µl mastermix with 
the following run conditions, 1 cycle for 2 min at 50 oC, and 10 min at 95 oC, followed by 45 
cycles for 15 seconds at 95 oC and 1 min at 60 oC. The following primers and FAM labeled 
probe were used (RSV FW-AGA TCA ACT TCT GTC ATC CAG CAA), (RSV REV-TTC 
TGC ACA TCA TAA TTA GGA GTA TCA AT) (RSV PROBE-CAC CAT CCA ACG GAG 
CAC AGG AGA T). Known concentrations of RSV A2 were used to derive a standard curve. 
Standards and negative controls were run together with each PCR.

Intra-cellular Cytokine Staining (ICS)
For ICS analysis, single cell suspensions of lung (106) were stimulated for 6 hours at 37 oC, 
5 % CO2 with 1 μg/ml M187-195 peptide (NAITNAKII)(24;25) or with 2x105 D1 cells infected 
with RSV A2 at multiplicity of infection (MOI) 2 in 200 μl IMDM containing 10 % FCS, 
penicillin/streptomycin and 50 μM 2-mercapto-ethanol and 25 U/ml recombinant human 
IL-2 (Roche Applied Science, Basel, Switzerland). Brefeldin-A 10 μg/ml (Sigma, St. Louis, 
Mo.) was added for the duration of the stimulation to facilitate intracellular accumulation of 
cytokines. Following culture, the cells were washed with PBS containing 2 % FCS, 2 mM 
EDTA and 0.02 % NaN3 (FACS buffer) and surface stained for flow cytometric analysis. 
Cells were fixed and permeabilized with CytoFix/CytoPerm solution and Perm/Wash buffer 
(BD Pharmingen, San Diego, CA) according to instructions of the manufacturer. 

Flow cytometry
H-2Db peptide M187-195 tetramer was produced as described (26). All cell suspensions were 
pre-incubated with 5 µg/ml blocking antibody against CD16/CD32 (2.4G2) before staining to 
reduce non-specific binding. Freshly isolated lung lymphocytes and BAL cells were stained 
in FACS buffer, using fluorchrome-conjugated antibodies and the H-2Db M187-195 tetramer. 
The antibodies, anti-CD3 (145-2C11), anti-CD4 (L3T4), anti-CD8 (clone 53-6.7), anti-
CD11a (2D7), anti-CD11c (clone HL3), anti-CD62L (clone MEL-14), anti-NKG2a (20D5), 
MHC-II (I-Ab/I-Eb) (clone M5/114.15.2), anti-B220 (RA3-6B2) and Streptavidin were used 
for cell surface staining. For intra-cellular IFN-γ staining rat-anti-mouse IFN-γ FITC (clone 
XMG 1.2) was used. All antibodies were purchased from BD biosciences (San Diego, CA) 
except anti-CCR3 (clone 83101), which was obtained from R&D systems (Minneapolis, 
MN). Stained samples were acquired on a FACSCalibur flowcytometer (BD, San Diego, 
CA). Data was analyzed using CellQuest software (BD, San Diego, CA).

ELISA
Plates were coated with lysate of RSV infected HEp-2 cells in PBS for 1 hour at 37 oC or 
o/n at 4 oC and washed in ELISA wash buffer (PBS, 0.5 % Tween-20). Plates were blocked 
by incubation with 4 % milk in PBS, before the anti-RSV antibodies or polyclonal goat anti-
RSV (Biodesign, Kennebunk, ME, USA) in combinations with enzyme-conjugated anti-IgG 
antibodies (dilutions 1:2500 for HRP-conjugated anti-IgG (Jackson). TMB substrate/stop 
solution (Biosource, Carlsbad, CA, USA) was used for development of the ELISAs. Lysate 
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of RSV infected HEp-2 cells, culture supernatant or purified HIS-tagged F protein was used 
as antigen in ELISA. Protein constructs were stably or transiently expressed in 293T cells as 
described before (27).

B cell culture and immortalization. 
B cells were immortalized and cultured as described before (19-21). In brief, we isolated B 
cells from peripheral blood (Sanquin, Amsterdam, The Netherlands) by Ficoll separation, 
CD22 MACS microbeads (Miltenyi Biotech) and subsequently cell sorting for CD19+CD3–

CD27+IgM–IgA– (IgG memory cells) on a FACSAria (Becton Dickinson). The use of 
these tissues was approved by the medical ethical committees of the institution and was 
contingent on informed consent. Retroviral transduced B cells, were maintained at 2x105 
cells/ml in IMDM supplemented with recombinant mouse IL-21 (25 ng/ml, R&D systems) 
and co-cultured with γ-irradiated (50Gy) mouse L cell fibroblasts stably expressing CD40L 
(CD40L-L cells, 105 cells/ml) for 36 hours. The BCL6 and Bcl-xL retroviral constructs were 
described previously (18;28) and were cloned into the LZRS retroviral vector and transfected 
in Phoenix packaging cells as described before and added to the stimulated B cells (18;19). 
Transduced B cells were maintained in IMDM, in the presence of recombinant IL-21 and 
CD40L-L cells for prolonged periods of time and culture supernatants containing antibodies 
were tested for anti-RSV activity.
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Supplemental data figures

Supplemental figure 1. Several clinical isolates of RSV A and B strain are efficiently neutralized by D25, and 
the AM antibodies. (A) Neutralization of two RSV A strains obtained from clinical isolates by palivizumab, 
D25 and AM antibodies or two B strains also obtained from clinical isolates (B).

Supplemental figure 2. Distinct epitopes are recognized by palivizumab, D25 and AM antibodies. RSV 
A2 infected HEp-2 cells were pre-incubated with increasing concentrations of the designated unlabeled 
antibodies. The HEp-2 cells were then stained with (A) Alexa633-labeled palivizumab or PE-labeled D25 (B). 
Relative binding was measured by flow cytometry.
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Supplemental figure 3. Similar stability of RSV specific antibodies in vivo. (A) The presence of human 
IgG1 in the serum of cotton rats 5 days after RSV A2 infection, which is 6 days after administration of 
was determined by ELISA. The error bars represent the standard error of the mean (SEM). The experiment 
was performed twice with four to six individual animals per group. (B) Cumulative pathology score of the 
lungs of cotton rats, treated 24 hour before RSV infection with the indicated antibodies. Lung specimens 
obtained 5 days after infection were evaluated by a pathologist randomly. Lungpathology was classified with 
scores between 0-5 for three individual markers: 1) hyperthropy of bronchus and bronchioli epithelia, 2) 
peribronchiolitis and 3) alveolitis. Average pathology score (maximum score 15) with standard error of the 
mean (SEM). Experiments were performed twice with four to six individual animals per treatment group.
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Chapter 8

General discussion 

In this thesis work is presented aimed at increasing our understanding of innate and adaptive 
immune responses during human and mouse RSV infections and the role dendritic cell (DC) 
subsets play in orchestrating this response.

Although RSV infections in mice are not very productive, mouse models have extensively 
been used to study the different aspects of adaptive immune responses against RSV. Most 
of this work has been performed with BALB/c mice, one of the most permissive inbred 
mouse strains (1). Initially, the BALB/c mouse has been used to study the mechanism of 
enhanced disease after FI-RSV vaccination. The role of Th2 skewed CD4+ T cell responses 
in the initiation of enhanced disease has been well established as well as a role for CD8+ T 
cells in ameliorating this process (2-4). Primary infections with live virus, that in contrast to 
the inactivated vaccine initiate both CD4+ and CD8+ T cell responses, have a milder disease 
course (5). From these studies in BALB/c mice and other inbred mouse strains, disease 
severity was found to be dependent on both the genetic background and MHC genes (6;7). 
C57BL/6 mice are less sensitive to primary infection and enhanced disease compared to 
BALB/c mice. Enhanced disease caused after FI-RSV vaccination has been mimicked by 
the priming of mice with vaccina virus expressing the RSV-G protein, inducing a G protein 
specific Th2 CD4+ T cell response (8). In the BALB/c mouse no (RSV-specific) CD8+ T cell 
response is primed after vaccination with a recombinant vaccinia virus expressing RSV-G 
protein. Therefore, during the viral challenge the frequency of CD4+ T cells outnumbers the 
naïve CD8+ T cell numbers, and has been shown to be the reason for the unbalanced Th2 
response (3;4). We have found that in contrast to the situation in BALB/c mice, there is a 
CD8+ T cell epitope in the G protein of RSV that can be recognized in the context of H2-Db 
in C57BL/6 mice (Chapter 2). This altered balance between Th2 CD4+ and IFN-γ producing 
Th1 CD8+ T cell numbers initiated by G-protein priming might affect the severity of disease 
during subsequent challenge infections in BALB/c versus C57BL6 mice (2-4). 

The mouse models described above emphasized the role for Th2 skewed CD4+ T cells 
during severe disease. Because the neonatal period is characterized by Th2 skewed immune 
responses it was hypothesized that severe disease in infants during primary RSV exposure 
might be caused by a similar Th2 mediated immune response and would therefore be a T 
cell mediated disease. Furthermore, depletion of both CD4+ and CD8+ T cells during primary 
RSV infection in mice reduces the illness, although with prolonged shedding of the virus 
(9;10). However, from human studies evidence to support this hypothesis is sparse (11-13) 
or contradictory (14-16). In our own human studies we addressed the question which role T 
cells might play during RSV infection in infants. The kinetics of viral load, disease severity, 
innate (neutrophil) response and adaptive T cell response were carefully monitored. For this 
purpose we used previously characterized CD4+ and CD8+ T cell epitopes recognized in the 
context of HLA class I and II molecules to be able to monitor the human T cell response in 
patients (17-19). In addition, RSV infected dendritic cells were used as antigen presenting 
cells to measure the entire virus specific T cell response. This was paralleled by extensive 
phenotypic analysis of T cells, to monitor the dynamics of effector/memory T cell responses 
in peripheral blood. Using these approaches, we studied T cell responses in BAL (Chapter 4) 
and peripheral blood (Chapters 4 and 5) during primary RSV disease in children ventilated 
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for RSV bronchiolitis. Our work showed that a role for T cells as a cause of disease is unlikely, 
because T cell numbers in BAL and peripheral blood are low during the initial hospital stay 
when disease is most severe. Moreover, the T cell response is dominated by IFN-γ producing 
CD8+ T cells rather than CD4+ T cells (Chapter 4), which argues against a the role of a Th2 
skewed cytokine environment. Numbers of CD8+ T cells present at the peak of the response, 
i.e. at convalescence, are similar to T cell responses during primary viral infections (small 
pox, yellow fever) in adults (20). Therefore, it does not appear that neonatal T cell responses 
are inadequate, rather disease has developed before T cells are significantly expanded and 
thus the kinetics of the primary T cell response is too slow to protect against disease. Disease 
is probably caused by the combined effect of viral damage and the innate immune mechanism 
with a role for neutrophils during this stage (Chapter 5).
 
We observed a sequence of events during severe RSV infections; whereby virus infection 
and innate immune response are observed respectively just before and during the peak of 
disease while T cell responses, as measured in peripheral blood, start to develop after the 
peak of the disease. This scenario fits nicely with the observation made in an autopsy series 
of children who died after severe RSV bronchiolitis. In lungs of these children lymphocytes 
were hardly found (21). The absence of lymphocytes in the lungs of these children who died 
as a result of severe RSV infections suggests that at the time disease is severe, T cells do not 
play a significant role in the lungs. The low numbers of activated T cells that we detected in 
blood when disease was severe therefore most likely reflected the beginning T cell response 
rather than an extensive recruitment of T cells to the lung, which would be an alternative 
explanation for low numbers of effector T cells in the periphery. The fact that CD8+ T cell 
activation peaked upon discharge from the ICU, the relative absence of T cells in the lungs 
during disease and lack of correlation between T cell responses and disease severity suggest 
that these cells are not involved in immune pathology during RSV disease (Chapters 4 and 
5).

Strategies to limit viral replication during disease have had limited effect on disease severity 
(22;23), although antibodies capable of both reducing viral load and cell recruitment in the 
airways have shown some promising effect in the mouse model (23). This lack of clear 
associations between viral load, adaptive T cell responses and disease severity also indicated 
that other factors play an important role in severe RSV disease (24;25). The observation that 
neutrophils dominated the response in the airways, suggested that innate immune responses 
might exaggerate disease (26-28). The migration of mature neutrophils into the airways was 
followed by an influx of immature neutrophils and their precursors from the bone marrow 
into the blood (Chapter 5). We used this influx of neutrophil precursors into the blood to 
measure the kinetics of the neutrophil response in relation to the kinetics in viral load, disease 
severity and T cell responses. Peak recruitment of precursors into the blood occurs 2-3 days 
after admission to the ICU and peak disease severity. This suggests that the bone marrow 
was unable to compensate for the neutrophil migration into the airways a few days before, 
or that massive cytokine production triggered early release of neutrophil precursors. Either 
way, enhanced inflammation coincided with peak disease severity. Therefore like in severe 
influenza virus infections, massive uncontrolled innate responses and cytokine production 
might contribute to RSV disease (29;30). How and why RSV infection leads to uncontrolled 
innate responses is unknown, but several studies indicate that neutrophils might play an 
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important role in this process (31;32). Furthermore, increased detection by multiple TLRs 
might further induce aberrant immune responses, with increased production of IL-6, IL-8 and 
IL-9 (33-35). Especially neutrophil IL-9 production is associated with severe RSV disease 
and increased mucus production (36). Finally, innate responses can be tempered by adaptive 
CD4+ and CD8+ T cells during the response (37), and therefore the developing T cell response 
that we observed after the peak of the disease might actually contribute to recovery.

In comparison to primary infections, secondary RSV infections usually cause milder 
symptoms. However, RSV infections occur regularly indicating that immunity is incomplete, 
despite the fact that virus specific neutralizing antibodies and memory T cells are present after 
primary exposure. We have shown that during respiratory infections, RSV specific CD8+ T 
cells migrate to the airways both as bystanders during unrelated infections or as specific 
responders during RSV infections (Chapter 6). It has been shown during experimental 
challenge of healthy volunteers that re-infections can occur with the exact same strain of RSV. 
Therefore, adaptive immunity is for some reason inadequate and viral variability is not the 
only cause of re-infections. For RSV there are already early indications that the virus might 
have immune suppressive effects similar to measles virus. We have previously performed 
experiments addressing the role of RSV infection on DC function. These experiments showed 
that a soluble component is secreted by RSV infected human DC that has an inhibitory effect 
on T cell proliferation and also suppresses the development of effector function in the T cells 
that do expand (38). In addition it has been shown by others that RSV-F protein expressed 
on infected cells also suppress T cell proliferation in a contact dependent mechanism (39). 
It is currently unclear whether these inhibitory effects observed with in vitro cultures, using 
purified T cells and DC, also play a role during in vivo immune responses.
 
In vivo, different subsets of DC are present at different locations that have specialized 
functions. DC in the (mucosal) tissues are most likely first exposed to pathogens but may 
not be the crucial antigen presenting cell (APC) to present pathogen derived antigens to 
naïve T cells in the lymph nodes, where T cell responses are initiated (40;41). To study the 
role of DC subsets in vivo during RSV infection, we used the C57BL/6 infection model. 
These experiments described in Chapter 3, showed that different subsets of DC express 
antigenic epitopes of RSV in the context of class I and class II MHC molecules. In lung two 
DC subsets, the CD11b-CD103+ DC residing directly underneath the airway epithelia and 
CD11bhiCD103- DC from the parenchyma, get infected and migrate with the antigenic cargo 
to the lymph nodes. Furthermore, also a subset of lymph node resident DC acquires viral 
antigen via a noninfectious route (Chapter 3). It is currently unclear how these cells function 
in the triggering of naïve T cell responses, but they do activate memory CD4+ and CD8+ T 
cells ex vivo. The role of different DC subsets, their ability to migrate to and encounter naïve 
and memory T cells and their capacity to respond to innate immune triggers all contribute to 
their efficacy to elicit adaptive immune responses. In humans were RSV infection is highly 
productive, the role of different cell types in the induction of inflammation and antigen 
presentation might be very different from what we found in the mouse.

Nevertheless, we found that despite possible suppressive effects of RSV infection on DC 
function and the assumption that during the neonatal period, immune responses are weaker 
and Th2 skewed compared to those in older children and adults, the triggering of the CD8+ T 
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cell response was quite effective in our young patient population (Chapter 5)(42-44). 

Regardless of the fact that re-infections occur frequently also in the presence of neutralizing 
antibodies, there is a clear correlation between the level of antibodies and the protection 
against severe RSV infection (45;46). This finding has led to strategies to protect the very 
young and high risk infants from severe RSV infection. Prophylactic administration of 
neutralizing polyclonal (RespiGam) or monoclonal (palivizumab) provided some protection, 
but unfortunately not for all infants (47-49). Therefore, there is room for improvement, 
for instance by construction or isolation of more potent antibodies. Our recent advances 
in isolation and modification of memory B cells into long-lived high antibody producing 
plasma like B cells have yielded several highly neutralizing fully human RSV specific 
antibodies (50). Interestingly, all the natural RSV neutralizing antibodies obtained from a 
single donor, recognized conformational epitopes (Chapter 7). These antibodies were more 
potent in neutralizing RSV in vitro and in vivo compared to palivizumab and also reduced 
inflammation in the lungs of mice. Binding of the antibodies to conformational structures 
might prevent fusion by inhibiting conformation changes associated with the fusion process 
(51). Prophylactic treatment of mice with the neutralizing antibodies reduced adaptive T cell 
responses probably by lowering antigen dose without affecting the nature of the response 
(Chapter 7). Whether this reduced adaptive T cell response is also beneficial for high risk 
infants needs to be determined. But increased CD8+ T cell responses in neonatal mice during 
RSV infections worsen disease during secondary infections in adulthood (52).

In conclusion, although the exact mechanism of severe RSV disease in humans is still unclear, 
the sequence of events during severe primary RSV infection in infants indicates that T cells 
are probably not directly contributing to disease severity. The lack of a clear correlation 
between viral load and disease indicates that modulation of innate immunity during infection 
should be considered an alternative strategy to reduce illness.

Furthermore, humans are capable of generating highly neutralizing antibodies that can limit 
viral load, but not completely protect against frequent re-infections indicating complex 
interactions between RSV and protective innate and T cell responses. Caution should be taken 
in directly translating data obtained from murine studies to the human system as different 
parameters of the infection are responsible for disease. 

References

(1) Prince GA, Horswood RL, Berndt J, Suffin SC, Chanock RM. Respiratory syncytial 
 virus infection in inbred mice. Infect Immun 1979 Nov;26(2):764-6.
(2) Srikiatkhachorn A, Braciale TJ. Virus-specific CD8+ T lymphocytes downregulate T helper 
 cell type 2 cytokine secretion and pulmonary eosinophilia during experimental murine 
 respiratory syncytial virus infection. J Exp Med 1997 Aug 4;186(3):421-32.
(3) Olson MR, Varga SM. CD8 T cells inhibit respiratory syncytial virus (RSV) vaccine 
 enhanced disease. J Immunol 2007 Oct 15;179(8):5415-24.
(4) Olson MR, Hartwig SM, Varga SM. The number of respiratory syncytial virus (RSV) 
 specific memory CD8 T cells in the lung is critical for their ability to inhibit RSV 
 vaccine-enhanced pulmonary eosinophilia. J Immunol 2008 Dec 1;181(11):7958-68.
(5) Waris ME, Tsou C, Erdman DD, Zaki SR, Anderson LJ. Respiratory synctial virus 
 infection in BALB/c mice previously immunized with formalin-inactivated virus 



156

Chapter 8

 induces enhanced pulmonary inflammatory response with a predominant Th2-like 
 cytokine pattern. J Virol 1996 May;70(5):2852-60.
(6) Hussell T, Georgiou A, Sparer TE, Matthews S, Pala P, Openshaw PJ. Host genetic 
 determinants of vaccine-induced eosinophilia during respiratory syncytial virus infection. 
 J Immunol 1998 Dec 1;161(11):6215-22.
(7) Stark JM, McDowell SA, Koenigsknecht V, et al. Genetic susceptibility to respiratory 
 syncytial virus infection in inbred mice. J Med Virol 2002 May;67(1):92-100.
(8) Connors M, Kulkarni AB, Firestone CY, et al. Pulmonary histopathology induced by 
 respiratory syncytial virus (RSV) challenge of formalin-inactivated RSV-immunized 
 BALB/c mice is abrogated by depletion of CD4+ T cells. J Virol 1992 Dec;66(12):7444-51.
(9) Cannon MJ, Openshaw PJ, Askonas BA. Cytotoxic T cells clear virus but augment 
 lung pathology in mice infected with respiratory syncytial virus. 
 J Exp Med 1988 Sep 1;168(3):1163-8.
(10) Graham BS, Bunton LA, Wright PF, Karzon DT. Role of T lymphocyte subsets in 
 the pathogenesis of primary infection and rechallenge with respiratory syncytial virus in mice. 
 J Clin Invest 1991 Sep;88(3):1026-33.
(11) Roman M, Calhoun WJ, Hinton KL, et al. Respiratory syncytial virus infection in infants 
 is associated with predominant Th-2-like response. 
 Am J Respir Crit Care Med 1997 Jul;156(1):190-5.
(12) Sung RY, Hui SH, Wong CK, Lam CW, Yin J. A comparison of cytokine responses in 
 respiratory syncytial virus and influenza A infections in infants. 
 Eur J Pediatr 2001 Feb;160(2):117-22.
(13) Legg JP, Hussain IR, Warner JA, Johnston SL, Warner JO. Type 1 and type 2 cytokine 
 imbalance in acute respiratory syncytial virus bronchiolitis. 
 Am J Respir Crit Care Med 2003 Sep 15;168(6):633-9.
(14) Brandenburg AH, Kleinjan A, van Het LB, et al. Type 1-like immune response is found 
 in children with respiratory syncytial virus infection regardless of clinical severity. 
 J Med Virol 2000 Oct;62(2):267-77.
(15) de Waal L., Koopman LP, van B, I, et al. Moderate local and systemic respiratory syncytial 
 virus-specific T-cell responses upon mild or subclinical RSV infection. 
 J Med Virol 2003 Jun;70(2):309-18.
(16) Bont L, Heijnen CJ, Kavelaars A, et al. Peripheral blood cytokine responses and disease 
 severity in respiratory syncytial virus bronchiolitis. Eur Respir J 1999 Jul;14(1):144-9.
(17) Heidema J, de Bree GJ, de Graaff PM, et al. Human CD8(+) T cell responses against five 
 newly identified respiratory syncytial virus-derived epitopes. 
 J Gen Virol 2004 Aug;85(Pt 8):2365-74.
(18) van Bleek GM, Poelen MC, van der MR, et al. Identification of immunodominant 
 epitopes derived from the respiratory syncytial virus fusion protein that are recognized by 
 human CD4 T cells. J Virol 2003 Jan;77(2):980-8.
(19) de Graaff PM, Heidema J, Poelen MC, et al. HLA-DP4 presents an immunodominant 
 peptide from the RSV G protein to CD4 T cells. Virology 2004 Sep 1;326(2):220-30.
(20) Miller JD, van der Most RG, Akondy RS, et al. Human effector and memory CD8+ 
 T cell responses to smallpox and yellow fever vaccines. Immunity 2008 May;28(5):710-22.
(21) Welliver TP, Garofalo RP, Hosakote Y, et al. Severe human lower respiratory tract illness 
 caused by respiratory syncytial virus and influenza virus is characterized by the absence 
 of pulmonary cytotoxic lymphocyte responses. J Infect Dis 2007 Apr 15;195(8):1126-36.
(22) Ventre K, Randolph AG. Ribavirin for respiratory syncytial virus infection of the 
 lower respiratory tract in infants and young children. 
 Cochrane Database Syst Rev 2007;(1):CD000181.
(23) Haynes LM, Caidi H, Radu GU, et al. Therapeutic Monoclonal Antibody Treatment 
 Targeting Respiratory Syncytial Virus (RSV) G Protein Mediates Viral Clearance and 
 Reduces the Pathogenesis of RSV Infection in BALB/c Mice. 
 J Infect Dis 2009 Aug 1;200(3):439-47.
(24) Wright PF, Gruber WC, Peters M, et al. Illness severity, viral shedding, and antibody 



157

Discussion 

ch
ap

te
r 

8

 responses in infants hospitalized with bronchiolitis caused by respiratory syncytial virus. 
 J Infect Dis 2002 Apr 15;185(8):1011-8.
(25) DeVincenzo JP, El Saleeby CM, Bush AJ. Respiratory syncytial virus load predicts 
 disease severity in previously healthy infants. J Infect Dis 2005 Jun 1;191(11):1861-8.
(26) Heidema J, Lukens MV, van Maren WW, et al. CD8+ T Cell Responses in 
 Bronchoalveolar Lavage Fluid and Peripheral Blood Mononuclear Cells of Infants with 
 Severe Primary Respiratory Syncytial Virus Infections. J Immunol 2007 Dec 15;179(12):8410-7.
(27) Smith PK, Wang SZ, Dowling KD, Forsyth KD. Leucocyte populations in respiratory 
 syncytial virus-induced bronchiolitis. J Paediatr Child Health 2001 Apr;37(2):146-51.
(28) Everard ML, Swarbrick A, Wrightham M, et al. Analysis of cells obtained by bronchial lavage 
 of infants with respiratory syncytial virus infection. Arch Dis Child 1994 Nov;71(5):428-32.
(29) de Jong MD, Simmons CP, Thanh TT, et al. Fatal outcome of human influenza A (H5N1) 
 is associated with high viral load and hypercytokinemia. Nat Med 2006 Oct;12(10):1203-7.
(30) Kobasa D, Jones SM, Shinya K, et al. Aberrant innate immune response in lethal infection 
 of macaques with the 1918 influenza virus. Nature 2007 Jan 18;445(7125):319-23.
(31) Stark JM, Godding V, Sedgwick JB, Busse WW. Respiratory syncytial virus infection 
 enhances neutrophil and eosinophil adhesion to cultured respiratory epithelial cells. Roles 
 of CD18 and intercellular adhesion molecule-1. J Immunol 1996 Jun 15;156(12):4774-82.
(32) Lindemans CA, Coffer PJ, Schellens IM, de Graaff PM, Kimpen JL, Koenderman L. 
 Respiratory syncytial virus inhibits granulocyte apoptosis through a phosphatidylinositol 
 3-kinase and NF-kappaB-dependent mechanism. J Immunol 2006 May 1;176(9):5529-37.
(33) Kurt-Jones EA, Popova L, Kwinn L, et al. Pattern recognition receptors TLR4 and CD14 
 mediate response to respiratory syncytial virus. Nat Immunol 2000 Nov;1(5):398-401.
(34) Murawski MR, Bowen GN, Cerny AM, et al. Respiratory syncytial virus activates 
 innate immunity through Toll-like receptor 2. J Virol 2009 Feb;83(3):1492-500.
(35) McNamara PS, Flanagan BF, Hart CA, Smyth RL. Production of chemokines in the lungs 
 of infants with severe respiratory syncytial virus bronchiolitis. 
 J Infect Dis 2005 Apr 15;191(8):1225-32.
(36) McNamara PS, Flanagan BF, Baldwin LM, Newland P, Hart CA, Smyth RL. 
 Interleukin 9 production in the lungs of infants with severe respiratory syncytial 
 virus bronchiolitis. Lancet 2004 Mar 27;363(9414):1031-7.
(37) Kim KD, Zhao J, Auh S, et al. Adaptive immune cells temper initial innate responses. 
 Nat Med 2007 Oct;13(10):1248-52.
(38) de Graaff PM, de Jong EC, van Capel TM, et al. Respiratory Syncytial Virus Infection 
 of Monocyte-Derived Dendritic Cells Decreases Their Capacity to Activate CD4 T Cells. 
 J Immunol 2005 Nov 1;175(9):5904-11.
(39) Schlender J, Walliser G, Fricke J, Conzelmann KK. Respiratory syncytial virus fusion 
 protein mediates inhibition of mitogen-induced T-cell proliferation by contact. 
 J Virol 2002 Feb;76(3):1163-70.
(40) Belz GT, Smith CM, Kleinert L, et al. Distinct migrating and nonmigrating dendritic 
 cell populations are involved in MHC class I-restricted antigen presentation after lung 
 infection with virus. Proc Natl Acad Sci U S A 2004 Jun 8;101(23):8670-5.
(41) Belz GT, Smith CM, Eichner D, et al. Cutting edge: conventional CD8 alpha+ dendritic cells 
 are generally involved in priming CTL immunity to viruses. 
 J Immunol 2004 Feb 15;172(4):1996-2000.
(42) Adkins B, Leclerc C, Marshall-Clarke S. Neonatal adaptive immunity comes of age. 
 Nat Rev Immunol 2004 Jul;4(7):553-64.
(43) Barrios C, Brawand P, Berney M, Brandt C, Lambert PH, Siegrist CA. Neonatal and 
 early life immune responses to various forms of vaccine antigens qualitatively differ from 
 adult responses: predominance of a Th2-biased pattern which persists after adult boosting. 
 Eur J Immunol 1996 Jul;26(7):1489-96.
(44) Winkler S, Willheim M, Baier K, et al. Frequency of cytokine-producing T cells in patients 
 of different age groups with Plasmodium falciparum malaria. 
 J Infect Dis 1999 Jan;179(1):209-16.



158

Chapter 8

(45) Stensballe LG, Ravn H, Kristensen K, Meakins T, Aaby P, Simoes EA. Seasonal variation 
 of maternally derived respiratory syncytial virus antibodies and association with 
 infant hospitalizations for respiratory syncytial virus. J Pediatr 2009 Feb;154(2):296-8.
(46) Glezen WP, Paredes A, Allison JE, Taber LH, Frank AL. Risk of respiratory syncytial 
 virus infection for infants from low-income families in relationship to age, sex, ethnic group, 
 and maternal antibody level. J Pediatr 1981 May;98(5):708-15.
(47) Groothuis JR, Simoes EA, Hemming VG. Respiratory syncytial virus (RSV) infection in 
 preterm infants and the protective effects of RSV immune globulin (RSVIG). 
 Respiratory Syncytial Virus Immune Globulin Study Group. Pediatrics 1995 Apr;95(4):463-7.
(48) Johnson S, Oliver C, Prince GA, et al. Development of a humanized monoclonal 
 antibody (MEDI-493) with potent in vitro and in vivo activity against respiratory syncytial 
 virus. J Infect Dis 1997 Nov;176(5):1215-24.
(49) The IMpact-RSV Study Group. Palivizumab, a humanized respiratory syncytial virus 
 monoclonal antibody, reduces hospitalization from respiratory syncytial virus infection in 
 high-risk infants. Pediatrics 1998 Sep;102(3 Pt 1):531-7.
(50) Kwakkenbos MJ, Diehl SA, Yasuda E, et al. Generation of highly potent monoclonal 
 antibodies by genetic programming of human peripheral blood memory b cells into 
 stable antibody-producing BCR positive cells. Nat Med. In press 2009.
(51) Yin HS, Wen X, Paterson RG, Lamb RA, Jardetzky TS. Structure of the parainfluenza virus 
 5 F protein in its metastable, prefusion conformation. Nature 2006 Jan 5;439(7072):38-44.
(52) Tregoning JS, Yamaguchi Y, Harker J, Wang B, Openshaw PJ. The role of T cells in 
 the enhancement of respiratory syncytial virus infection severity during adult reinfection 
 of neonatally sensitized mice. J Virol 2008 Apr;82(8):4115-24.



159

Discussion 

ch
ap

te
r 

8





Nederlandse samenvatting

Dankwoord

Curriculum Vitae

List of publications



162

Nederlandse samenvatting

Mensen ondergaan gedurende hun leven vaak meerdere infecties met het Respiratoir 
Syncytieel Virus (RSV), waarbij 90 % van de bevolking al voor het 2e levensjaar voor het 
eerst is geïnfecteerd. In het algemeen worden deze RSV infecties gekenmerkt als een infectie 
van de bovenste luchtwegen met symptomen van een milde verkoudheid. Echter RSV is ook 
één van de belangrijkste veroorzakers van ernstige virale lagere luchtweg infecties in met 
name jonge kinderen ( < 6 maanden), patiënten met een immuundeficiëntie en ouderen. Deze 
ernstige lagere luchtweg infecties vertonen symptomen van bronchiolitis, met zuurstoftekort 
en verminderde voedsel inname. Bij ongeveer 1-3 % van alle kinderen is de eerste RSV 
infectie zo ernstige dat ziekenhuis opname noodzakelijk is en 10 % van deze groep heeft 
extra zuurstof nodig en beland op de intensive care (IC) voor mechanische beademing.

Ondanks dat RSV al in 1956 werd ontdekt en geïsoleerd, is er geen efficiënt en veilig vaccin 
beschikbaar. Eén van de eerste pogingen in 1960 om een vaccin te maken en te testen verliep 
desastreus. Het vaccin bestond uit in het laboratorium gekweekt RSV geïnactiveerd met 
behulp van formaline in combinatie met aluminium hydroxyde als adjuvant, een procedure 
succesvol toegepast voor verschillende virusvaccins. Echter de gevaccineerde kinderen 
ontwikkelden een ernstige infectie na een natuurlijke blootstelling aan RSV. Meer dan 
80 % van de kinderen werd opgenomen in het ziekenhuis en 2 kinderen overleden aan de 
ernstige RSV infectie. Daarnaast biedt ook een natuurlijke infectie met RSV onvoldoende 
bescherming tegen een nieuwe RSV infectie. Gezonde volwassenen kunnen binnen 4 
maanden na een RSV infectie al opnieuw geïnfecteerd worden met RSV. Dit geeft aan dat 
ons afweermechanisme onvoldoende bescherming kan bieden, daarom is veel onderzoek ook 
gericht op de ontwikkeling van een veilig en effectief vaccin.

Sinds de ontdekking van RSV 50 jaar geleden, is veel kennis verkregen over de structuur van 
het virus en de interactie met de gastheer. Echter een aantal belangrijke aspecten van RSV 
infecties zijn nog steeds onduidelijk; 1) Waarom krijgt 1-3 % van de kinderen een ernstige 
RSV infectie, zonder dat ze tot een risicogroep behoren? 2) Waardoor worden de kinderen zo 
ernstig ziek, is dat afhankelijk van de hoeveelheid virus of reageert het afweermechanisme 
van de kinderen te sterk? 3) Waarom  biedt een natuurlijke RSV infectie niet voldoende 
bescherming tegen nieuwe RSV infecties met identieke virusstammen? 4) Is het mogelijke 
om een veilig en effectief vaccin te maken voor kinderen jonger dan 6 maanden?

Vele onderzoeken in zowel mensen als diermodellen hebben al belangrijke aanwijzingen op 
bovenstaande vragen opgeleverd, maar het beeld is nog lang niet compleet. De 1-3 % van de 
kinderen die een ernstige RSV infectie doormaakt zijn vaak vooraf gezonde kinderen zonder 
dat ze behoren tot een risicogroep, zoals kinderen die prematuur geboren zijn, een hart- en 
longafwijkingen of verminderde afweer hebben. Uit diermodellen bleek dat de ziekte ernst 
gedurende een RSV infectie bepaald werd door een te sterke afweerreactie tegen het virus. 
Het immuunsysteem verantwoordelijk voor de afweerreactie bestaat uit twee onderdelen die 
samen bescherming bieden tegen pathogenen zoals bacteriën en virussen. Een afweerreactie 
begint met een a-specifeke aangeboren reactie, de intrinsieke immuunrespons, gevolgd 
door een specifieke adaptieve immuunrespons. De intrinsiek immuunrespons reageert op 
gemeenschappelijke structuren van pathogenen en geeft de adaptieve immuunrespons tijd om 
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specifiek op de pathogenen te reageren. Als de infectie voorbij is neemt de immuunrespons 
af, waarbij cellen van de adaptieve immuunrespons achterblijven om sneller en sterker op een 
2e infectie met de zelfde ziekteverwekker te kunnen reageren. Een adaptieve immuunrespons 
bestaat uit langlevende B cellen, die antilichamen produceren die in staat de ziekteverwekker 
te neutraliseren voordat er infectie optreedt. Verder bestaat de adaptieve immuunrespons 
ook uit T cellen, waarbij de CD4+ T cellen immuunresponsen ondersteunen en richting 
te geven en CD8+ T cellen die instaat zijn om geïnfecteerde cellen direct te doden, zodat 
de ziekteverwekker zich niet verder kan verspreiden. De B- en T-cellen herkennen korte 
eiwitsequenties van het pathogeen, zogenaamde epitopen. In muizen zijn met name de CD8+ 

T cellen verantwoordelijk voor de symptomen van een ernstige infectie

Om meer inzicht te krijgen in de bijdrage van T cellen in de specifieke immuunrespons tegen 
RSV, is kennis nodig over de structuren van RSV die herkend worden door T cellen, de T cel 
epitopen. In hoofdstuk 2 hebben we in een muizenmodel de sequenties van verschillende 
epitopen uit eiwitten van RSV in kaart gebracht die door CD8+ T cellen worden herkend. Met 
deze kennis zijn we in staat de RSV specifieke T cel responsen in de tijd te volgen, gedurende 
primaire en secundaire infecties. Doordat er verschillende genetisch gemodificeerde muizen 
bestaan is het mogelijk de afzonderlijke bijdrage van verschillende genen en eiwitten 
gedurende de RSV infectie te onderzoeken. Door de kennis van de RSV specifieke responsen 
in dit muizenmodel zijn we in vervolg experimenten in staat de bijdrage van verschillende 
genen en eiwitten op de RSV specifieke T cel responsen te volgen en hoe deze bijdragen aan 
ernstige infecties.

De activatie van de adaptieve immuunresponsen tijdens een primaire infectie vindt 
voornamelijk plaats in de lymfeklieren door antigeen presenterende cellen (APC). Deze APC 
zijn vaak aanwezig op de plek van de infectie en nemen RSV of onderdelen daarvan vanuit 
de long mee naar de lymfeklieren en presenteren delen van RSV eiwitten, de epitopen, door 
middel MHC moleculen aan o.a. T cellen. In de longen bevinden zich verschillende APC, die 
hun eigen invloed hebben op het verloop van de immuunresponsen. In hoofdstuk 3 laten we 
de bijdrage van verschillende APC aan dit proces zien. Daarnaast hebben we gedetailleerd 
de kinetiek van APC migratie uit de longen naar de lymfeklieren laten zien. Bovendien zorgt 
de migratie van APC uit de longen, ook voor een compenserende influx van nieuwe APC uit 
het bloed naar de longen. We tonen hierbij aan dat de balans tussen de verschillende APC 
populaties vlak na een RSV infectie veranderd is, wat mogelijke een grote invloed heeft op 
het verdere verloop van immuunresponsen.

Alle experimenten en inzichten beschreven in de vorige hoofdstukken zijn uitgevoerd met 
behulp van muismodellen. Echter, RSV is geen natuurlijk pathogeen voor muizen en het 
is gebleken dat de parameters van de immuunresponsen in muizen anders verlopen dan in 
mensen. In Hoofstuk 4 hebben we daarom de influx van immuuncellen in de luchtwegen en 
bloed bestudeerd van kinderen die op de IC lagen met een ernstige primaire RSV infectie. 
In deze kinderen zien we dat vooral neutrofielen, cellen van de intrinsieke afweer, de RSV 
responsen in de luchtwegen domineren. Dit is in tegenstelling tot het muismodel waar vooral 
T cellen de immuunrespons domineren. In het bloed van de kinderen zijn wel robuuste CD8+ 

T cel responsen te meten, waarbij we ook functionele RSV specifieke responsen konden 
aantonen. 
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Om beter in staat te zijn de bijdrage van het virus, intrinsieke en adaptieve immuunresponsen 
aan ziekte ernst vast te stellen, hebben we de voorgaande studie vervolgd in Hoofdstuk 5. We 
hebben hierbij in detail de kinetiek van virale load, intrinsieke en adaptieve immuunresponsen 
gevolgd gedurende het verblijf van de kinderen op de IC. De massale aanwezigheid van 
neutrofielen in de luchtwegen beschreven in Hoofdstuk 4 zorgt vermoedelijk voor 
vermindering van de neutrofielen in het bloed. Het beenmerg probeert dit te compenseren wat 
leidt tot een influx van onrijpe neutrofielen in het bloed. Deze influx in het bloed van onrijpe 
neutrofielen piekt 7-8 dagen na de eerste symptomen van een RSV infectie en gemiddeld 
is dit 2-3 dagen na piek in ziekte ernst en opname op de IC. Dit suggereert dat influx van 
neutrofielen in de luchtwegen samenvalt met de piek virale load en ziekte ernst. De piek van de 
CD8+ T cel activatie in het bloed vindt pas 14-16 dagen na de eerste RSV symptomen plaats, 
vlak voordat de patiënten de IC verlaten. Deze gedetailleerde kinetiek van ernstige primaire 
RSV infecties in kinderen laat zien, dat het onwaarschijnlijk is dat T cellen betrokken zijn 
het verergeren van het ziekteproces. Het is nog niet mogelijk om te bepalen of het virus of de 
intrinsieke afweer verantwoordelijk zijn voor het ernstiger verloop van de RSV infectie.

Zoals al eerder beschreven biedt een RSV infectie onvoldoende bescherming tegen een 
herhaaldelijke RSV infecties, ondank dat robuuste T cel responsen in het bloed werden 
gemeten. Om inzicht te krijgen in secundaire virale luchtweginfecties hebben we in Hoofdstuk 
6 de CD8+ T cel responsen gemeten in kinderen die al meerdere virale luchtweg infecties 
hebben doorgemaakt. We hebben gekeken naar de invloed van een virale luchtweginfectie op 
de recruitering van virus specifieke CD8+ T cellen uit het bloed naar de luchtwegen. Tijdens 
een virale luchtweginfecties worden CD8+ T cellen gericht tegen verschillende virussen 
geactiveerd, zogenaamde bijstander activatie, en gerekruteerd naar de luchtwegen. Echter de 
CD8+ T cellen specifiek voor de virale veroorzaker van de luchtweginfectie zijn in grotere 
getale aanwezig en domineren de responsen.

Door het desastreuze verloop van het vaccintrial met formaline geïnactiveerd RSV begin 
jaren 60 en het feit dat natuurlijk infectie onvoldoende bescherming biedt tegen herhaaldelijke 
RSV infecties, is er nog steeds geen veilig en effectief vaccin beschikbaar voor RSV. Het is 
onderzoekers echter wel opgevallen dat er een relatie is tussen de RSV specifieke antilichamen 
die de moeder aan het eind van de zwangerschap overdraagt aan het kind en ernstige RSV 
infecties. Hoe hoger het niveau van RSV specifieke antilichamen die het kind ontvangen 
heeft, hoe lager de kans op een ernstige RSV infectie. Dus blijkbaar kunnen antilichamen 
RSV infecties niet compleet voorkomen, maar wel zorgen dat de infectie minder ernstig is. 
Daarom heeft men een RSV specifiek antilichaam uit muizen geïsoleerd en zo aangepast dat 
het ook mensen gebruikt kan worden. Dit antilichaam, palivizumab (Synagis™) genaamd, 
wordt elke 4 weken gedurende het RSV seizoen preventief aan risico kinderen gegeven. 
Ondanks dat palivizumab in het laboratorium RSV efficiënt kan neutraliseren, vermindert 
palivizumab het aantal ernstige RSV infecties bij kinderen maar met 50 %. 

Recent verkregen inzichten in de ontwikkeling van antilichaam producerende B-cellen hebben 
geleidt tot nieuwe methoden om antilichamen uit mensen te isoleren. Hierbij worden B cellen 
geïsoleerd uit gezonde volwassenen die een aantal RSV infecties hebben doorgemaakt en 
met behulp van moleculaire technieken zo gemanipuleerd dat ze ook buiten het lichaam 
lang houdbaar zijn en veel antilichamen maken. Deze humane RSV specifieke antilichamen 
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zijn door een natuurlijke RSV infectie gevormd en beschermen de gastheer tegen ernstige 
RSV infecties. In Hoofdstuk 7 hebben we deze humane RSV specifieke antilichamen 
verder gekarakteriseerd. De tot dan toe geïsoleerde humane antilichamen herkennen bijna 
allemaal het Fusie eiwit (F) van RSV in zijn natuurlijke vorm. De antilichamen herkennen 
verschillende onderdelen van het F eiwit en ook de binding van palivizumab aan het F eiwit 
wordt niet verhinderd door de aanwezigheid van de humane antilichamen. De natuurlijke 
RSV specifieke antilichamen zijn veel efficiënter in het neutraliseren van verschillende RSV 
stammen, zowel in het laboratorium als in diermodellen in vergelijking met palivizumab. 
Doordat de door ons geteste antilichamen in tegenstelling tot palivizumab volledige humane 
antilichamen zijn, geïnduceerd gedurende een natuurlijk infectie, is de kans op ongewenste 
binding aan structuren anders dan RSV erg klein. Al deze eigenschappen maken de nieuw 
ontwikkelde antilichamen tot een goed alternatief voor palivizumab, waarmee ernstige RSV 
infecties bij jonge kinderen voorkomen kunnen worden.

De resultaten van het onderzoek beschreven in dit proefschrift hebben bijgedragen aan de 
ontwikkeling van een nieuw muismodel voor RSV, waarbij de invloed van individuele genen 
en eiwitten in relatie tot de inductie en functie van de adaptieve T cel responsen gedurende 
RSV infecties beter bestudeerd kan worden. Daarnaast is er gedetailleerde informatie 
beschikbaar over de bijdrage van het virus en de intrinsieke en adaptieve immuunresponsen 
aan het ziekteproces gedurende ernstige RSV infecties in jonge kinderen. Als alternatief 
voor vaccinatie en preventieve toediening van palivizumab hebben we laten zien dat in 
diermodellen natuurlijke humane antilichamen instaat zijn het virus te neutraliseren en 
ernstige infecties verminderen.
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