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General introduction 

 
Background 

Human Respiratory Syncytial Virus (RSV) is the leading cause of viral respiratory tract 

infection in infants worldwide [1-3]. In the developed world viral bronchiolitis is the most 

common cause of hospitalization among infants, 70% of these are associated with RSV [4]. 

In recent years the realization is growing that RSV also is a considerable disease burden on 

adults as well [1, 5-7]. Amongst the obvious risk groups, the elderly, the immune-

suppressed/compromised and patients with cardiopulmonary illnesses, morbidity and 

mortality is high [8-10]. It is estimated that a large percentage 40-50% of what is called 

“the common cold” is caused by RSV. In addition to these direct consequences of an RSV 

infection, a growing amount of evidence suggests that RSV infections during childhood 

play a part in de development of asthma in later life [11, 12]. Adding all these growing 

insights together, both from a medical point of view (considering: high morbidity, serious 

complications in risk groups, recurrent infections throughout life, etc.) and from an 

economical perspective (for example: costs of medical treatment, absence of work) RSV 

should at least be considered a serious problem, in which the development of an 

efficacious vaccine would be greatly beneficial. 

 At this moment there is no effective antiviral therapy or an effective vaccine 

available against RSV infection. The following two antiviral therapies are approved in the 

USA and more or less routinely used: (I) in high-risk infants passive immunoprophylaxis 

by administration of RSV-neutralizing antibodies and (II) the inhalation of the drug 

ribavirin  [13-15]. In the 1960s, formalin-inactivated RSV (FI-RSV) as an experimental 

vaccine was used in infants. This approach failed to protect against RSV infection. Even 

worse, most of the vaccinated children developed an aggravated lower respiratory tract 

disease after a natural RSV infection, which resulted in 80% hospitalization and 2 fatalities 

[16]. Since then numerous attempts to develop a live or inactivated vaccine have been 

undertaken, but none yielded an efficacious vaccine so far. 

 Since its initial isolation from the upper respiratory tract of a chimpanzee in 1956 

by Blount et al. RSV remains somewhat enigmatic [17]. The mechanisms behind the 

recurrent infections, which indicate that a natural infection does not confer an adequate 

protective immunity, and the complications after the use of the formalin-inactivated 

vaccine, remain unresolved. The development of a safe and effective vaccine would greatly 

benefit from a better understanding of the interactions between the virus and its host. 
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Pneumovirus infection models 

Model: A representation of a system that allows for investigation of the properties of the 

system and, in some cases, prediction of future outcomes. A clear cut definition, but easier 

written down than done. Different animal models are being used at the moment to try and 

duplicate all the aspects of primary RSV disease in humans, but none have succeeded 

completely yet. To discuss them all here goes beyond the scope of this thesis, for a clear 

review of all models used I like to refer the reader to the review with the title “Animal 

models of Respiratory Syncytial Virus infection” written by Byrd and Prince [18].  

 The immunology of RSV infection has been most extensively studied in the murine 

RSV infection model. Using a mouse model has some major advantages over the use of 

other animal species. An extensive array of tools is available allowing measurement and 

quantification of immunological responses. The availability of inbred, congenic, transgenic 

and knockout strains allows further dissection of the immune response. And mice have 

relatively low maintenance costs. The mouse RSV infection model has yielded excellent 

results and still generates important insights in RSV immunology. However a possible 

disadvantage of the model looms. The model depends, in part, on the assumption that 

human-adapted RSV proteins interact with murine host factors. The following facts are 

illustrative of this problem with species-specificity. Large amounts of RSV particles (1x10P

6
P 

PFU/mouse) are needed to infect mice, resulting in a minimal primary infection with minor 

clinical symptoms [19]. A way to circumvent the problem of species-specificity is to study 

natural virus-host combinations, in parallel to the murine RSV model. 

 A very authentic model using a natural virus-host combination is bovine RSV 

(BRSV) in cattle. The diseases caused by RSV and BRSV in their respective hosts, share 

several common characteristics. Both viruses cause acute disease limited to the respiratory 

tract, that is especially severe in neonates. Recurrent infections throughout life, due to the 

absence of an adequate protective immune response, are common. In the temperate climate 

zones epidemic disease is clustered during the winter months. And in both humans and 

calves the aggravated disease due to a natural infection after the use of the formalin-

inactivated virus as a vaccine was observed [1, 16, 20-22]. The fact that the disease caused 

by BRSV in cattle mimics RSV in humans closely makes this a good candidate model, but 

there are important drawbacks, e.g., lack of specific (immunological) reagents, lack of 

inbred lines and the high maintenance costs. 

 In recent years a promising small animal, authentic pneumovirus model has 

emerged in the form of the Pneumonia Virus of Mice (PVM) infection. This naturally 
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occurring mouse pathogen induces a disease that resembles severe human RSV infection 

more closely than murine RSV infection does in both terms of viral loads as pathogenesis 

[19, 23-26]. The combination of a human RSV infection resembling pathogenesis with all 

the aforementioned advantages of murine models makes the PVM mouse model a good 

candidate pneumovirus model. 

 

The viruses 

The close relationship between RSV, BRSV and PVM is illustrated in the taxonomy of 

these viruses (see figure 1). The Paramyxoviridae family is part of the order of the 

Mononegavirales (also referred to as Group V), which contains all negative-sense genome 

single-stranded RNA viruses. The family itself consists of two sub-families, the 

Paramyxovirinae and the Pneumovirinae. The sub-family Pneumovirinae includes the 

genera Metapneumovirus and Pneumovirus. The Pneumovirus genus is made up of the 

following closely related viruses: human Respiratory Syncytial Virus (RSV; the type virus 

of this genus), Pneumonia Virus of Mice (PVM), Bovine Respiratory Syncytial Virus 

(BRSV) and Ovine Respiratory Syncytial Virus (ORSV). 

 In figure 2A a schematic representation of a typical pneumovirus particle is 

shown. The RNA genome is associated with viral proteins to form the helical nucleocapsid 

structure (represented on the right and in the centre of the virion). The proteins consist of 

the nucleocapsid protein (N), the phosphoprotein (P), and the large polymerase (L) protein. 

The M2-1 protein is thought to be also present in this complex (not shown).  The 

nucleocapsid structure is surrounded by the matrix (M) protein, which forms a link 

between the nucleocapsid and the lipid membrane of the virus particle. Embedded in the 

lipid membrane are the attachment (G) glycoprotein, the fusion (F) protein and the small 

hydrophobic (SH) protein (not shown).  

The Pneumovirus genome consists of a single-stranded, negative-sense RNA, 

which approximately is 15.000 bases long and encodes 8 to 10 mRNAs (figure 2B). The 

exact length of the genome depends on the Pneumovirus species and strain [27]. Below all 

encoded genes are summarized, going over the genome from 3’ to 5’, for it is a negative 

strand RNA virus.  
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Figure 1. A schematic representation of the taxonomy of the Pneumoviruses (NCBI Taxonomy Browser). 
 

 

NS1/NS2: The genes encoding the nonstructural proteins, NS1 and NS2, which are unique 

to the members of the Pneumovirus genus, are found on the 3’ side of the genome. These 

relatively small proteins, NS1 and NS2, 113 and 156 aminoacids respectively, are thought 

to play a role in viral replication and regulation. But more recently, it was found in hRSV 

and BRSV, that NS1 and NS2 antagonize the host IFN-α/β response [28-31]. A more 

detailed description of this interesting effect follows in the Pneumovirus immunology 

section.  

N: The nucleoprotein N is an integral part of the nucleocapsid. It is closely associated with 

the genomic RNA. 

P: The phosphoprotein P is an essential part of both the nucleocapsid and the polymerase 

complex. 

M: The matrix protein (M) forms a layer that lines the inside of the virion envelope. It is 

thought to play a role in the packaging process, by associating the nucleocapsid to the 

envelope. 

SH: The small hydrophobic protein (SH) is an integral membrane protein associated with 

the viral envelope. The function of this protein is unknown. 

G: The attachment protein (G) is a heavily glycosylated, type 2 transmembrane protein that 
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Figure 2. A. Schematic diagram of a typical pneumovirus particle. B. A schematic representation of a 
Pneumovirus genome. Modeled after RSV, the type virus of the Pneumovirus genus. Source: Prof. Dr. 
Andrew Easton, University of Warwick, Coventry, UK. 
 

 

protrudes from the virion and functions in the attachment of the virus to its target. The G 

protein plays a role immune escape, later on in the Pneumovirus immunology section a 

more detailed description of its role. 

F: The fusion protein (F) is responsible for host cell entry and the forming of multicell 

syncytia. Also it inhibits lymphocyte proliferation, a more integrate description follows in 

the Pneumovirus immunology section [32].  

M2: The M2 proteins are encoded on two overlapping open reading frames. M2-1 is 

involved in viral RNA synthesis as a transcription elongation factor, i.e. it is needed for 

efficient production of full-length mRNA. The proposed function of the M2-2 protein is 
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regulating the switch from the replicative to assembly mode of the virus, prior viral release, 

by accumulation during infection. 

L: The large polymerase gene (L), 2,165 aminoacids, is the major component of the RNA-

dependent RNA polymerase complex, responsible for the replication and the transcription 

of the genome. It is also thought that de L protein catalyses mRNA methylation and 

capping  

 

Pneumovirus immunology: How the viruses interact with their hosts: 

As earlier mentioned, the use of FI-RSV as an experimental vaccine in infants ended in 

tragedy, and also the use of FI-BRSV in cattle resulted in augmented pathology [1, 16, 20-

22]. In both cases a strong pulmonary eosinophilia was observed, suggesting a Th2 type 

immune response. In the BALB/c RSV infection model this enhanced pathology can be 

simulated by priming mice with FI-RSV, followed by an intranasal RSV challenge [33, 

34]. Also mice primed with recombinant vaccinia-G vectors and intranasally challenged 

with RSV developed eosinophilia and enhanced disease [35]. It was shown that an 

interleukin (IL)-5 producing oligoclonal subset of G protein specific CD4 T cells  was 

responsible for this unbalanced Th2 response, causing the enhanced disease [36].   

Downregulation of pulmonary Th2 cytokines and prevention of eosinophilia were shown 

possible by activation of RSV-specific CD8 T cells [37]. It seems clear that the CD4 T cell 

response against the G protein plays a pivotal role in skewing towards a pathologic Th2 

type response. Taking this into mind the more puzzling the following observation will 

seem. It was shown that vaccination of BALB/c mice with a formaline inactivated 

recombinant RSV, lacking the G and SH genes, followed by a RSV challenge still leads to 

enhanced disease [38]. Which implies that something not associated with the G protein is 

responsible for the enhanced disease caused by the formaline inactivated RSV vaccine. 

This is confirmed by the fact that the severity of the enhanced disease in FI-RSV 

vaccinated and RSV challenged mice, is unaffected by the specific deletion of the 

oligoclonal subset of G protein specific CD4 T cells, which were found to cause enhanced 

disease in mice vaccinated with vaccinia-G [36, 39]. Vaccinations with FI-RSV or 

vaccinia-G both lead to enhanced disease, characterized by the release of Th2 cytokines 

and pulmonary eosinophilia, but seem to be mediated by different pathways. In both cases 

it was suggested that Th-modulatory CD8 T cells were needed to rectify the polarization to 

the Th2-driven immunopathology. After reading this it could seem that the problem is 

almost solved, just induce a specific CD8 T cell response to control the Th1/Th2 balance. 

16



General introduction 

 
But unfortunately nothing could be further from the truth, because CD8 T cell responses 

seem to be hampered.  

CD8 T cell responses during RSV infection have been extensively studied in the 

BALB/c mouse RSV infection model. In this model a single immunodominant CD8 T cell 

epitope was identified in the M2 protein (M2B82-90B), which played a prominent role in the 

protective immunity against RSV in mice [40]. Unfortunately, this protective CD8 T cell 

response proved to be shortlived [41]. Using MHC I tetramers (identifying individual 

epitope specific CD8 T cells) combined with intracellular cytokine staining of CD8 T cells 

(measuring the functional response of individual cells) it was found that there was a 

discrepancy between the frequency of RSV specific CD8 T cells present in the lung and 

the ability of these cells to produce cytokines [42]. This functional inactivation of CD8 T 

cells was found after both primary and secondary RSV infection. This find came as a 

surprise because in comparison to the murine influenza A model, another pulmonary 

infection model, such a suppressing effect had never been found [43]. Combining these 

facts leaded to the suggestion that RSV must be responsible for the functional inactivation 

of CD8 T cells. The mechanism RSV uses to accomplish this is still unresolved, but there 

are some hypotheses, which will be discussed in the next paragraph. It was shown that the 

T cell suppressing effect of RSV can be reversed by the addition of IL-2, both in vitro and 

in vivo [42, 44]. When applied in vivo the expression of IL-2 by a replication-defective 

adenovirus improved the outcome of disease in the murine RSV model significantly. This 

knowledge could be of importance in the development of future immunization strategies. 

However, the aforementioned RSV induced T cell suppression is still debatable. Some data 

contradicted the results described above and showed no suppression of functionality by T 

cells and long lasting T cell memory in the lung [45, 46]. 

It is generally known that viruses have evolved strategies to escape the host 

immune response. Mechanisms to evade immune responses include for example antigenic 

variation, replication in immune-privileged sites and immune-modulation. Pneumoviruses 

are no exception to this. In recent years a growing amount of experimental data has been 

gathered which leads to the suggestion that pneumoviruses, like RSV and BRSV, interfere 

in the immune response. The precise mechanism they employ for this is still unclear. The 

following interactions of the virus influencing the immune system have been found, and it 

could be that these play a role in the interference with the antiviral T cell response.  

(I.) Nonstructural proteins NS1 and NS2 of both RSV and BRSV have been proven 

to mediate resistance to the antiviral action of interferon (IFN) α and β [28-30]. In the 
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BRSV cattle model it was shown that both NS1 and NS2 BRSV deletion mutants where 

attenuated and replicated poorly, but nonetheless induced protection against challenge with 

virulent BRSV. In both cases,  higher levels of anti-BRSV serum antibodies where induced 

and greater numbers of BRSV-specific IFN-γ producing CD4 T cells where primed, 

compared to infections with wt-BRSV [28, 47]. This effect was higher during an infection 

with the NS2 deletion mutant than with the NS1 deletion mutant. This attenuated 

phenotype of NS1/NS2 deletion mutants strongly suggested that these viral genes have a 

role in the suppression of the hosts’ immune responses. The precise mechanisms employed 

by BRSV are still unknown, but it has been shown that BRSV NS1 and NS2 in vitro block 

the activation of Interferon regulatory factor 3 (IRF-3), a transcription factor needed for the 

induction of IFN-β [29]. In RSV this suppression of IRF-3 activation has also been 

demonstrated in vitro. In addition RSV has been shown to interfere in the activation of NF-

κB, a transcription factor that has been shown to mediate antiviral protection [48, 49].    

(II.) As described above the CD4 T cells specific for the G protein are thought to 

play an important role in the Th2 driven immunopathology as seen in the enhanced 

pulmonary disease. Next to its function in viral attachment the G protein is believed to play 

a role in immune escape. In the murine RSV infection model a soluble form, next to the 

membrane bound form, of the G protein, has been identified. This soluble G protein is 

secreted by infected epithelial cells and seems to play a role in the reduction of 

inflammatory responses [50]. Both forms of the G protein contain a CX3C motif which 

allows them to compete with fractalkine for the binding to CX3CR1 (fractalkine receptor), 

thereby interfering with fractalkine-mediated chemotaxis [51, 52]. The precise function of 

this interaction is unknown, but it seems to be correlated to some aspects of enhanced 

pulmonary disease after vaccination with FI-RSV, followed by a natural RSV infection. 

However, there are also papers contradicting this [53, 54]. Experiments in mice with a 

spontaneous RSV mutant lacking the soluble G protein, named RSV- sG, showed 

increased viral replication, eosinophilia and macrophage influx compared to wildtype RSV 

[55]. In direct contrast with these results was the outcome of experiments using 

recombinant RSV particles, which lacked the soluble G protein. This soluble-G protein-

knockout RSV was less pathogenic and induced a powerful protective antibody response 

[56]. These contradictory results illustrate that our knowledge regarding the RSV G protein 

and its interaction with the host is far from complete. All the effects observed are probably 

influenced by more than only the forms of the G protein. 
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 (III.) It has been shown that RSV F (fusion) protein expressed on the surface of the 

infected cells was able to inhibit mitogen-induced proliferation of T cells by direct contact 

with the target cell. The inhibition of human and bovine T cells by RSV and BRSV F 

protein was proven to be differential. So the mechanism involved seemed to have a clear 

bias towards the viruses’ natural host. Furthermore it was demonstrated that the expression 

of F protein alone, by transfection of cDNA, was enough to elicit an inhibitory effect on 

the proliferation of T cells [32]. Next to this inhibitory effect of the F protein, which 

requires direct contact, another mechanism might be in play, involving an unknown soluble 

factor. It was found that dendritic cells (DC) infected with RSV, but not expressing F 

protein on their surfaces, inhibited T cell proliferation to an equal extent as RSV infected 

DC from the same cultures with surface expression of F protein. Transferring virus-free 

supernatant of RSV infected DC to co-cultures of IL-1β and TNF-α matured (MF) DC 

with naïve CD4 T cells inhibited T cell proliferation. Vice versa, transfer of supernatant 

from MF-DC to co-cultures of RSV infected DC and CD4 T cells reversed, 80% of the 

time, the inhibition of T cell proliferation. This would lead to the conclusion that RSV 

infected DC produce a yet unknown soluble factor that inhibits T cell proliferation, an 

effect that can be counteracted by a soluble factor produced by MF-DC [57]. 

It should be clear from the above examples, that pneumoviruses are very capable to 

interfere with the hosts’ immune responses and that the mechanisms involved are not fully 

understood at this time, although multiple candidates are identified.  

 
Outline of this thesis 

The aim of this thesis was to gain a better insight in the (cellular) immunological responses 

of the hosts against pneumoviruses. Gaining clues about the mechanisms of the 

immunological host-virus interactions could facilitate the development of needed vaccines. 

During the course of our quest all of the three Pneumovirus models described above were 

seen in action.  

In chapter 2 the first antiviral CD8 T cell responses against PVM in mice are 

described. During the course of this work the first ever reported CD8 T cell epitopes for 

PVM were identified, derived from the P, F and M proteins. Using the epitope derived 

from the P protein, PB261 B(which seemed the dominant of the three), it was found that the 

level of functional (i.e. cytokine producing) PVM specific T cells was dramatically lower 

than the level of PVM specific T cells (as shown by MHC-I pentamer staining). The level 

of functional inactivation of the PVM specific T cells (90%) was higher than the levels of 
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functional inactivation as described in the case of RSV in mice (40-50%) [42, 58].  The 

explanation of this difference lies probably in the fact that mice are the natural hosts of 

PVM, which is not true for mice and RSV. 

 In chapter 3 the first PVM specific CD4 T cell epitope was identified and its role in 

the protection against a lethal PVM challenge was elucidated. For the first purpose, the 

search for a PVM specific CD4 cell epitope, a set of 78 15-mer peptides spanning the 

whole G protein was screened. The focus was on the G protein, because the major 

immunopathogenic CD4 T cell epitope in RSV-infected BALB/c mice is thought to be 

located in the RSV G protein [36, 59]. A PVM CD4 T cell epitope was mapped at the C-

teminus of the G-protein. It was shown that vaccination with the combination of this CD4 

epitope with the PB261B CD8 T cell epitope resulted in a significant improvement of 

protection over either epitope alone. 

 In chapter 4 a novel vaccination strategy aiming to induce CTLs against PVM was 

described. A detoxified form of the plant toxin ricin was used to deliver the PB261B CD8 T 

cell epitope to MHC I molecules for recognition by peptide-specific CTLs. This method 

proved successful in inducing peptide specific responses and conferring partial protection 

against PVM challenge. 

 In chapter 5 an alternative to the commonly used BALB/c mouse RSV infection 

model is explored. All the antigen specific T cell epitopes known for RSV in the murine 

RSV infection model were identified in BALB/c mice. Several aspects of the immune 

response against RSV, including the enhanced disease mechanism after FI-RSV 

vaccination, have been extensively studied in murine models using primarily BALB/c 

mice. From several studies it has become clear that BALB/c mice are more prone to 

develop Th2 skewed immune responses, while C57BL/6 mice are Th1 skewed [60-62]. 

This essential difference in pathogen-specific immune responses between BALB/c and 

C57BL/6, together with the fact that a vast array of knock-out and transgenic mice is 

available in the C57BL/6 background determined the decision to broaden our knowledge 

regarding RSV infection in C57BL/6 mice. To start with the identification of five CD8 T 

cell epitopes, of one which was recently described by Rutigliano et al.[63]. Interestingly, 

one of the epitopes was derived from the G protein. In the BALB/c mice no CD8 T cell 

epitopes were ever found in the RSV G protein, and many reports suggest the G protein is 

poorly recognized by CD8 T cells in mice and human [37, 64, 65].  Another interesting 

finding was that at day 8 in the C57BL/6 mice infected with RSV no functional 

20



General introduction 

 
inactivation of CD8 T cells, as observed in RSV and PVM infected BALB/c mice, was 

detected [42, 58, 66].  

 In chapter 6 the antiviral CD8 T cell response in the BRSV infection model in 

cattle were analyzed. The primary responses of calves undergoing a primary BRSV 

infection were compared with the secondary responses of BRSV infected calves, which 

were vaccinated approximately 4 months before with formalin-inactivated BRSV or 

modified-live BRSV (strain Lelystad). Both vaccination procedures resulted in a reduction 

of viral replication, but only the latter provided partial protection against symptoms. 
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Abstract 

Pneumonia virus of mice (PVM) is a natural pathogen of mice and has been proposed as a 

tractable model for the replication of a pneumovirus in its natural host, which mimics 

human infection with human respiratory syncytial virus (RSV). PVM infection in mice is 

highly productive in terms of virus production compared with the situation seen with RSV 

in mice. Because RSV suppresses CD8 T cell effector function in the lungs of infected 

mice, we have investigated the nature of PVM-induced CD8 T cell responses to study 

pneumovirus-induced T cell responses in a natural virus-host setting. PVM infection was 

associated with a massive influx of activated CD8 T cells into the lungs. After 

identification of three PVM-specific CD8 T cell epitopes, pulmonary CD8 T cell responses 

were enumerated. The combined frequency of cytokine-secreting CD8 T cells specific for 

the three epitopes was much smaller than the total number of activated CD8 T cells. 

Furthermore, quantitation of the CD8 T cell response against one of these epitopes 

(residues 261-270 from the phosphoprotein) by MHC class I pentamer staining and by in 

vitro stimulation followed by intracellular IFN-γ and TNF-α staining indicated that the 

majority of pulmonary CD8 specific for the P261 epitope were deficient in cytokine 

production. This deficient phenotype was retained up to 96 days postinfection, similar to 

the situation in the lungs of human RSV-infected mice. The data suggest that PVM 

suppresses T cell effector functions in the lungs.  
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Introduction 

Human respiratory syncytial virus (RSV) and human metapneumovirus are the leading 

causes of lower respiratory tract infections in infants and children [1, 2]. A striking feature 

of RSV infection is the common occurrence of reinfections throughout life [3, 4], which 

cannot be fully explained by antigenic variation of the virus. Although the glycoprotein (G) 

shows considerable antigenic variation (giving rise to the two major antigenic groups A 

and B), neutralizing Abs against the fusion protein (F) are much more cross-reactive 

between the groups [5].  Frequent reinfections are also observed in calves infected with the 

related bovine RSV [6]. This indicates that natural infection does not confer adequate, 

long-lived immunity.  

The immunology of RSV infection has been most extensively studied in the murine 

(BALB/c) infection model.  Data from this model have implicated CD8 T cells as key 

mediators of protective immunity [7-10]. Immunization with CD8 T cell epitopes [10], or 

recombinant viruses expressing such epitopes [11], induces protective immunity. However, 

RSV-specific CD8 T cells in the lungs have been shown to undergo functional inactivation 

during infection, and this anergic phenotype is retained long after the virus is cleared, 

suggesting that RSV-specific CD8+ effector-memory in the lungs is partly dysfunctional 

[12, 13]. Ostler and Ehl [7] have argued that this immunosuppression does not impair 

protective immunity since RSV-primed mice were protected against recombinant vaccinia 

viruses expressing RSV proteins. However, protection against (intranasal) vaccinia virus 

challenge does not depend on lung-resident effector-memory cells [14], and the 

implications of these results for immunity to natural RSV infections are not at all clear. 

One possible disadvantage of the murine RSV infection model is the species-

specificity of pneumoviruses. Although the RSV BALB/c infection model has yielded 

excellent results, it depends, in part, on the assumption that the human-adapted RSV 

proteins interact with murine host factors. It is now clear that at least five RSV proteins, 

the nonstructural proteins 1 and 2 (NS1 and NS2), the SH protein, and the F and G 

glycoproteins, interact with the immune system [15-20]. Some of these effects, such as the 

F protein-mediated inhibition of lymphocyte proliferation [19], appear to be species-

specific. One way to circumvent this potential problem is to study natural virus-host 

combinations, in parallel to the murine RSV model. Bovine RSV infection in cattle closely 

mimics human infection [21] but is limited by a lack of reagents and high costs. 

Pneumonia virus of mice (PVM) would be a good candidate for an authentic pneumovirus 

model in mice. PVM is a natural mouse pathogen and induces a severe granulocytic 
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bronchiolitis that is associated with extensive viral replication [22-25]. PVM infection in 

mice resembles severe human RSV infection more closely than murine RSV infection does 

in terms of viral load and pathogenesis [22, 25]. Because both the murine RSV and PVM 

models have advantages and disadvantages, a deeper insight in PVM T cell immunology 

would extend and build on the work done with RSV. 

In the present study, we have used the PVM infection model to investigate antiviral 

CD8 T cell responses, including possible CD8 T cell inactivation, in a natural 

pneumovirus-host interaction. We have identified the first CD8 T cell epitopes to be 

described for this virus and have used these to examine antiviral responses by MHC class I 

multimer staining and functional assays. The data indicate that murine PVM infection is 

associated with a massive influx of activated CD8 T cells into the lungs. However, 

pulmonary (but not splenic) CD8 T cell responses specific for a codominant epitope in the 

phosphoprotein (P) displayed a defect in their capacity to produce the proinflammatory 

cytokines IFN-γ and TNF-α. The inactivation was more extreme than that observed in 

RSV-infected mice [12, 13] and suggests that a productive pneumovirus infection may 

severely impair the functionality of CD8+ effector-memory in the lungs. The consequences 

of these findings for pneumovirus immunity will be discussed.  

 

32



Chapter 2 

 

  

Materials and Methods 

Mice, virus and infections 

Five- to 6-wk-old female BALB/c ByJIco mice were obtained from Charles River 

Nederland. Mouse-passaged stocks of PVM strain J3666 (~1x105 PFU/ml) and a stock of 

RSV A2 (~5x107 PFU/ml) were used for infection experiments. Influenza virus A/PR/8/34 

was generously provided by Dr. A. Nowak (University of Western Australia, Nedlands, 

Australia). Viral stocks were defrosted and diluted in PBS immediately prior intranasal 

inoculation (50 μl) (50-400 PFU for PVM, 2.5x106 PFU for RSV and 0.5 hemagglutination 

units (~5x104 hemagglutination units) for influenza PR8) under light ether or isofluorane 

anesthesia. The mouse study protocol was approved by the Animal Ethics Committee of 

the Veterinary Faculty of the University of Utrecht.  

 

Peptides 

 The PVM proteome [26], with the exception of the L protein, was screened for predicted 

epitopes for the H-2Dd, H-2Kd and H-2Ld alleles, using the epitope prediction algorithms 

of the SYFPEITHI (http://www.syfpeithi.de) [27] and BioInformatics and Molecular 

Analysis Section (BIMAS) websites (http://bimas.dcrt.nih.gov/molbio/hla_bind/) [28]. 

Only the predicted epitopes with the highest scores in both databases where chosen. All 

peptides were synthesized by the Peptide and Protein Facility (Department of Immunology, 

Utrecht University). A summary of epitopes per viral protein is provided in Table 1. A full 

list of peptides is included at the end of this chapter. 

 

Table I  Distribution of MHC I motif binding peptides in the PVM proteomea 
     

Protein Dd  Kd  Ld epitopes 
NS1  2 2  
NS2  3 1  

N  4 5  
P  4 1 P261-270: CYLTDRARI  (Kd) 
M  3 3 M43-52: LPKNSVMDL  (Ld) 
M2  8 2  
SH  1 1  
F  6  F304-313: WYCHNAGSL (Kd) 
G 1 5 4  

a Numbers of motif-fitting peptides per viral protein and their distribution over the restriction elements are 
indicated. Peptide sequences of the three epitopes are shown. Anchor residues are shown in bold. 
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Peptide Immunization 

Peptides P261-270 (50 nmol/mouse) and OVA323-339 (KISQAVHAAHAEINEAG) (50 

nmol/mouse) were emulsified in IFA. The control formulation consisted of an emulsion of 

PBS and IFA. Four-week-old BALB/c mice were immunized by s.c. injection at the base 

of the tail. After 30 days, the mice were challenged with 500 PFU of PVM strain J3666. 

 

Sampling and Tissue preparation 

Mice were sacrificed by i.p. injection of sodium pentobarbital. Before recovery, the lungs 

were perfused with PBS containing 50 U/ml heparin. Lungs and spleen were recovered 

under aseptic conditions and transferred to 2 ml of prechilled RPMI 1640 medium 

(Invitrogen Life Technologies). Lungs were mechanically minced and incubated in PBS 

containing collagenase (2.4 mg/ml; Roche Applied Science) and DNase (1 mg/ml; Roche 

Applied Science) for 20 min at 37oC. Single-cell suspensions were prepared from the pre-

treated lungs and spleens by passage through cell strainers. Spleen cells were depleted of 

erythrocytes by treatment with a buffered ammonium chloride solution. 

 

In vitro stimulations  

For intracellular cytokine staining, the lung and spleen cells (1x106) were stimulated in 96-

well flat-bottom plates in 200 μl RPMI 1640 medium (Invitrogen Life Technologies), 

containing 10% FCS, 1% L-glutamine, 5 μg/ml peptide, and 10 μg/ml brefeldin A (Sigma-

Aldrich) for 6 h at 37oC, 5% CO2. 

 

ELISPOT assay 

The IFN-γ ELISPOT was performed using the mouse IFN-γ ELISPOT pair (BD 

Biosciences) and MultiScreen-IP filter plates (Millipore), according to the instructions of 

the manufacturer. Cells were stimulated in 200 μl RPMI 1640 medium (Invitrogen Life 

Technologies), containing 10% FCS, 1% L-glutamine, and 5 μg/ml peptide for 24 h at 

37oC, 5% CO2. 

 

Staining and flow cytometry 

The following Abs were used: anti-CD3 PerCP (145-2C11), anti-CD8 allophycocyanin and 

FITC (Ly-2), anti-CD11a FITC (2D7), anti-CD62L PE (MEL-14), anti-IFN-γ FITC 

(XMG1.2), and anti-TNF-α PE (MP6-XT22) were purchased from BD Pharmingen and 
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anti-NKG2A FITC (20d5) was purchased from eBioscience. PE-labeled P261-270 H-2Kd 

pentamer and tetramer constructs were purchased from ProImmune. The pentamer 

construct was used for all experiments shown in this paper. The P261 tetramer was solely 

used as a control for specific CD8 T cell staining and to confirm the inactivated phenotype. 

The allophycocyanin-labeled RSV M2 H-2Kd tetramer was provided by the MHC 

Tetramer Core Facility of the National Institute of Allergy and Infectious Disease. The PE-

labeled influenza virus HA H-2Kd tetramer (HA533-541, IYSTVASSL) was provided by Dr. 

A. Currie (University of Western Australia). Intracellular stainings were done using the 

CytoFix/CytoPerm solution and Perm/Wash buffer purchased from BD Pharmingen 

according to the instructions of the manufacturer. Cells were acquired on a FACSCalibur 

flow cytometer (BD Biosciences) using CellQuest software. Data analysis was done with 

CellQuest (BD Pharmingen) and FlowJo (Tree Star) software. 
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Results 

PVM infection in mice induces activation and expansion of CD8 T cell in the lungs  

Infection of BALB/c mice with relatively low doses of PVM strain J3666 results in lethal 

pneumonia [22, 23, 29]. Intranasal inoculation of 200 or 400 PFU of the stock of PVM 

J3666 used here resulted in lethal infection, with mice succumbing to the infection at day 

8-10 postinfection (p.i.). A nonlethal dose of 50 PFU was associated with pneumonia and 

weight loss (data not shown).  

To assess the extent of CD8 T cell activation in the lungs of mice undergoing a 

nonlethal PVM infection, cells were stained for the expression of NKG2A, CD11a (LFA-

1) and L-selectin (CD62L). As demonstrated recently by Gold et al. [30], NKG2a is a 

useful surrogate marker for virus-specific CD8 T cells while expression of CD11a has been 

shown to play a role in the retention of effector CD8 T cells in the lungs [31]. In addition, 

CD11a can also be used as a surrogate marker for virus-specific CD8 T cells [32]. CD62L 

down-regulation identifies effector and effector-memory CD8 T cells [14]. Staining of 

pulmonary CD8 T cells at day 8 p.i. revealed that >40% had up-regulated NKG2a 

expression, whereas only 2% of CD8 T cells in the lungs of uninfected mice expressed 

NKG2A (Fig.1a). Further analysis showed that ~40% of the CD8 T cells in the lungs of 

infected mice displayed CD11ahigh and CD62Llow phenotype (Fig.1b), consistent with an 

activated phenotype. PVM infection also resulted in a mild lymphopenia with spleen cell 

counts 2.5-fold reduced in comparison to normal levels. Thus, acute PVM infection in 

BALB/c mice is associated with a large influx of activated CD8 T cells in the lungs and a 

simultaneous decrease in the total number of splenocytes. 

 

Detection of virus-specific T cell responses in the spleen and in the lungs of infected mice 

Although the presence of large numbers of activated CD8 T cells in the lungs of PVM-

infected mice suggested that the virus induced strong antiviral T cell responses, analysis of 

the expression patterns of activation markers does not establish specificity. Because no 

MHC class I-restricted PVM epitopes have been described so far, it was necessary to 

identify the antigenic targets of the response. To do this, most of the PVM proteome (9 of 

10 viral proteins, excluding the L protein) was scanned for the presence of potential CD8 T 

cell epitopes using the algorithms predicting MHC class I binding for the H-2Dd, H-2Kd, 

and H-2Ld alleles [27, 28, 33]. As shown in Table 1, analysis of the 9 viral proteins yielded 

a total of 56 motif-fitting peptides. Splenocytes and lung lymphocytes, harvested from 

infected mice at day 8 p.i., were stimulated with synthetic peptides representing all of the  
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Figure 1. Influx of activated CD8 T cells in the lungs of PVM-infected mice. A. Expression of NKG2A on 
pulmonary CD8 T cells at day 8 p.i. B. Expression of CD11a and CD62L on pulmonary CD8 T cells at 8 
days p.i. Cells were gated on CD8+ T cells using side scatter versus CD8+ (FL4) gates. 
 

predicted epitopes, and responses were quantified using IFN-γ ELISPOT and intracellular 

cytokine staining. Splenocytes from infected mice responded positively to three of the 

predicted MHC class I binding peptides, which are derived from the P (peptide P261), 

matrix protein (M; peptide M43) and the F protein (peptide F304) (Fig.2a and Table 1). The 

epitopes in the P and F proteins contained the canonical H-2Kd binding motif, whereas the 

M protein epitope contained the H-2Ld binding motif (Table 1). The frequencies of PVM-

specific CD8+ T cells in the spleen were low, with 14, 42, and 69 specific spots per 5x105 

splenocytes for the F304, M43, and P261 epitopes, respectively (Fig.2a). This is equivalent to 

frequencies of 0.02 – 0.1% of splenic CD8 T cells. These responses were at the limit of 

detection for the intracellular cytokine staining assay (data not shown). Stronger CD8 T 

cell responses were observed in the lungs of infected animals. Responses against all three 

epitopes were detected at frequencies of 1.5-2% of lung CD8 T cells at day 8 p.i. (Fig.2b). 

No clear immunodominance hierarchy among the three epitopes was detected with the 

epitopes appearing to be codominant. 

 

P261-specific CD8 T cells in the lungs are functionally inactivated 

The relatively low frequency of PVM-specific pulmonary CD8 T cells, as compared with 

the specific responses in RSV-infected mice [7, 12], appears to be inconsistent with the  
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Figure 2. Identification of PVM epitopes in the P, F and M proteins. A. Splenocytes were stimulated with 
synthetic peptides, and responses were measured by IFN-γ ELISPOT. The numbers of spots in each well are 
indicated. Peptide sequences and transcription elements are shown. B. Pulmonary lymphocytes were 
stimulated with synthetic peptides, and responses were measured by intracellular IFN-γ staining. Frequencies 
of IFN-γ+ cells as a percentage of total CD8 T cell numbers are shown in the upper right quadrant. 
 

high numbers of activated cells (NKG2Ahigh, CD11ahigh, CD62Llow; Fig.1) in the lungs. 

This apparent inconsistency may have been due to activation of cells to an epitope not 

identified in the search of PVM protein sequences because not all epitopes contain the 

canonical motifs (13, 34) or could indicate that the frequency of IFN-γ-producing, PVM-

specific CD8 T cells is lower than the total number of virus-specific cells. A discrepancy 

between IFN-γ-secreting and MHC I tetramer+ CD8 T cells has been described previously 

for RSV-specific CD8 T cells in mice [12, 13]. To investigate this further, a MHC I 

pentamer construct for the P261 epitope was used to accurately quantify the response in the 

lung, and the number of pentamer+ CD8 T cells was compared with the frequency of IFN-

γ-secreting cells after P261 peptide stimulation. The acute response was analyzed at day 8 

p.i. As shown in Fig.3a, we found that 2.1% of CD8 T cells produced IFN-γ after 

stimulation, compared with 0.6% in unstimulated cells. Similar data were obtained by 

measuring the production of TNF-α by intracellular cytokine staining (data not shown). 

Strikingly, the P261 pentamer stained 11% of total pulmonary CD8 T cells in infected mice 

(Fig.3b). Thus, the functional responses (IFN-γ+) comprised ~20% of the total P261-specific 

CD8 T cell response. Comparison of the results from P261-pentamer staining with those 

from CD11a staining indicates that the total P261-specific response accounts for 28% of the 

total number of activated (CD11ahigh) CD8 T cells in the lungs (Fig.3c). We found that  
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Figure 3. Discrepancy between functional P261-specific CD8 T cells and total numbers of P261-specific CD8 
T cells. A. Functional P261-specific responses in the lungs at day 8 p.i. Frequencies of IFN-γ+ cells as a 
percentage of total CD8 T cell numbers are shown in the upper right quadrant. B. Total numbers of P261-
specific cells in the lungs at day 8 p.i. Frequencies of P261-pentamer+ cells as a percentage of total CD8 T cell 
numbers are shown in the upper right quadrant. C. Pentamer+ CD8 T cells are CD11ahigh. Cells were gated on 
CD8+ T cells using side scatter vs CD8+ (FL4) gates. Frequencies of pentamer+ and pentamer- CD11a+ as 
percentage of the total number of CD8 T cells are indicated in the upper and lower right quadrants, 
respectively. D. PVM-specificity of the P261-pentamer. Pulmonary lymphocytes from an RSV-infected mouse 
(day 8 p.i.) were stained with the P261-pentamer. 
 

pentamer+ cells were CD11ahigh, CD62Llow, and CD43high (Fig.3c and data not shown). As 

a specificity control for P261-pentamer CD8 T cell staining, we used the pentamer to stain 

lung samples from RSV-infected mice. This did not result in positive staining, 

demonstrating that the pentamer does not stain inflamed lung tissue per se but is truly 

PVM-specific (Fig.3d). We then performed several control experiments to verify the 

discrepancy between MHC I pentamer staining and intracellular IFN-γ staining. First, we 

repeated staining experiments in PVM-infected mice with a P261 tetramer, allowing us to 

compare data obtained with two independent MHC multimer constructs. P261 tetramer-

staining confirmed the results obtained with the pentamer, i.e., we observed a discrepancy 

between numbers of IFN-γ-producing and MHC multimer-binding cells (data not shown). 

Second, the staining procedure itself was controlled using RSV-infected mice and 

influenza virus-infected mice because the ratios of IFN-γ secreting and tetramer-staining 

cells have been well established in these models [12, 13]. Using the dominant MHC class I 

epitope in the RSV M2 protein, we found that 22% of pulmonary CD8 T cells were  

39



CD8 T cell inactivation during productive pneumovirus infection 

 

 
Figure 4. A. CD8 T cell responses at day 8 after infection of BALB/c mice with RSV. Total M2-specific 
CD8 T cells were enumerated using a M2-specific MHC I tetramer (left panel), and functional M2-specific 
cells were measured by intracellular cytokine staining (right panel). B. CD8 T cell responses at day 8 after 
infection of BALB/c mice with influenza virus A/PR/8/34. Total HA-specific CD8 T cells were enumerated 
using an HA-specific MHC I tetramer (left panel), and functional HA-specific cells were measured by 
intracellular cytokine staining (right panel). As a control, pulmonary CD8 T cells from naïve mice were 
stained with the HA tetramer (bottom panel). Frequencies of tetramer or IFN-γ−+ cells as a percentage of total 
CD8 T cell numbers are shown in the upper right quadrants. 
 

positive with the M2-tetramer at day 8 post-RSV infection, whereas only 15% of CD8 T 

cells secreted IFN-γ in response to the M2 peptide (Fig.4a), reproducing the published 

results on tetramer:IFN-γ ratios in murine RSV infection. Furthermore, we observed a 1:1 

ratio for the influenza virus A/PR/8/34-specific response at day 8 p.i.: 12% of pulmonary 

CD8 T cells stained positive with a tetramer specific for the immunodominant epitope in 

the HA protein (HA533-541, IYSVASSL) [35] and responded to HA533-541-peptide 

stimulation by IFN-γ production (Fig.4b).  

In conclusion, the data suggest that the main reason for the discrepancy between the 

total number of PVM-specific CD8+ T cells and the quantity of virus-specific cytokine-

secreting CD8 T cells is functional inactivation, similar to that seen with RSV infection in 

mice. 
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Chang et al. [12] reported that the proportion of functionally inactivated M2-specific 

CD8 T cells in the lungs of RSV-infected mice increases with time. Therefore, we assessed 

the change in the ratio of total to functional PVM-specific CD8 cells during the transition 

of the effector response toward memory. P261 pentamer and intracellular IFN-γ staining 

experiments performed at day 28 p.i. revealed a ratio of 10:1 between pentamer+ and IFN-

γ+ CD8 T cells, compared to the ratio of ~5:1 at day 8 p.i., indicating that the anergic 

phenotype was retained in effector-memory CD8 T cells (Fig.5a and b). At day 28 p.i., the 

P261-specific response (4.4% of total, Fig.5b) constituted ~14% of all CD11ahigh-activated 

cells (32% of total; Fig.5c). 

 

 

 
 
Figure 5. PVM-specific responses at day 28 p.i. A. Functional P261-specific responses in the lungs at day 28 
p.i. Frequencies of IFN-γ+ cells as a percentage of total CD8 T cell numbers are shown in the upper right 
quadrant. B. Total numbers of P261-specific cells in the lungs at day 28 p.i. Frequencies of P261-pentamer+ 
cells as a percentage of total CD8 T cell numbers are shown in the upper right quadrant. C. Total numbers of 
activated CD8 T cells in the lungs. The frequency of CD11ahigh CD8 T cells as a percentage of total CD8 T 
cell number is shown in the upper right quadrant. 
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Deficient cytokine production during secondary responses 

 A remarkable feature of functional CD8 T cell inactivation in the RSV murine model is 

that it occurs even during secondary infection, i.e., after immunization with vaccinia virus 

recombinants expressing the RSV M2 or F proteins [12, 13]. To investigate whether this 

was also the case for the PVM infection model, mice were immunized with the P261 peptide 

emulsified in IFA together with the OVA323 CD4 T cell epitope. Immunized mice were 

challenged 4 wk later, and pulmonary CD8 T cell responses were analyzed at day 28 

postchallenge. The challenge infection was associated with less severe clinical symptoms 

(data not shown), suggesting that PVM-specific CD8 memory T cells had been induced by 

the immunization and that these cells provided partial protection (E. Claassen and R.van 

der Most, unpublished data). As before, the number of P261 pentamer staining cells 

exceeded the number of IFN-γ or TNF-α secreting cells (by ~6-fold; Fig.6 and data not 

shown). The secondary P261-specific response (5.5% of total CD8 T cells; Fig.6a) 

comprised ~30% of the total number of activated CD8 T cells (18% of total CD8 T cells; 

Fig.6b), indicating that primed P261–specific CD8 T cells had been recruited to the lungs. 

 

 
Figure 6. PVM-specific responses at day 28 post challenge in P261-immunized mice. A. Functional P261-
specific responses in the lungs at day 28 p.i. The frequencies of IFN-γ+ cells as a percentage of total CD8 T 
cell numbers are shown in the upper right quadrant (right panel). Total numbers of P261-specific cells in the 
lungs at day 28 p.i. Frequencies of P261-pentamer+ cells as a percentage of total CD8 T cell numbers are 
shown in the upper right quadrant (left panel).. B. Total numbers of activated CD8 T cells in the lungs. The 
frequency of CD11ahigh CD8 T cells as a percentage of total CD8 T cell number is shown in the upper right 
quadrant. 
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Figure 7. Longevity of memory. A. Splenocytes (upper panels) and lung lymphocytes (lower panels) were 
harvested at day 96 after PVM infection and stimulated with P261 peptide (right panels) or were left 
unstimulated (left panels). Frequencies of IFN-γ+ cells as a percentage of total CD8 T cell numbers are shown 
in the upper right quadrant. B. P261 pentamer+ CD8 T cells in the lungs at day 96 after PVM infection. The 
frequencies of P261-pentamer+ cells as a percentage of total CD8 T cell numbers is shown in the upper right 
quadrant. C. P261 pentamer+ CD8 T cells in the lungs express the IL-7R (CD127). 
 
 
Maintenance of antiviral CD8 T cell memory 

As discussed above, analysis of the CD8 T cells in the lungs of infected mice showed that 

up to 90% of pulmonary effector-memory (CD62Llow) CD8 T cells were functionally 

inactive at day 28 p.i. The longevity of PVM-specific CD8 T cell memory was assessed by 

analyzing responses in the spleen and in the lungs at 96 days p.i. Surprisingly, at this time, 

functional T cell memory levels in the spleen exceeded those in the lungs (Fig.7a). P261-

CD8 T cell specific responses in the spleen were >10-fold stronger at day 96 (1.2% of total 

CD8+ T cells) than at day 8 (0.1%; Fig.7a). Levels of P261-specific CD8 T cells in the lungs 

remained constant (compared with day 28 p.i.) at 0.3-0.5% of CD8 T cells. As before, the 

numbers of P261-pentamer staining cells exceeded the number of cytokine-producing cells 

in the lungs (Fig.7b). These P261-specific CD8 T cells expressed the IL-7R (CD127) at 

slightly higher levels than the nonstaining CD8 T cell population in the lungs (mean 
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fluorescence intensity = 31 for pentamer+ cells vs 18 for nonstaining cells, n = 3) (Fig.7c), 

suggesting that these dysfunctional memory cells were maintained by IL-7 [36].  

44



Chapter 2 

 

  

Discussion 

The murine pneumovirus PVM causes a severe granulocytic and eosinophilic bronchiolitis, 

with very high viral titers in the lungs [23, 24, 37]. The infection is associated with an 

inflammatory infiltrate in which up to 12% of the cells are eosinophils at early times to be 

replaced by an infiltrate consisting entirely of neutrophils [24]. The PVM model has been 

proposed as a tractable model for the replication of a pneumovirus in its natural host, 

which mimics the process of severe infection of humans with RSV [22].  

Cellular immune responses play a key role in the control of many, if not all, viral 

infections [38] and are particularly critical in the pathogenesis of RSV infection in mice [7, 

11]. Although some aspects of the immune response to PVM infection in mice have been 

described, no information about specific T cell responses have yet been reported [22, 39, 

40]. Having shown that there is an expansion of activated T cells in the lungs of infected 

mice, we investigated the virus specificity of response.  To date, no PVM-specific T cells 

have been described. Motif-based epitope mapping for the H-2Dd, H-2Kd and H-2Ld alleles 

identified the first reported T cell epitopes for PVM, derived from the P, M, and F proteins.  

A surprising observation was that the level of functional (i.e., cytokine producing) 

PVM-specific CD8 T cells in the lungs of infected mice at day 8 p.i. was only 1.5-2% of 

the total number of CD8 T cells. The levels of functional virus-specific T cells in the spleen 

were even lower. Although it was possible that this was due to T cell activation by an 

unidentified, yet more dominant, epitope, a similar phenomenon has been reported for 

RSV infection in mice, which was shown to be due to functional inactivation of the virus-

specific cells [12, 13].  Analysis of the PVM-specific CD8 T cells showed that they were 

impaired in their capacity to produce cytokines upon antigenic stimulation. This conclusion 

was supported by the facts that 1) the cells were unable to produce either IFN-γ or TNF-α, 

which were assayed separately, 2) the results were reproduced with an MHC class I 

tetramer (instead of the original pentamer), and 3) the IFN-γ:tetramer ratios measured in 

RSV-infected control mice were within the range of published data, showing that the 

staining procedures were appropriate and consistent [7, 12, 13]. Deficient cytokine 

production was evident during the effector response, at 8 days post infection. The ratio 

between cytokine-producing and pentamer-binding CD8 T cells further decreased during 

the transition towards memory, with <10% of P261-specific cells producing IFN-γ and 

TNF-α at 96 days p.i. Similar to the situation reported for RSV-infected mice, the 

secondary CD8 T cell responses, detected after immunization with the P261 peptide 
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followed 4 wk later with a virus challenge, were also subject to functional inactivation. The 

responses in PVM-infected and RSV-infected mice differ in the extent of inactivation. In 

the RSV model, 40-60% of virus-specific CD8 T cells were inactivated [12, 13], whereas 

with PVM the levels of functional cells dropped below 10% of the total number of specific 

cells. This loss of function of antiviral CD8 memory T cells cannot be explained by a 

concurrent loss of CD4 T cell responses: functionally inactivated P261-specific CD8 T cells 

are still detected at 230 days p.i., in the presence of functional PVM-specific CD4 memory 

T cells (E.A.W. Claassen et al., manuscript in preparation). 

Suppression of antiviral responses could be caused either directly, by viral gene 

products (e.g., NS1, NS2, F or G proteins), or indirectly, by immunosuppressive factors 

released from infected cells [12]. In either case, immunosuppression would be a function 

of viral loads, and this may explain the difference between RSV and PVM.  In the case of 

PVM, an inoculum of 50 PFU results in peak viral loads of 106-108 PFU/g lung, in contrast 

to the situation in RSV-infected mice [29]. In addition, PVM is an authentic murine virus, 

and its proteins could therefore be better adapted to counteract murine CD8 T cells.  The 

NS1/NS2 protein-mediated antagonism of IFN-αβ responses [15, 18, 19] could be 

particularly important in this respect since it has been shown that type-I IFNs are critical 

for the induction of CD8 T cell responses [41]. Although the RSV NS1/NS2 proteins are 

functional in mice [42], it is possible that the effects of PVM NS1/NS2 are stronger in the 

lungs of PVM-infected mice as a result of higher viral loads. Irrespective of the 

mechanism, the net result is that functional antiviral memory responses in the lung 

following pneumovirus infection are poorly sustained. There, the data presented here 

support the suggestion that functional inactivation of pulmonary effector-memory cells 

could also be responsible for the susceptibility to reinfection as has been described for 

human and bovine RSV infections [12].  

 The dynamics of T cell memory in the spleen in PVM-infected mice was different 

to that seen in the lung. During an acute infection, PVM-specific responses in the spleen 

were very weak and could only be detected by the more sensitive IFN-γ ELISPOT assay. 

Surprisingly, splenic T cell memory responses at day 96 p.i. were greater than the 

responses seen at day 8. It is possible that migration of effector-memory cells from the 

lungs to the spleen, thereby differentiating into central-memory cells, could explain this 

increase [14]. If this were the case, it would suggest that memory T cell inactivation can be 

reversed. Indeed, it has been shown that such a reversal can be accomplished by in vivo 

exposure to IL-2 [43]. An alternative explanation for the increased frequencies of splenic 
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PVM-specific memory is that these memory cells proliferate. Homeostatic T cell 

proliferation is essential for the maintenance of T cell memory [44] and is amplified under 

lymphopenic conditions [45]. PVM-infection is accompanied by mild lymphopenia, and it 

is possible that the splenic PVM-specific memory T cell pool benefits from the ensuing 

phase of homeostatic proliferation. It seems likely that both factors could play a role; 

anergic effector-memory cells slowly differentiate towards central-memory cells and 

migrate to the spleen (14). In this process, these cells would regain effector functions and 

proliferate by exposure to homeostatic, common γ-chain (CD132) binding, cytokines, 

which may be present at elevated levels as a result of PVM-induced lymphopenia. 

Irrespective of the mechanism, the different behavior of splenic and pulmonary memory 

responses provides further, indirect, support for a role of viral replication in functional 

inactivation because only the pulmonary T cells are directly exposed to viral products. 

 In conclusion, we have identified three PVM T cell epitopes that are recognized 

during a natural infection. Analysis of the T cell response indicates that PVM-specific CD8 

T cells are deficient in IFN-γ and TNF-α production during primary and secondary 

infection and remain in this dysfunctional state for prolonged periods of time. This is 

consistent with the results obtained in the RSV model and supports the suggestion that 

pneumovirus replication, either directly or indirectly, is associated with functional 

inactivation of CD8 T cells. The data also support the hypothesis that virus-induced 

immune suppression could explain the repeated reinfections observed in both human and 

bovine RSV infections. Thus, it will be important to determine the susceptibility of mice to 

recurrent PVM infections. 

During the preparation of this article, Gray et al. [46] reported that respiratory 

infection of mice with the paramyxovirus SV5 also results in the generation of functionally 

inactivated CD8 T cells. PVM and SV5 belong to different subfamilies of the 

Paramyxoviridae family, which suggests that this phenomenon of immune escape by CD8 

T cell inactivation may be a general characteristic of paramyxovirus infections. This could 

provide important clues towards the identification of a common mechanism. 

47



CD8 T cell inactivation during productive pneumovirus infection 

 
Acknowledgements 

The authors wish to thank the National Institute of Allergy and Infectious Disease 

Tetramer Facility and Dr. Andrew Currie for providing tetramer reagents, Yvonne B. 

Claassen for critically reading this manuscript, and Corlinda ten Brink for technical 

assistance. 

48



Chapter 2 

 

  

References 
1. van den Hoogen, B. G., J. C. de Jong, J. Groen, T. Kuiken, R. de Groot, R. A. Fouchier, and A. D. 

Osterhaus. 2001. A newly discovered human pneumovirus isolated from young children with 
respiratory tract disease. Nat Med 7:719-724. 

2. Tripp, R. A. 2004. Pathogenesis of respiratory syncytial virus infection. Viral Immunol 17:165-181. 

3. Beem, M. 1967. Repeated infections with respiratory syncytial virus. J Immunol 98:1115-1122. 

4. Mbawuike, I. N., J. Wells, R. Byrd, S. G. Cron, W. P. Glezen, and P. A. Piedra. 2001. HLA-
restricted CD8+ cytotoxic T lymphocyte, interferon-gamma, and interleukin-4 responses to 
respiratory syncytial virus infection in infants and children. J Infect Dis 183:687-696. 

5. Sullender, W. M. 2000. Respiratory syncytial virus genetic and antigenic diversity. Clin Microbiol 
Rev 13:1-15, table of contents. 

6. Kimman, T. G., and F. Westenbrink. 1990. Immunity to human and bovine respiratory syncytial 
virus. Arch Virol 112:1-25. 

7. Ostler, T., and S. Ehl. 2002. Pulmonary T cells induced by respiratory syncytial virus are functional 
and can make an important contribution to long-lived protective immunity. Eur J Immunol 32:2562-
2569. 

8. Kulkarni, A. B., P. L. Collins, I. Bacik, J. W. Yewdell, J. R. Bennink, J. E. Crowe, Jr., and B. R. 
Murphy. 1995. Cytotoxic T cells specific for a single peptide on the M2 protein of respiratory 
syncytial virus are the sole mediators of resistance induced by immunization with M2 encoded by a 
recombinant vaccinia virus. J Virol 69:1261-1264. 

9. Connors, M., A. B. Kulkarni, P. L. Collins, C. Y. Firestone, K. L. Holmes, H. C. Morse, 3rd, and B. 
R. Murphy. 1992. Resistance to respiratory syncytial virus (RSV) challenge induced by infection 
with a vaccinia virus recombinant expressing the RSV M2 protein (Vac-M2) is mediated by CD8+ T 
cells, while that induced by Vac-F or Vac-G recombinants is mediated by antibodies. J Virol 
66:1277-1281. 

10. Simmons, C. P., T. Hussell, T. Sparer, G. Walzl, P. Openshaw, and G. Dougan. 2001. Mucosal 
delivery of a respiratory syncytial virus CTL peptide with enterotoxin-based adjuvants elicits 
protective, immunopathogenic, and immunoregulatory antiviral CD8+ T cell responses. J Immunol 
166:1106-1113. 

11. Kulkarni, A. B., H. C. Morse, 3rd, J. R. Bennink, J. W. Yewdell, and B. R. Murphy. 1993. 
Immunization of mice with vaccinia virus-M2 recombinant induces epitope-specific and cross-
reactive Kd-restricted CD8+ cytotoxic T cells. J Virol 67:4086-4092. 

12. Chang, J., and T. J. Braciale. 2002. Respiratory syncytial virus infection suppresses lung CD8+ T-
cell effector activity and peripheral CD8+ T-cell memory in the respiratory tract. Nat Med 8:54-60. 

13. Chang, J., A. Srikiatkhachorn, and T. J. Braciale. 2001. Visualization and characterization of 
respiratory syncytial virus F-specific CD8(+) T cells during experimental virus infection. J 
Immunol 167:4254-4260. 

14. Wherry, E. J., V. Teichgraber, T. C. Becker, D. Masopust, S. M. Kaech, R. Antia, U. H. von 
Andrian, and R. Ahmed. 2003. Lineage relationship and protective immunity of memory CD8 T cell 
subsets. Nat Immunol 4:225-234. 

15. Bossert, B., and K. K. Conzelmann. 2002. Respiratory syncytial virus (RSV) nonstructural (NS) 
proteins as host range determinants: a chimeric bovine RSV with NS genes from human RSV is 
attenuated in interferon-competent bovine cells. J Virol 76:4287-4293. 

16. Tripp, R. A., D. Moore, L. Jones, W. Sullender, J. Winter, and L. J. Anderson. 1999. Respiratory 
syncytial virus G and/or SH protein alters Th1 cytokines, natural killer cells, and neutrophils 
responding to pulmonary infection in BALB/c mice. J Virol 73:7099-7107. 

17. Tripp, R. A., L. Jones, and L. J. Anderson. 2000. Respiratory syncytial virus G and/or SH 
glycoproteins modify CC and CXC chemokine mRNA expression in the BALB/c mouse. J Virol 
74:6227-6229. 

49



CD8 T cell inactivation during productive pneumovirus infection 

 
18. Schlender, J., B. Bossert, U. Buchholz, and K. K. Conzelmann. 2000. Bovine respiratory syncytial 

virus nonstructural proteins NS1 and NS2 cooperatively antagonize alpha/beta interferon-induced 
antiviral response. J Virol 74:8234-8242. 

19. Schlender, J., G. Walliser, J. Fricke, and K. K. Conzelmann. 2002. Respiratory syncytial virus 
fusion protein mediates inhibition of mitogen-induced T-cell proliferation by contact. J Virol 
76:1163-1170. 

20. Tripp, R. A., L. P. Jones, L. M. Haynes, H. Zheng, P. M. Murphy, and L. J. Anderson. 2001. CX3C 
chemokine mimicry by respiratory syncytial virus G glycoprotein. Nat Immunol 2:732-738. 

21. Antonis, A. F., R. S. Schrijver, F. Daus, P. J. Steverink, N. Stockhofe, E. J. Hensen, J. P. Langedijk, 
and R. G. van der Most. 2003. Vaccine-induced immunopathology during bovine respiratory 
syncytial virus infection: exploring the parameters of pathogenesis. J Virol 77:12067-12073. 

22. Rosenberg, H. F., C. A. Bonville, A. J. Easton, and J. B. Domachowske. 2005. The pneumonia virus 
of mice infection model for severe respiratory syncytial virus infection: identifying novel targets for 
therapeutic intervention. Pharmacol Ther 105:1-6. 

23. Cook, P. M., R. P. Eglin, and A. J. Easton. 1998. Pathogenesis of pneumovirus infections in mice: 
detection of pneumonia virus of mice and human respiratory syncytial virus mRNA in lungs of 
infected mice by in situ hybridization. J Gen Virol 79 ( Pt 10):2411-2417. 

24. Domachowske, J. B., C. A. Bonville, K. D. Dyer, A. J. Easton, and H. F. Rosenberg. 2000. 
Pulmonary eosinophilia and production of MIP-1alpha are prominent responses to infection with 
pneumonia virus of mice. Cell Immunol 200:98-104. 

25. Domachowske, J. B., C. A. Bonville, and H. F. Rosenberg. 2004. Animal models for studying 
respiratory syncytial virus infection and its long term effects on lung function. Pediatr Infect Dis J 
23:S228-234. 

26. Krempl, C. D., E. W. Lamirande, and P. L. Collins. 2005. Complete Sequence of the RNA Genome 
of Pneumonia Virus of Mice (PVM). Virus Genes 30:237-248. 

27. Rammensee, H., J. Bachmann, N. P. Emmerich, O. A. Bachor, and S. Stevanovic. 1999. 
SYFPEITHI: database for MHC ligands and peptide motifs. Immunogenetics 50:213-219. 

28. Parker, K. C., M. A. Bednarek, and J. E. Coligan. 1994. Scheme for ranking potential HLA-A2 
binding peptides based on independent binding of individual peptide side-chains. J Immunol 
152:163-175. 

29. Domachowske, J. B., C. A. Bonville, and H. F. Rosenberg. 2001. Gene expression in epithelial cells 
in response to pneumovirus infection. Respir Res 2:225-233. 

30. Gold, M. C., M. W. Munks, M. Wagner, C. W. McMahon, A. Kelly, D. G. Kavanagh, M. K. Slifka, 
U. H. Koszinowski, D. H. Raulet, and A. B. Hill. 2004. Murine cytomegalovirus interference with 
antigen presentation has little effect on the size or the effector memory phenotype of the CD8 T cell 
response. J Immunol 172:6944-6953. 

31. Thatte, J., V. Dabak, M. B. Williams, T. J. Braciale, and K. Ley. 2003. LFA-1 is required for 
retention of effector CD8 T cells in mouse lungs. Blood 101:4916-4922. 

32. Harrington, L. E., R. Most Rv, J. L. Whitton, and R. Ahmed. 2002. Recombinant vaccinia virus-
induced T-cell immunity: quantitation of the response to the virus vector and the foreign epitope. J 
Virol 76:3329-3337. 

33. Rammensee, H. G., T. Friede, and S. Stevanoviic. 1995. MHC ligands and peptide motifs: first 
listing. Immunogenetics 41:178-228. 

34. Sadovnikova, E., X. Zhu, S. M. Collins, J. Zhou, K. Vousden, L. Crawford, P. Beverley, and H. J. 
Stauss. 1994. Limitations of predictive motifs revealed by cytotoxic T lymphocyte epitope mapping 
of the human papilloma virus E7 protein. Int Immunol 6:289-296. 

35. Deng, Y., J. W. Yewdell, L. C. Eisenlohr, and J. R. Bennink. 1997. MHC affinity, peptide liberation, 
T cell repertoire, and immunodominance all contribute to the paucity of MHC class I-restricted 
peptides recognized by antiviral CTL. J Immunol 158:1507-1515. 

50



Chapter 2 

 

  

36. Kaech, S. M., J. T. Tan, E. J. Wherry, B. T. Konieczny, C. D. Surh, and R. Ahmed. 2003. Selective 
expression of the interleukin 7 receptor identifies effector CD8 T cells that give rise to long-lived 
memory cells. Nat Immunol 4:1191-1198. 

37. Domachowske, J. B., C. A. Bonville, A. J. Easton, and H. F. Rosenberg. 2002. Differential 
expression of proinflammatory cytokine genes in vivo in response to pathogenic and nonpathogenic 
pneumovirus infections. J Infect Dis 186:8-14. 

38. Wherry, E. J., and R. Ahmed. 2004. Memory CD8 T-cell differentiation during viral infection. J 
Virol 78:5535-5545. 

39. Domachowske, J. B., C. A. Bonville, J. L. Gao, P. M. Murphy, A. J. Easton, and H. F. Rosenberg. 
2000. The chemokine macrophage-inflammatory protein-1 alpha and its receptor CCR1 control 
pulmonary inflammation and antiviral host defense in paramyxovirus infection. J Immunol 
165:2677-2682. 

40. Rosenberg, H. F., and J. B. Domachowske. 2001. Eosinophils, eosinophil ribonucleases, and their 
role in host defense against respiratory virus pathogens. J Leukoc Biol 70:691-698. 

41. Le Bon, A., N. Etchart, C. Rossmann, M. Ashton, S. Hou, D. Gewert, P. Borrow, and D. F. Tough. 
2003. Cross-priming of CD8+ T cells stimulated by virus-induced type I interferon. Nat Immunol 
4:1009-1015. 

42. Zhang, W., H. Yang, X. Kong, S. Mohapatra, H. San Juan-Vergara, G. Hellermann, S. Behera, R. 
Singam, R. F. Lockey, and S. S. Mohapatra. 2005. Inhibition of respiratory syncytial virus infection 
with intranasal siRNA nanoparticles targeting the viral NS1 gene. Nat Med 11:56-62. 

43. Chang, J., S. Y. Choi, H. T. Jin, Y. C. Sung, and T. J. Braciale. 2004. Improved effector activity and 
memory CD8 T cell development by IL-2 expression during experimental respiratory syncytial virus 
infection. J Immunol 172:503-508. 

44. Tuma, R. A., and E. G. Pamer. 2002. Homeostasis of naive, effector and memory CD8 T cells. Curr 
Opin Immunol 14:348-353. 

45. Murali-Krishna, K., and R. Ahmed. 2000. Cutting edge: naive T cells masquerading as memory 
cells. J Immunol 165:1733-1737. 

46. Gray, P. M., S. Arimilli, E. M. Palmer, G. D. Parks, and M. A. Alexander-Miller. 2005. Altered 
function in CD8+ T cells following paramyxovirus infection of the respiratory tract. J Virol 
79:3339-3349. 

51



CD8 T cell inactivation during productive pneumovirus infection 

 
Complete list of peptides  

 

Epitope Protein Haplotype Start 
position  Epitope Protein Haplotype Start 

position 
DYGGRAAWL NS1 Kd 10  KYWEWPLKTL M2 Kd 25 
VYLVGRDCNL NS1 Kd 50  RFLDTNTDAI M2 Kd 47 
RPFVQAAKF NS1 Ld 61  EYALGTIGVL M2 Kd 70 
PPIDPTCEL NS1 Ld 98  SLITVLQNL M2 Kd 97 

RYINWNFIRI NS2 Kd 63  NYLRSCNTIL M2 Kd 122 
GYIEAKQYV NS2 Kd 83  LPVGVLCNL M2 Ld 150 

QYVEDMAWMV NS2 Kd 89  FYENRMIRL M2 Kd 17 
IPYPGHDLI NS2 Ld 141  LPKYYPAIL M2 Ld 25 

LYCVAHSNSL N Kd 9  MYIIRVNRNL M2 Kd 36 
LPRELLQIL N Ld 18  TYDGSGPSTI M2 Kd 46 
SPKSLMLTL N Ld 47  TPAPTAPLL SH Ld 26 
EYKIQVLDI N Kd 108  SYGVNVTGL SH Kd 74 
APDCGVIVL N Ld 153  KYYESTCSV F Kd 27 

RYPNMEVKQI N Kd 196  IYSSAVDEL F Kd 78 
AYGAGQVML N Kd 250  WYCHNAGSL F Kd 304 
NPKASLLSL N Ld 306   MYTTNYDCKI F Kd 349 
CPNFTSVVL N Ld 317  CYGHNSCTVI F Kd 379 
MPPILRSSF P Kd 47  SYILTTLLFV F Kd 490 
EPEEKFVGL P Ld 133  TPPQPTAGL G Kd 79 

LYRETMQTFA P Kd 145  PYQCSSNGYL G Kd 124 
SYIIGLLNTI P Kd 190  LPENFKLVL G Ld 138 
CYLTDRARI P Kd 261  NPGSVCPDL G Ld 169 

AYLVEMYHGV M Kd 3  APYIEVTTL G Ld 195 
VPYTAAVQL M Ld 12  TYSNKRAMCV G Kd 205 
PYTAAVQLNL M Kd 13  FYLTCDGLL G Kd 305 
LPKNSVMDL M Ld 43  DGLLRTLPL G Dd 310 
PYAGLTLVI M Kd 195  LPLVGLPSL G Ld 316 
GPYLTQVSL M Ld 226  PYWCPMLQL G Kd 381 
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Abstract 

Pneumonia Virus of Mice (PVM) causes bronchiolitis and pneumonia in mice. Infection is 

associated with high levels of viral replication in the lungs and results in the functional 

inactivation of pulmonary virus-specific CD8 T cells. Due to its similarity to severe human 

respiratory syncytial virus (RSV) infection, PVM infection in mice has been proposed as 

an alternative RSV model. Here, we have delineated the minimal requirements for 

protective T cell immunity in the PVM model. Immunization with a CD8 T cell epitope 

from the PVM phosphoprotein P, combined with the ovalbumin (OVA) CD4 T cell 

epitope, did not confer protective immunity against lethal PVM challenge, suggesting a 

possible role of cognate CD4 T cell immunity. Interestingly, OVA-specific CD4 T cells 

were observed in the lungs of surviving mice, suggesting that non-PVM-specific memory 

CD4 T cells were recruited into the lungs during PVM infection. To determine the role of 

cognate CD4 T cell immunity, we mapped a PVM CD4 T cell epitope in the glycoprotein 

G, using a panel of overlapping peptides. Although immunization with this epitope 

provided some protection, solid protective immunity was only observed after 

immunization with a combination of the PVM-specific CD4 and CD8 T cell epitopes. 

Analysis of post-challenge T cell responses in immunized mice indicated that G-specific 

pulmonary CD4 T cells displayed a mixed Th1/Th2 phenotype, which was characterized 

by the presence of both IL-5 and IFN-γ secreting cells, in the absence of enhanced 

pathology. 
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Introduction 

Pneumonia virus of mice (PVM) belongs to the Pneumovirinae subfamily of the 

paramyxoviruses and is a natural pathogen for mice. PVM is highly related to the human 

and bovine respiratory syncytial viruses (RSV) and to the human metapneumovirus, and 

has been proposed as a tractable model for severe RSV infection [1].  PVM causes 

bronchiolitis and pneumonia in mice, both of which resemble human RSV infection. 

Contrary to RSV in mice, PVM infection results in very high levels of virus production in 

the lungs [2]. As such, PVM infection in mice could provide a powerful alternative model 

for RSV vaccine development. A particularly attractive feature of this model is that it can 

be used to delineate the precise requirements of Pneumovirus protective immunity in the 

context of a natural virus-host relationship. However, only limited data exist at present on 

the nature of the antiviral T cell responses and the further development of PVM as an 

alternative model for human RSV requires a better understanding of these responses and 

their targets. 

We have recently shown that PVM infection in BALB/c mice results in a strong 

CD8 T cell response that is directed against epitopes in the phosphoprotein (P261-269), 

matrix protein (M43-51) and fusion protein (F304-312) [3]. Interestingly, PVM-specific CD8 T 

cells in the lungs of PVM-infected mice display a partially inactivated phenotype: only 10-

20% of P261-specific specific CD8 T cells are capable of producing IFN-γ or TNF-α upon 

antigenic stimulation [3]. This is similar to the partially inactivated phenotype of RSV-

specific CD8 T cells in the lungs of RSV-infected mice [4]. Thus, whereas we now have 

the first tools to investigate PVM-specific CD8 T cell responses, data on the antiviral CD4 

T cell responses are still lacking. A further study of the PVM-specific CD4 T cell response 

is important for the following three reasons. First, identification of a CD4 T cell epitope is 

needed in order to determine the requirements for PVM protective immunity. Second, CD4 

T cell responses most likely play a key role in the Th-2 biased T cell responses observed in 

mice, cattle and in humans after RSV infection [5, 6], and translation of these results to the 

PVM model requires the identification of epitopes. In fact, PVM infection has the capacity 

to prime mice for respiratory allergy [7] and is associated with eosinophilia [8], indicating 

a potential Th-2 bias of the virus-induced CD4 T cell response.  Third, it is possible that 

CD4 T cell responses play a role in the functional inactivation of antiviral CD8 T cells. 

Support for this possibility is provided by the fact that CD8 T cell functionality can be 

rescued by IL-2 in RSV-infected mice, [9].  
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To investigate these three issues, it was essential to first identify PVM CD4 T cell 

epitopes. For the purpose of epitope mapping we focused on the G protein because the 

major immunopathogenic CD4 T cell epitope in RSV-infected mice is located in the RSV 

G protein [10]. Herein, we report the mapping of an epitope at the C-terminus of the 

protein. We used this epitope to address three questions, related to the three issues 

mentioned above. First, are PVM-specific CD4 T cell responses required for protective 

immunity? Here, we show that immunization with this CD4 T cell epitope provided partial 

protection against lethal PVM challenge, and that the protective efficacy could be 

enhanced by including the P261 CD8 T cell epitope in a peptide vaccine. Second, do PVM-

specific CD4 T cells have a mixed Th-1/Th-2 phenotype, similar to RSV G-specific CD4 T 

cells [10-13]. Indeed, our data show that in vitro stimulation of pulmonary lymphocytes 

from infected mice with the PVM G epitope resulted in the secretion of both IFN-γ and IL-

5. Third, does a stronger CD4 T cell response against PVM, after CD4 epitope vaccination, 

rescue the functionality of P261 CD8 T cells? The data presented here indicate that this is 

not the case: P261-specific CD8 T cells still displayed a partially dysfunctional phenotype, 

even though this immunization protected animals against symptomatic infection. 
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Materials and Methods 

Mice, virus and infections 

Four- to six-week-old female BALB/c ByJIco mice were obtained from Charles River 

Nederland (Maastricht, The Netherlands). Mouse-passaged stocks of PVM strain J3666 [2] 

(~1x105 PFU/ml) were provided by Dr. Andrew Easton and grown as described [3]. Viral 

stocks were defrosted and diluted in PBS immediately prior to intranasal inoculation (50 

μl; 50-500 pfu for PVM) under light ether anesthesia, as described previously [3]. The 

mouse study protocol was approved by the Animal Ethics Committee of the Veterinary 

Faculty of the University of Utrecht.  

 

Peptides 

Overlapping 15-mer peptides spanning the entire PVM G protein [14] were synthesized, 

resulting in a total of 78 peptides. All peptides were synthesized by the Peptide and Protein 

Facility (Department of Immunology, Utrecht University).  

 

Peptide Immunization 

Peptides G381-395 (PYWCPMLQLFPRRSN), P261-269 (CYLTDRARI) [3] and OVA323-339 

(KISQAVHAAHAEINEAG) (all at 50 nmoles/mouse) were emulsified in Incomplete 

Freunds Adjuvant (IFA) in the appropriate combinations. The negative control formulation 

consisted of an emulsion of PBS and IFA. Four week-old BALB/c mice were immunized 

by subcutaneous injection (50 μl) at the base of the tail. After 28 days the mice were 

challenged with 500 PFU of PVM strain J3666. Challenged mice were observed for a 

maximum of 28 days and then sacrificed for T cell analysis.  

 

Sampling and Tissue preparation 

Mice were sacrificed by intraperitoneal (i.p.) injection of sodium pentobarbital. Before 

recovery, the lungs were perfused with PBS containing 50 units/ml heparine. Lungs and 

spleen were recovered under aseptic conditions and transferred to 2 ml of prechilled RPMI 

1640 medium (Invitrogen Life Technologies). Lungs were mechanically minced and 

incubated in PBS containing collagenase (2.4 mg/ml; Roche Applied Science, Roche) and 
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DNAase (1 mg/ml; Roche Applied Science), for 20 min at 37oC. Single-cell suspensions 

were prepared from the pre-treated lungs and spleens by passage through cell strainers. 

Spleen cells were depleted of erythrocytes by treatment with a buffered 

ammoniumchloride solution. 

 

In vitro stimulations  

For intracellular cytokine staining, lung and spleen lymphocytes (1x106) were stimulated in 

96-well flat-bottom plates in 200 μl RPMI (Invitrogen Life Technologies), containing 10% 

FCS, 1% L-glutamine, 5 μg/ml peptide and 10 μg/ml Brefeldin A (Sigma-Aldrich) for 6 

hrs at 37oC, 5% CO2. 

 

ELISPOT assay 

The IFN-γ ELISPOT and IL-5 ELISPOT assays were performed using the mouse IFN-γ 

ELISPOT pair (BD Biosciences, San Jose, USA) or IL-5 ELISPOT pair (BD Biosciences, 

San Jose, USA) in combination with MultiScreen-IP filter plates (Millipore, Billerica, 

MA), according to the instructions of the manufacturer. Cells where stimulated in 200 μl 

RPMI 1640 (Invitrogen Life Technologies), containing 10% FCS, 1% L-glutamine and 5 

μg/ml peptide for 24 hrs at 37oC, 5% CO2. ELISPOT plates were analyzed using an 

AELVIS ELISPOT reader with ELI.Analyse software (A.EL.VIS GmbH, Hannover, 

Germany). 

 

Staining and flow cytometry 

The following antibodies were used: anti-CD3 PerCP (145-2C11), anti-CD4 PE and PerCP 

(L3T4), anti-CD8 APC and FITC (Ly-2), anti-CD11a FITC (2D7), anti-CD62L PE (MEL-

14), anti-IFN-γ FITC (XMG1.2), anti-TNF-α PE (MP6-XT22) and anti-CD43-FITC 

(1B11). All antibodies were purchased from BD Biosciences (San Jose, USA). PE-labeled 

P261-270 H-2Kd pentamer constructs were purchased from ProImmune (Oxford, UK). 

Intracellular stainings were done using the CytoFix/CytoPerm solution and Perm/Wash 

buffer purchased from BD Biosciences (San Jose, CA) according to the instructions of the 

manufacturer. Cells were acquired on a FACScalibur flow cytometer (BD Biosciences, San 

Jose, CA) using CellQuest software. Data analysis was done with CellQuest (BD 
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Biosciences, San Jose, CA) and FlowJo (TreeStar, Ashland, OR) software. Statistical 

analysis of Kaplan-Meier survival plots was done with the log-rank test, using Prism 

Graphpad software (GraphPad Software, San Diego, CA).  
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Results 

Identification of a CD4 T cell epitope in the PVM G protein  

In order to study the role of CD4 T cell responses during PVM infection and in the 

generation of protective immunity, we set out to identify PVM-specific CD4 T cell 

epitopes. Since the major RSV CD4 T cell epitope was identified in the G protein [10], we 

focused our epitope mapping effort on its PVM counterpart. Thus, we obtained a set of 78 

overlapping 15-mer peptides spanning the entire PVM G protein (396 amino acids) and 

used these peptides to stimulate splenic lymphocytes obtained from PVM-infected mice 

(50 pfu, day 8 post infection). Using IFN-γ ELISPOT, we found positive responses with 

peptides 77 and 78 (42 and 30 spots/106 splenocytes, respectively), as well as against 

peptides 70 and 72 (Fig.1a). The highest responder, peptide 77, encompasses residues 381-

395 (PYWCPMLQLFPRRSN), at the C-terminus of the G protein. The preceding peptide 

76 (residues 376-390) did not induce any response. To determine whether the G381-395 

peptide indeed harbored a CD4 T cell epitope, we harvested pulmonary lymphocytes at day 

8 post infection and stimulated these cells with peptide 77. Responses were visualized by 

intracellular IFN-γ staining. We found that 0.04% of pulmonary CD4 T cells produced 

IFN-γ upon stimulation with the G381-395 peptide at day 8 post infection (Fig.1b). Because 

the background in unstimulated cells was high, we also measured the response at day 28 

after infection (500 pfu). This yielded a response of 0.06% of total CD4 T cells (Fig.1b). 

Combined, these data clearly show that peptide 77 encompasses a CD4 T cell epitope. The 

G381-395 specific response represented only a minor proportion of the total numbers of 

activated (CD11ahi CD62Llow CD43hi) [15, 16] CD4 T cells in the lungs at days 28 post 

infection (42% CD62Llow CD4 T cells, and 25% CD11ahigh CD43high CD4 T cells, versus 

19% and 3.5% in naïve mice, respectively) (Fig.1c).  

 

Role of PVM-specific CD4 T cell memory in protective immunity 

Having identified a PVM-specific CD4 T cell epitope, we first sought to determine its 

importance in protective immunity. Thus, BALB/c mice were immunized combinations of 

the newly found G381 peptide and the previously identified P261 CD8 T cell epitope, all 

emulisified in IFA. Four groups of mice were used. Group 1 was immunized with only the 

CD4 T cell epitope, group 2 was immunized with a combination of the CD4 and CD8 T 

cell epitopes, group 3 was immunized with a combination of the CD8 T cell epitope and  
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Figure 1. Identification of a PVM-specific CD4 T cell epitope. A. IFN-γ ELISPOT analysis of splenocytes 
obtained at day 8 after PVM infection (50 pfu). Cells were stimulated with a set of overlapping 15-mer 
peptides spanning the entire G protein. Stimulations were done with individual peptides. B. Pulmonary 
lymphocytes were harvested as described in the Materials and Methods at days 8 and 28 after PVM infection 
(50 and 500 pfu, respectively) and stimulated with peptide 77 (upper panels) or were stimulated with a 
negative control peptide (lower panels). Responses were visualized by intracellular IFN-γ staining. C. 
Pulmonary lymphocytes were harvested from PVM infected mice (day 8 and day 28 p.i.) or from naïve mice 
and stained with antibodies against CD4, CD43, CD62L and CD11a. Data shown were gated on forward and 
side scatter (upper panel) or on forward/side scatter and on CD4+ cells (lower panel). 
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Figure 2.. Kaplan-Meier survival plot, indicating the efficacy of P261 (‘CD8+OVA’), G381 (‘CD4’) and 
P261+G381 (‘CD4 + CD8’) T cell immunization. Mice were immunized with peptides emulsified in IFA (n= 
16 for P261+OVA323, n=12 for G381 only, and n=16 for P261+G381), or with PBS in IFA (mock, n=16), and 
challenged four weeks later. Percentage survival after PVM challenge (500 pfu) of peptide- or mock-
immunized mice is shown. 
 

the CD4 T cell epitope from ovalbumin (OVA323-339) and group 4 was mock-immunized 

with PBS. The OVA323-339 CD4 T cell epitope was included in the IFA emulsion to provide 

T cell help [17], which is essential to prevent the generation of ‘helpless’ CD8 T cells after 

challenge [18]. Mice were challenged with PVM four weeks later. As shown in Fig.2, 

immunization with the CD4 T cell epitope provide partial protection: 9/16 mice survived 

and this result was significantly better than the PBS control group, in which 3/20 mice 

survived (P = 0.022). Combining the G381 CD4 T cell epitope with the P261 CD8 T cell 

epitope provided even better protection: this combination protected 17/20 mice from lethal 

infection (P < 0.0001, compared to PBS group). Although protection would still qualify as 

partial, since 3 immunized mice succumbed to the challenge infection, it is clear that the 

efficacy of the combination peptide vaccine (G381 + P261) was superior to either epitope 

alone. 

 

Functional characterization of PVM-induced CD4 T cell responses 

To determine whether PVM infection would also result in the generation of a Th-2 biased 

memory response, and how this would be affected by the different immunizations, we 

measured PVM-specific T cell responses in surviving mice at day 28 post challenge by 

IFN-γ and IL-5 ELISPOT assays. It is clear that this analysis results in a survivor-bias, but 

the focus if our question was on the nature of the CD4 T cell response rather than its 

relation with protective immunity. As a control, P261-specific responses were included. 
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Figure 3.. T cell responses in immunized PVM survivors at day 28 post challenge infection, as measured by 
IFN-γ ELISPOT. The immunization protocols are indicated at the bottom of each graph. Lymphocytes were 
stimulated with peptide or were left unstimulated. Background was subtracted to yield the number of specific 
spots. A. P261-specific CD8 T cell responses in the spleen (left panel) and the lungs (right panel). 
Representative ELISPOT wells are shown for the pulmonary responses. B. G381-specific CD4 T cell 
responses in the spleen (left panel) and the lungs (right panel). C. Pulmonary G381-specific Th-2 responses. 
IL-5 ELISPOT responses were measured at day 28 post infection in immunized mice, as indicated. 
Lymphocytes were stimulated with the G381 peptide or were left unstimulated. Backgrounds were subtracted 
to yield the number of specific spots. 
 

As shown in Fig.3, we observed that the levels of P261 or G381 specific T cells in surviving 

mice correlated with the presence of the epitopes in the vaccines, consistent with a 

vaccine-primed prime-boost effect. Our ELISPOT assays measured both IFN-γ+ and IL-5+ 

G-specific responses in the lungs of infected mice. G-specific IL-5 responses were readily 

identified in the lungs and spleens of all mice in which IFN-γ producing G381-specific T  
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Figure 4.. Splenic and pulmonary OVA323-specific mixed Th-1/2 responses. A. splenic IFN-γ ELISPOT 
responses were measured at day 28 post infection in immunized mice, as indicated. Lymphocytes were 
stimulated with either the G381 peptide or the OVA peptide, as indicated, or were left unstimulated. 
Backgrounds were subtracted to yield the number of specific spots. B. pulmonary IFN-γ ELISPOT responses 
were measured at day 28 post infection in immunized mice, as described under A.. C. Mixed Th-1/2 
responses after immunization with CD8+OVA (left panel) or CD4+CD8 (right panel). Note that OVA-
specific Th-1 and Th-2 cells are only detected in CD8+OVA immunized and PVM-challenged mice. 

 

cells were detected (Fig.3). Consistent with the G381–specific IFN-γ ELISPOT data, the 

strongest IL-5 responses were measured in PVM-survivors that had been immunized with 

G381-395 only or with the combination of G381 and P261.While analyzing T cell responses in 

PVM challenge survivors, we observed that surviving mice that had been immunized with 

the combination of the P261 + OVA323 peptides harbored IFN-γ-producing 
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Figure 5.. Vaccine-induced G381-specific CD4 memory T cells do not prevent P261-specific CD8 T cell 
inactivation in the lungs. P261−specific responses were measured by MHC class I pentamer staining (upper 
row) and by intracellular IFN−γ staining following peptide stimulation (lower row).  Mice had been 
immunized as shown. Representative data of 3-4 mice are shown. No responses were measured in 
unstimulated cells. 
 

OVA-specific T cells not only in their spleens (Fig.4a) but also in their lungs (Fig.4b). This 

suggests that OVA-specific memory cells were recruited into the lungs during the antiviral 

response. Surprisingly, we found that pulmonary OVA-specific T cells also produced IL-5 

after PVM challenge (Fig.4c). Thus, pulmonary OVA-specific T cells, apparently recruited 

into the lungs during PVM infection, displayed the same mixed Th1/Th2 phenotype as the 

antigen-driven G381–specific response (Fig.3). 

 

CD4 T cell memory does not prevent functional inactivation CD8 T cells 

Finally, we used the G epitope to address the third question, i.e., does a vaccine-induced 

PVM-specific memory T cell response rescue the functionality of post-challenge 

pulmonary CD8 T cells? To test this, P261-specific CD8 T cells at 28 days post challenge 

were quantitated by P261 pentamer staining [3] and their functionality was assessed by 

intracellular IFN-γ staining after peptide stimulation. As shown in Fig.5, the results clearly 

showed that P261-specific CD8 T cell functionality was not rescued by the PVM-specific 

recall CD4 T cell response (Fig.5). Irrespective of the vaccine composition used, i.e., CD8 

or CD4 T cell epitopes only, CD4/CD8 combined, or mock-immunized, we observed 4-10 

fold higher frequencies of pentamer-staining cells than IFN-γ+ cells (Fig.5). Thus, these 
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data also suggest that the better protective efficacy of the P261 + G381 peptide vaccine 

cannot be explained by the rescue of functional pulmonary CD8 T cells after PVM 

challenge.  
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Discussion 

In the present study, we have identified a PVM-specific CD4 T cell epitope in the viral 

glycoprotein G. Identification of this epitope allowed us to address three questions, i.e., the 

requirements for protective immunity against lethal PVM challenge, the Th-1/Th-2 

phenotype of the response, and the possible rescue of pulmonary CD8 T cells by a 

(protective) CD4 T cell recall response. 

 

Protective immunity 

The data presented herein are the first to show protective immunity in the stringent PVM 

challenge model. Combination of a CD4 and a CD8 T cell epitope provided almost 

complete protection after a single peptide immunization in IFA. Using the CD4 T cell 

epitope alone provided partial protection, whereas immunization with the CD8 epitope 

failed to protect mice. Thus, protective immunity most likely requires both CD4 and CD8 

memory T cells. It could be argued that the efficacy of P261 peptide vaccination could be 

improved by using multiple immunizations. However, in the context of the present study, 

this may be a less relevant issue. The point that this study makes is that the protective 

efficacy of a relatively weak vaccination method (single IFA-peptide vaccination) is 

improved when a PVM CD4 T cell epitope is included. In fact, a recent study, using a 

fusion protein of the P261 peptide with the detoxified ricin B chain showed only partial 

protection that was not improved by boosting (Chapter 4). Thus, we hypothesize that 

protective PVM immunity is a matter of quality, not quantity. 

Why is cognate CD4 T cell memory so important for protective immunity? 

Conceivably, the CD4 T cell recall response at the time of PVM infection could accelerate 

development of CD8 T cell responses, or boost post-challenge B cell responses, leading to 

a more rapid production of antibodies. This would limit viral replication and could avoid 

the severe clinical symptoms associated with unchecked PVM replication. Alternatively, 

CD4+ effector T cells could play a role independent of antibodies or CD8 T cells, possibly 

via IFN-γ [16, 19]. We are currently addressing these questions. 
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Mixed Th-1/Th-2 phenotype of the G-specific response  

The G381-epitope induces production of IFN-γ, as well as the Th2-cytokine IL-5. This 

mixed Th1/Th2 cytokine response pattern resembles the RSV G-specific CD4 T cell 

responses observed in humans [11, 12] and mice [10]. Increased frequencies of IL-5 

producing G381-specific CD4 T cells were observed in protected mice that had been 

immunized with the G381 peptide or with the protective G381/P261 combination. Thus, 

pulmonary IL-5 production can be involved in protective immune responses. Indeed, IL-5 

plays a crucial role in the production of IgA antibodies in mucosal tissues [20]. Similar to 

RSV in mice [13] and BRSV in cattle [21, 22], Th-1 and Th-2 responses co-exist during 

PVM infection. These observations are consistent with data reported by Chaplin and 

coworkers that pulmonary Th-2 responses in fact depend on Th-1 responses [23]. A salient 

detail in our findings is that OVA-specific CD4 T cells were also recruited into the lungs. 

This recruitment of non-specific CD4 T cells is consistent with data reported by Stephens 

et al. [24] and Chapman et al. [25]. These cells displayed a mixed Th1/Th2 phenotype. 

Interestingly, Stephens and coworkers described that this non-specific recruitment of Th-2 

biased cells into the lungs is also driven by a Th-1 inflammatory response [24]. This could 

provide an explanation for the presence of IL-5-secreting OVA-specific cells that persist in 

the lungs after PVM infection. The presence of such Th1/Th2 memory CD4 T cells in the 

lungs after PVM infection could have profound implications for our understanding of post-

virus bronchial hyperreactivity phenomena. 

 

Pulmonary PVM-specific CD8 T cells are not rescued from inactivation by recall CD4 T 

cell responses 

The inclusion of the CD4 epitope in the vaccine did not rescue PVM-specific pulmonary 

CD8 T cells from functional inactivation. Thus, the eventual inactivation of PVM-specific 

CD8 T cells does not impede protective immunity. This is similar to the situation in RSV-

infected mice: functionally inactivated M2-specific CD8 T cells were observed in vaccinia 

virus-M2-immunized RSV-infected mice [4]. The key question now is how virus-specific 

pulmonary CD8 T cells are inactivated, while involved in a protective response. It is 

important to note that our epitope vaccines do not induce neutralizing antibodies, implying 

that the virus will undergo some initial replication and will trigger T cell activation [26] in 

immunized animals. Most likely, this early viral replication suffices to inactivate antiviral 
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CD8 T cells. As recently suggested by Stanciu et al., RSV replication may lead to 

induction of inhibitory B7 family members on lung epithelium [27]. This, in turn, could 

induce functional inactivation of CD8 T cells through PD-1, as shown recently by Ahmed 

and coworkers [28]. 

  

The magnitude of the pulmonary CD4 T cells response 

Responses against the G381 epitope were relatively small. In all cases, we found that 

frequencies of G381-specific CD4 T cells were much lower than frequencies of activated 

(CD11ahi CD43hi CD62Llow) [15, 16] CD4 T cells. There are several possible explanations 

for this. First, the PVM proteome may harbor additional, and possibly more dominant, 

CD4 T cell epitopes. Second, it is possible that not all pulmonary G381-specific CD4 T cells 

produce IFN-γ, although the frequencies of IL-5 producing G381-specific CD4 T cells were 

too small to account for the discrepancy. An exciting possibility is that CD4 T cells are 

functionally inactivated, similar to the CD8 T cells. In fact, human alveolar macrophages 

have been reported to inactivate antigen-specific CD4 T cells [29]. Also, RSV-infected 

dendritic cells have a profound negative effect on CD4 T cell proliferation and cytokine 

production [30]. It is tempting to speculate that PVM also infects dendritic cells, with 

similar negative effects on the antiviral CD4 T cell response. Third, bystander CD4 T cells 

may be recruited into the inflamed lungs. It has been shown for Sendai virus that this 

indeed happens during the acute antiviral response [24, 25], and our observation that OVA-

specific CD4 T cells are recruited into the lungs is consistent with this. However, arguing 

against a major role of bystander activation is the fact that the phenotype of the pulmonary 

CD4 T cells after PVM infection (CD11ahigh CD62Llow CD43high) closely resembles the 

phenotype of MHC class II tetramer-positive Sendai virus specific CD4 T cells in the lungs 

of Sendai virus infected mice [15]. This suggests that the CD11ahigh CD62Llow CD43high 

phenotype truly identifies antigen-specific CD4 T cells. However, we cannot yet exclude 

any of these possibilities and it is possible that all three contribute to the discrepancy 

between G381-specific and activated CD4 T cell frequencies. 
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Abstract 

Internalisation of the plant toxin ricin occurs by retrograde transport which delivers the 

toxin to the ER where it intersects with the MHC class I system for peptide antigen 

display.  Here we describe the generation of an inactivated, non-toxic, ricin molecule fused 

to a peptide which elicits a CD8+ T-cell response in mice directed against pneumonia virus 

of mice, a pneumovirus related to human respiratory syncytial virus.  The ricin fusion 

elicited a significant T-cell response when delivered by intraperitoneal inoculation in the 

absence of adjuvent.  Challenge experiments showed that the T-cell response resulting 

from inoculation with the ricin-peptide fusion molecule delayed the onset of virus-induced 

disease. 
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Introduction 

Human respiratory syncytial (hRSV) is the major cause of lower respiratory tract disease in 

infants worldwide. Currently, no vaccine is available and analysis of the immune response 

to hRSV has suggested that appropriate stimulation of both the cellular and humoral arms 

of the adaptive immune response may be necessary for adequate protection and virus 

clearance. A significant difficulty in the study of immune responses to hRSV has been the 

lack of a tractable animal model and much work has focused on infection of mice which do 

not present with clinical signs or symptoms. Pneumonia virus of mice (PVM) is closely 

related to hRSV, sharing high levels of sequence identity in many of the key proteins.  

PVM is a natural virus of mice in which it generates bronchiolitis and pneumonia which 

are histologically similar to the human disease seen with hRSV [1]. 

Analysis of the immune response to PVM infection in mice has shown that the 

clinical disease is preceded with an inflammatory response [2, 3].  Recently, it has been 

shown that at least three epitopes are recognised by pulmonary cytotoxic T cells (CTL) 

following PVM infection of BALB/c mice [4]. These epitopes are located in the 

phosphoprotein (P261: residues 261CYLTDRARI270), the matrix protein (M43: residues 

43LPKNSVMDL52) and the fusion protein (F304: residues 304WYCHNAGSL313).  The PVM 

P protein is larger than that of hRSV and the homology between the two proteins is not 

evenly distributed throughout their length, but is concentrated into two regions of high 

levels of homology separated by a region with limited sequence identity [5].  The P protein 

CTL epitope is located in the carboxy-terminus of the phosphoprotein and lies outside the 

homologous region. Only one of the nine residues (leucine at position 3 of the epitope) is 

conserved between the PVM and hRSV P proteins [5]. MHC class I pentamer staining 

showed that the majority of CD8+ T cells which recognised the P261 epitope were unable to 

produce cytokines and this deficiency was retained in the memory T cells [4]. The 

identification of these epitopes offers the possibility to explore the induction of CTL-based 

immunity as a component in protection against PVM infection which may be instructive 

for hRSV therapy. 

The generation of a T cell vaccine for induction of CTLs requires the ability to 

target exogenous antigen into the MHC class I-restricted presentation pathway and a range 

of approaches to achieve this have been investigated [6-8]. These have used living and 

non-living vectors to deliver antigens to the cytosol for subsequent presentation of CTL 

peptide epitopes. A strategy that has been investigated recently is based on the ability of 
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some protein toxins to undergo retrograde transport followed by proteolytic degradation.  

The proteolysis generates peptides which can be processed and presented with the MHC 

class I molecules which subsequently stimulate a CTL response [9]. Such an approach has 

been used with the plant toxin ricin which has been shown to be able to deliver certain 

virus peptides to MHC class I molecules within the cell [10]. This is achieved by 

generating fusions of virus CTL epitope peptides with detoxified, proteolytically-

enhanced, ricin A chain. These can be stably expressed and assembled into holotoxins and 

the fusion molecules can deliver the epitopes to MHC class I molecules for recognition by 

peptide-specific CTLs. Here, we report the use of the ricin-based delivery system to 

generate a CTL response against a peptide recognised in a natural infection. 
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Experimental 

Mice and virus stock 

Female BALB/c (6-8 weeks old) mice were used for all experiments. The mice were 

certified free of PVM and other common pathogens. Animals were infected with mouse-

passaged stocks of pathogenic PVM strain J3666. 

 

Construction of P261-RTA expression plasmids and characterisation of the expressed 

protein 

Site-directed inverse PCR was used to fuse the CTL epitope from the PVM phosphoprotein 

protein (CYLTDRARI) to the mature 5’ termini of the ricin A chain (RTA) of the mutant 

RTA6K-R180H in pUC18 [10, 11]. RTA6K-R180H is a mutated form of the RTA chain which is 

non-toxic. The sequence of the construct was confirmed. The fusion protein, termed P261-

RTA was expressed and purified as described previously [10]. The presence of the PVM 

peptide within the peptide-RTA fusion was confirmed by electrospray ionisation mass 

spectrometry following tryptic digest. 

 

Production of recombinant holotoxin 

P261-RTA was associated with the ricin toxin B chain to generate the P261-ricin holotoxin, 

as described previously [11]. P261-ricin was purified by affinity chromatography using 

immobilised α-lactose. Only reassociated holotoxin and non-associated RTB were able to 

bind the column through the lectin activity of the B chains. Following extensive washing 

with PBS to remove any free P261-RTA, the peptide-ricin fusion proteins were eluted from 

the column by competition with 75 mM galactose. The eluted protein was dialysed against 

PBS to remove the free sugar before being concentrated and quantified. The average 

concentration of the P261-ricin fusion was 156 μg/ml. A diagrammatic representation of the 

P261-ricin holotoxin is shown in Figure 1. 

 

Inoculation protocol 

Mice were immunised intraperitoneally (i.p.) with 100 ng recombinant protein in 100 μl 

PBS. Where appropriate, second immunisations were conducted three weeks later.  
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Figure 1. Diagrammatic representation of the P261-ricin fusion holotoxin. The sequence encoding the 
CYLTDRARI peptide is fused to the amino terminus of the non-toxic mutant ricin A chain (RTA6K-R180H). 
The RTA- fusion is then attached to the ricin B chain (RTB) by formation of an interchain disulphide bond. 
The purified holotoxin was used to immunize mice prior to virus challenge. 

 

Animals were challenged six weeks after the initial immunization with 200 pfu of PVM 

strain J3666 by intranasal (i.n.) inoculation. A clinical score [1] was used to estimate the 

extent of clinical signs in the infected animals. All mice were sacrificed five days post-

challenge, coincident with the peak of PVM infection. 

 

Enzyme-Linked Immunosorbant Assay (ELISA) for ricin specific responses 

96-well microtitre plates were coated overnight at 4○C with 50 μl ricin A-chain, ricin B-

chain, ricin holotoxin or peptide at 100 ng/ml (total protein concentration) in PBS, blocked 

at room temperature for 30 minutes with PBS containing 0.05% (v/v) Tween 20 and 5% 

(w/v) marvel (PBS-T-M) and washed with PBS-Tween. The plates were incubated at room 

temperature for 1 hour with ten-fold serial dilutions of serum in PBS-T-M, washed, and 

incubated with alkaline-phosphatase conjugated goat anti-mouse IgG antibody (Promega), 

diluted 1:1000 in PBS-T-M, for 1 hour at room temperature. Bound secondary antibody 

was detected with the substrate p-nitrophenyl phosphate and ODs measured at 405 nm.  

 

Quantitative Enzyme-Linked Immunospot (ELISPOT) Assay for IFN-γ     

MultiScreen 96-well membrane (Immobilon P, a hydrophobic polyvinylidene difluoride 

membrane)-bottomed plates (MAIP S45; Millipore) were coated overnight at 4°C with 50 

µl (5 µg/ml in carbonate buffer) of rat anti-mouse IFN- monoclonal antibody clone R4- 

6A2 (Pharmingen 18181D). After washing three times with PBS all wells were blocked for 

2 hours at 37°C with 100 µl medium (RPMI, 5% (v/v) FCS). Following removal of 

blocking medium, 3 dilutions (2 x 105, 1 x 106 and 5 x 106 cells per ml) of splenocytes or 

pulmonary lymphocytes were seeded per well in 100 µl of medium for 24 hours at 37°C. 

Each dilution was plated in triplicate. Samples received either depleted (with CD4-specific 
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monoclonal antibody GK1.5 and CD8-specific monoclonal antibody 53.6.72) and 

irradiated PVM-pulsed splenocytes together with 0.2 μmoles synthetic peptide and 

recombinant mouse IL-2 (final concentration of 10 U/ml: positive control), or non-pulsed 

depleted irradiated splenocytes (negative control). Cells were incubated for 24 hr at 37°C. 

Cells were removed by washing the plates three times with PBS then a further three times 

with PBS containing 0.05% (v/v) Tween 20, after which 100 µl of the biotinylated anti-

mouse IFN-γ antibody (clone XMG1.2; Pharmingen; 200 ng in PBS/Tween 20) was added 

to each well and overnight at 4°C. After washing five times with PBS-Tween, a 1/1000 

dilution of alkaline phosphatase-conjugated, goat anti-Biotin antibody (Vector, re SP-

3020) in PBS was added to all wells for 4-5 hours at room temperature. Finally, after 

washing three times with PBS-Tween, a solution of 5-bromo-4-chloro-3-indolylphosphate 

(BCIP)/nitro blue tetrazolium (NBT) liquid substrate system (Sigma) was added as 

substrate. Spots representing single IFN-γ-producing cells were enumerated in an 

ELISPOT reader (Zeiss-Vison C; Zeiss, Oberkochen, Germany). Responses were 

expressed as the mean number of spot-forming cells (SFC) per 106 splenocytes 

(determined by subtracting the mean number of spots obtained with cells stimulated with 

medium from the mean number of SFC obtained with cells stimulated with peptide/whole 

virus). The confidence limits of pairwise comparisons of the data were determined by non-

pair wise T-tests. 
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Results 

Antibody response to P261-ricin in mice. 

To establish whether the peptide-ricin fusion proteins generated a humoral immune 

response, sera from groups of mice inoculated with the holotoxin, with and without 

subsequent infection with PVM, were analysed by ELISA for the presence of anti-ricin, 

anti-RTA, anti-RTB and anti-peptide antibodies. The antibody responses to ricin holotoxin, 

RTA and RTB were as expected: the constructs induced high levels of anti-RTA 

antibodies, lower levels of anti-ricin holotoxin antibodies, and minimal levels of anti-RTB 

antibodies. In PVM-infected groups, the antibody response to RTA (and to a lesser extent 

to holotoxin) was slightly reduced (data not shown). There was no antibody response to the 

P261/CYLTDRARI peptide. (Figure 2). The failure to generate an antibody response 

indicates that any subsequent peptide specific T-cell response observed in vivo was due to 

T-cell priming. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. ELISA quantitation of anti-CYLTDRARI peptide antibodies. Sera taken from mice primed with 
100 ng P261-ricin were assayed for anti-P261 peptide antibodies by ELISA. Groups of 5 mice were primed 
with P261-ricin B.; primed with P261-ricin then challenged with PVM C.; or primed and boosted with P261-ricin 
then challenged with PVM D..  As negative controls, unprimed mice were infected with PVM A.. Each line 
represents an individual animal. 
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Figure 3. Activated T-cell responses specific for the CYLTDRARI sequence delivered as a peptide or in the 
P261-ricin fusion. ELISPOT assays were conducted with A. splenocytes and B. pulmonary lymphocytes from 
BALB/c mice (n = 4) immunised with the P261-ricin fusion construct or the CYLTDRARI peptide alone 
before infection with PVM as described in the experimental section.  Where indicated a booster 
immunization was also used.  The data depict the mean number of IFN-γ secreting peptide-specific T-cells 
(shaded bars) or PVM-specific T-cells (clear bars).  T-cell activation corresponds to the number of spots 
obtained from a population of 106 effector cells at an effector/target ratio of 2 to 1. 
Error bars represent the standard deviation from the mean.  The confidence limits for the data obtained for 
the number of IFN-γ secreting peptide-specific T-cells were; *P261-ricin inoculation followed by PVM 
challenge compared with P261-ricin fusion inoculation with a booster inoculation followed by virus challenge 
(Panel A), p = 0.0321; **P261-ricin fusion inoculation followed by virus challenge and CYLTDRARI-peptide 
alone followed by virus challenge (Panel B), p = 0.0236; ***P261-ricin fusion inoculation and boost followed 
by virus challenge and CYLTDRARI-peptide inoculation and boost followed by virus challenge (Panel B), p 
= 0.0373.  All determined by non-pair wise T-tests. The virus challenge alone data was obtained from 
samples pooled from 5 mice. 
 

Stimulation of PVM peptide-specific CTL  

The ability of the peptide-ricin fusion proteins to stimulate a P261 epitope-specific CTL 

immune response in vivo was assessed by inoculating mice intraperitoneally (i.p.) with 100 

ng of the fusion protein or with an equimolar amount of the P261/CYLTDRARI peptide 

alone. Mice were either inoculated and challenged six weeks later with PVM or inoculated, 

boosted at three weeks and challenged a further three weeks later, as indicated (Figure 3).  

Splenocytes and lung lymphocytes were prepared and assayed for the ability to generate 

IFN-γ in an ELISPOT assay. 

 Figure 3 shows that IFN-γ producing T-cells specific for the CYLTDRARI peptide 

were detected in both splenocytes and pulmonary lymphocytes derived from the peptide-

ricin fusion protein vaccinated mice.  A low level of IFN-γ producing T cells was observed 

with a single inoculation of the P261-ricin and this rose significantly following virus 

challenge.  The level of responding T cells following PVM challenge was similar to that 
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seen when mice were inoculated with the peptide alone.  The exogenous delivery of the 

CYLTDRARI peptide by ricin clearly induces the in vivo generation of a specific T-cell 

population that respond to the peptide. The peptide-specific T-cell responses to P261-ricin 

and CYLTDRARI peptide in the spleen were significantly greater in primed and boosted 

mice following PVM challenge when compared to mice inoculated only once prior to virus 

challenge (Figure 3, panel B; p=0.0321).  However, these were no greater than the level of 

peptide-specific T-cells in the spleens of uninfected primed mice.  In contrast, in the lung 

there was a considerable enhancement of the response to both P261-ricin and to the free 

peptide.  This effect was most striking in the response induced by single dose of P261-ricin 

followed by PVM challenge which generated a significantly higher peptide-specific 

response than did injection with free peptide followed by PVM challenge (Figure 3, panel 

B; p=0.0236).  Likewise, animals that received a boost of P261-ricin three weeks after the 

initial inoculation showed a higher response than those that received a boost of free peptide 

prior to challenge (Figure 3, panel B; p=0.0373).  These data show that an inactivated ricin 

fusion can be used as an efficient system for delivering exogenous T cell epitopes which 

are active in the natural infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4. Average clinical scores of P261-ricin primed mice following infection with PVM. Mice, treated as 
indicated, were examined at daily intervals and clinical scores were assigned according to the scheme 
described by Cook et al. [1]. 
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Protection studies 

The external observable clinical signs of infected mice were noted and scored according to 

the system described by Cook et al. [1]. Mean scores for the animals were calculated on 

each day (Figure 4). Unprimed mice infected with PVM began to develop clinical signs of 

infection on day 2 following virus challenge, and symptoms progressed steadily until day 4 

when the rapid onset of end stage pneumonia was observed. Mice primed with P261-ricin 

prior to PVM challenge did not develop symptoms of disease until day 4 postinfection. By 

day 5 post-infection, piloerection of fur could be seen in three animals, the fourth showed a 

slight ruffling of neck fur indicative of mild infection. PVM-infected mice primed with 

CYLTDRARI peptide also began to show external signs by day 4, but only one animal 

developed more severe disease. P261-ricin primed and boosted mice showed the first signs 

of illness on day 4 post-infection, with all mice showing laboured breathing and wasting by 

day 5. Peptide primed and boosted mice also developed mild symptoms on day 4 post-

infection. By day 5 post-infection, all showed signs of mild respiratory distress. These data 

suggest that priming with P261-ricin or P261 peptide can delay the onset of PVM infection 

(P261-ricin p = 0.095; free peptide p = 0.15 as determined by the Kruskall-Wallis test). 

Boosting with the appropriate immunogen did not appear to provide any additional 

protection (P261-ricin p = 0.15; free peptide p = 0.15 as determined by the Kruskall-Wallis 

test). 
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Discussion 

Specific CTLs can be induced by peptide immunisations and can confer protection against 

a viral challenge but peptide and protein antigens induce relatively weak CD8 T-cell 

responses [12-16]. Also, in the absence of co-stimulatory signalling between antigen 

presenting cells and T-cells, peptides have been shown to induce immunological tolerance 

[17]. Adjuvants are frequently used in laboratory studies though their use in humans has 

been limited because of their toxicity and/or their poor ability to enhance immune 

responses. The data presented here show that priming of mice with the CYLTDRARI 

peptide, which is a CTL epitope seen in normal infections of BALB/c mice with PVM, 

delivered by ricin generated a population of peptide-specific T-cells which was localised in 

the spleen in uninfected mice when the immunogen was inoculated without the presence of 

any adjuvent. Following infection, there was no significant increase in the splenic response 

either to the free peptide or to the fusion protein. However, the response in the lung in both 

peptide- and P261-ricin-primed animals (where there was a minimal response in the absence 

of virus) was greatly enhanced following infection. This suggests that challenge infection 

with PVM caused the population of peptide-specific T-cells to expand and migrate to the 

site of infection. In the lung, the peptide-specific response to P261-ricin was significantly 

higher than that induced by the P261/CYLTDRARI peptide both in primed and in 

primed/boosted PVM-infected mice, suggesting that the ricin delivery system improved the 

efficiency of peptide delivery. Presumably, the enhancement was due to the delivery 

system intersecting with the host cell MHC class I processing and presentation pathways at 

numerous levels: receptor-mediated uptake, cytosolic targeting and proteosomal 

degradation. 

 A striking observation is that while the response generated by priming with peptide 

alone is further enhanced by boosting, priming with P261-ricin generates a large response 

that does not seem to be enhanced upon further boosting. It is possible that the initial 

response to the ricin fusion represents the maximum level achievable so that any further 

expansion cannot be observed. Indeed, the levels achieved by a single inoculation with the 

ricin fusion are only achieved by priming and boosting with the peptide, further supporting 

the proposal that ricin can enhance peptide delivery. Taken together, these data indicate 

that the ricin delivery system, used without adjuvent, can stimulate specific CTLs with a 

peptide antigen which is recognised in the natural infection more efficiently than can be 

achieved by inoculation with the peptide alone. 
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 The CTL response stimulated by the P261 peptide or P261-ricin fusion did not confer 

protection against virus challenge. However, the onset of symptoms was delayed and the 

severity of the subsequent disease was reduced when a single inoculation was used.  

Strikingly, boosting the CTL response resulted in less protection against disease than a 

single inoculation. It is well recognised that while CTLs are important for pneumovirus 

clearance, in larger numbers they enhance pathology and illness [18]. Passive transfer of in 

vitro stimulated RSV-specific CTLs has been shown to clear virus from the lungs of 

gamma irradiated mice when given in small doses [19]. However, if larger doses are given, 

clearance is accompanied by acute, and frequently fatal, pulmonary damage [18]. 

Similarly, in selectively immunodepleted mice, the cellular immune response, 

predominantly the CD8+ CTLs, mediates both clearance and pulmonary disease [20, 21]. 

These findings indicate that there is a balance between the protective and disease-

producing effects of CD8+ CTLs. Thus, it seems likely that boosting with either peptide or 

P261-ricin raised the level of CTLs above the protective threshold level and tipped the 

balance towards a detrimental cellular effect. This has significant implications for T cell-

based immunogens and it will be important to explore further the effects of different doses 

and immunisation schedules to avoid enhancement of subsequent disease. 
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Abstract 

 The BALB/c mouse model for human respiratory syncytial virus 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 hRSV 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.  

 

96



Chapter 5 

 

  

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 reinfections 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 hRSV 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 

97



CD8 T cell responses against RSV in C57BL/6 mice 
  

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 [12-14]. 

Genetic factors have been shown to affect susceptibility to primary hRSV 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. 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 [16-18, 35]. This essential difference in pathogen-

specific immune responses as well as the fact that many interesting transgenic and knock 

out mice are available on a H-2b background determined our choice to characterize the 

CD8+ T cell response against RSV in the C57BL/6 mouse model.  
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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 [21]. 

  

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 (1 

mg/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. 
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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 
 

 

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 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 

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 
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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 [36]. 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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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 a 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). 

 

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 numerated 

with ICS (Fig. 2a, Fig. 5c). All responses initially detected with the Elispot assay appeared 
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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. Errorbars 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. 
 

 

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, 

22]. 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 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 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. 

 

 

no pepti
de

Pool 3
6-105

Pool 2
29-27

6

Pool 4
21-4

68

F24
1-258

F24
7-264

F42
7-444

F433
-45

0

F250
-25

8

NP360-3
68

M18
7-195

G17
7-194

0

100

200

300
400
550
700
850

sp
ot

s/
10

6  c
el

ls

103



CD8 T cell responses against RSV in C57BL/6 mice 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
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.  
 

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, 23]. 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  
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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. 
 

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,  

0 1 2 3 40 1 2 3 4

mvl050325.001mvl050325.007

CD8

N
K

G
2a

CD11a

C
D

62
L

Gated on CD8+

36.846.6

48.4
CD8

N
K

G
2a

CD11a

C
D

62
L

83.94.5

4.1

Gated on CD8+
RSV MOCK

6.6

8.2

5.9

6.0

0 1 2 3 40 1 2 3 4

mvl050325.001mvl050325.007

CD8

N
K

G
2a

CD11a

C
D

62
L

Gated on CD8+

36.846.6

48.4
CD8

N
K

G
2a

CD11a

C
D

62
L

83.94.5

4.1

Gated on CD8+
RSV MOCK

6.6

8.2

5.9

6.0

0 1 2 3 4 0 1 2 3 4

mvl050325.007

M187-195 tet

C
D

8 13.44

C
D

8

NP366-374tet

RSV MOCK Influenza Influenza
0.27 0.29 11.52

0 1 2 3 4 0 1 2 3 4

mvl050325.007

M187-195 tet

C
D

8 13.44

C
D

8

NP366-374tet

RSV MOCK Influenza Influenza
0.27 0.29 11.52

0 1 2 3 4

CD8

M
18

7-
19

5
te

t

CD11a

M
18

7-
19

5
te

t

CD62L

M
18

7-
19

5
te

t

0 1 2 3 4

NKG2a

M
18

7-
19

5
te

t

Gated on CD8+

13.4 13.8 13.8 12.5

0 1 2 3 4

CD8

M
18

7-
19

5
te

t

CD11a

M
18

7-
19

5
te

t

CD62L

M
18

7-
19

5
te

t

0 1 2 3 4

NKG2a

M
18

7-
19

5
te

t

Gated on CD8+

13.4 13.8 13.8 12.5

C

D

E

105



CD8 T cell responses against RSV in C57BL/6 mice 
  

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, anti-CD11a or anti-CD62L in 
combination with the M187-195 tetramer. Numbers represent the percentage of NKG2a+, 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 NKG2a+ CD8+ T-cells. 
 

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]. 

 

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. 
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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 
INF-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 possitive 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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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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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.  

 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.  

 

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). 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  
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Figure 5. Epitope hierarchy during RSV specific CD8+ T cell recall responses in the lung. Pulmonary tissue 
lymphocytes obtained 6 day after intranasal 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 INF-
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, errorbars represent the SEM. 
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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 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 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 [10] are strain specific or will also 

occur in mice with different genetic backgrounds. 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. [24]. 

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 [25].  Most of the identified epitopes contained a H-2Db 

binding motif, whereas one peptide N57-64 harbored a 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, 26, 27]. 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, 22]. 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 
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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 that NKG2a is up regulated by CD8+ T cells after contact with antigen and 

remains expressed long after [28]. This marker was therefore used as a surrogate activation 

marker for antiviral CD8+ T cells [29, 30]. 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 [31]. 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, 30, 32]. The fact that the decrease of function started later 

during primary RSV infection in C57BL/6 mice, might be explained by a lower replication 
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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, 33]. 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 mice [10, 30, 32] . 

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 intial 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 [34]. 

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 

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.  
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Abstract 

We have measured antiviral CD8 T cells responses in bovine respiratory syncytial virus 

(bRSV) infected calves that had been immunized with either formalin-inactivated (FI) or 

live-attenuated (L) bRSV, with evidence of immunopathology following challenge of 

calves vaccinated with FI-bRSV. In all cases, bRSV infection induced potent pulmonary 

CD8 T cell responses. The kinetics of the post-challenge response in L-bRSV immunized 

animals was accelerated compared to the FI-bRSV and PBS groups, suggesting that only 

the L-bRSV vaccine, and not the FI-bRSV vaccine, had primed memory T cells. The 

differences between primary and post-vaccination secondary infection were very minor, in 

terms of the proliferation status of pulmonary CD8 T cells. Functional IFN-γ+ CD8 

responses were slightly higher in the FI-bRSV vaccinated animals. Furthermore, the 

existence of strong IFN-γ+ CD8 responses in FI-bRSV vaccinated animals after challenge 

suggests (i) that these IFN-γ+ responses in FI-bRSV immunized animals do not protect 

against immunopathology, and (ii) that Th-2 biased responses during bRSV challenge after 

vaccination with FI-bRSV have a limited impact on the CD8 responses in the 

bronchoalveolar lavage fluid. Thus, several response patterns (Th-1/Th-2) seem to co-exist 

during bRSV-infection. 
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Introduction 

The human and bovine respiratory syncytial viruses (hRSV and bRSV) are major causes of 

lower respiratory tract infections. Both with respect to epidemiology and pathogenesis, 

bRSV infection in calves closely resembles hRSV infection in infants and bRSV therefore 

provides a valuable animal model for hRSV [1]. Vaccine development has been hampered 

by the fact that immunization with formalin-inactivated (FI) virus primes for a much more 

severe, and sometimes even lethal, form of respiratory disease [2-6]. This phenomenon 

was first observed in a human vaccine trial in the 1960’s [4] and was later found to also 

occur in cattle immunized with formalin- or beta-propriolactone-inactivated bRSV [5,6]. 

Enhanced disease resulting from immunization with FI-virus has an immunopathological 

basis and has now been modeled in hRSV-infected mice [2,7-9] and monkeys [10] and in 

bRSV-infected cattle [1,11-13]. In mice, immunization with inactivated virus evokes a Th-

2 biased CD4 T cell response, which is associated with eosinophilia and clinical symptoms 

upon challenge [2]. In cattle, enhanced clinical symptoms post immunization were 

associated with pulmonary eosinophilia and increased IgE titers [1]. 

RSV-specific CD8 T cell responses play a key role in the control of infection and in 

the maintenance of antiviral immunity [2,3,14]. This was most convincingly shown by T 

cell subset depletion experiments in cattle and mice [14,15]. Depletion of CD8 T cells in 

gnotobiotic calves resulted in more prolonged virus shedding and more severe pathologic 

lesions (i.e., more extensive lung consolidation), after bRSV infection. CD4 T cell 

depletion did not affect the kinetics of viral clearance, but did result in more serious 

symptoms. Consistent with a key role of the CD8 T cell response, McInnes and coworkers 

showed that acute bRSV infection in cattle is associated with an influx of activated CD8 T 

cells into the lungs and the trachea, peaking at day 10 post infection [16]. On the other 

hand, CD8+ cytotoxic T lymphocytes also have the capacity to contribute to lung 

pathogenesis, as shown in hRSV-infected mice [14,17,18]. Th-1 and Th-2 responses seem 

to co-exist in a delicate balance during RSV infection. Several studies in the mouse model 

have provided evidence for mutual down-regulation of CD8 and Th-2-biased CD4 T cell 

responses [9,19,20], whereas other studies have shown that antiviral CD8 T cell responses 

are essential in the development of pulmonary eosinophilia  [21]. In addition, IL-5 and 

IFN-γ producing G-specific CD4 T cells co-exist in RSV-infected BALB/c mice [22,23]. 

Thus, the combined literature indicates that in murine RSV-induced immune responses, 

Th-1, and/or CD8, and Th-2-biased CD4 T cell responses could either co-exist or down-

regulate each other.  
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The role of CD8+ CTLs in the control of infection and in enhancement of lung 

pathology [17,18], combined with the pathogenic potential of a Th-2-skewed CD4 T cell 

response [23-25] and the limited longevity of cellular immunity [26], provides a challenge 

for vaccine development [27]. Most pneumoviruses, including bRSV and hRSV, are 

species-specific. Thus, these specific virus-host relationships provide an argument to study 

natural host-pathogen interactions, in parallel to the murine hRSV model. The bRSV 

challenge model in calves is promising because FI-bRSV associated enhanced 

pathogenesis can be experimentally reproduced in bRSV-infected animals [1,13]: after 

challenge, FI-bRSV immunized calves presented with severe symptoms, eosinophilia and 

high IgE titers, with specificity for the F protein (Antonis et al., unpublished observations).  

In the present study, we asked how antiviral CD8 T cell responses develop during 

primary bRSV infection, and how vaccination with FI-bRSV or L-bRSV would affect this 

response, both in terms of kinetics and magnitude. We focused on CD8 T cell responses 

because their role in pulmonary eosinophilia has been ambiguous [28]. Our data indicate 

that post-challenge T cell responses in PBS- and in FI-bRSV immunized animals display 

similar kinetics, whereas those responses in L-bRSV immunized animals peaked earlier. 

Because accelerated recall T cell responses, indicative of the recruitment of memory cells, 

were observed only in L-bRSV animals, it appears that the FI-bRSV vaccine was not very 

efficient in priming long term T cell memory. However, IFN-γ+ T cell responses were 

readily detectable in FI-bRSV-immunized and challenged animals. This suggests that Th-1 

CD8 responses per se do not protect against severe symptoms. In our model, IFN-γ+ CD8 T 

cell responses appear to co-exist with Th-2 associated phenomena such as eosinophilia and 

elevated IgE levels.   
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Methods and Materials 

Viruses and animals 

bRSV field strain Odijk [29] was used for viral challenge. Vaccination and challenge 

experiments have been described in detail previously [1]. Briefly, bRSV was cultured on 

embryonic bovine trachea (EBTr) cells. After clarification, supernatant was treated with 

formalin (37% formaldehyde solution, 1:4,000 at 37˚C for 72 hours), followed by 

ultracentrifugation. A vaccine dose consisted of 1ml sedimented virus material, equivalent 

to 0.75 mg protein or 106.7 TCID50, mixed with 1ml 2% Al(OH)3. In the case of the live-

attenuated bRSV vaccine, we used a dose of 104,6 TCID50 of bRSV strain Lelystad in 2ml 

EMEM, supplemented with 10% FBS. SPF- and bRSV-naïve calves (6 per group), which 

had been obtained by ceasarean section [1], received 2 intramuscular vaccinations with FI-

bRSV, L-bRSV (strain Lelystad) or PBS, and were challenged with bRSV Odijk [29] (at 

105.5 TCID50 /ml, 2ml dose) approximately 4 months later. Intranasal virus inoculation was 

done using a nebulizer. Bronchoalveolar lavage fluids (BALF) were obtained as described 

[1]. Approximately 100 ml of BALF was obtained from each animal after instillation of 

120 ml PBS. BALF samples were centrifuged (200 x g, 10’, 4°C) and lavage cells were 

resuspended in PBS containing 25% FCS, 0.5% BSA and 0.01% NaN3, counted and used 

for further analysis. Lymph node and spleen samples were obtained during postmortem 

analysis as described [1]. PBMC were isolated by Ficoll centrifugation of heparinized 

blood samples. bRSV Lelystad strain was grown in embryonic bovine trachea cells (EBTr), 

as described [1]. 

 

Vaccinia virus recombinants 

To construct recombinant vaccinia viruses expressing bRSV genes, viral RNA was isolated 

from BALF from a bRSV Odijk-infected animal or from bRSV Lelystad-infected EBTr 

cells [1], using RNA isolation kits from Qiagen (Valencia, CA).  RNA preparations were 

subjected to RT-PCR amplification, using Pfu polymerase (Promega) and primer sets 

designed to amplify the complete open reading frames for the N, P, M, M2 and G genes, as 

described previously [1]. cDNAs encompassing the N. P, M and M2 sequences were 

amplified from viral RNA derived from the Odijk strain, whereas the G-protein cDNA was 

generated from the Lelystad RNA. PCR-amplicons were subjected to sequence analysis to 

confirm the absence of unwanted mutations, and inserted into pCRII (Invitrogen). Inserts 
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were then subcloned into the vaccinia virus transfer vector pSC11. Recombinant vaccinia 

viruses (strain Western Reserve) were generated using standard methodology, as described 

[30]. The MVA-F recombinant was provided by Dr. Gerd Sutter (Institute of Molecular 

Virology, GSF-Research Center and Technical University Munich, Munich, Germany) as 

part of the EU IMPRESSUVAC project. Details on the construction of the MVA-F 

recombinant will be described elsewhere. Expression of the inserted bRSV genes was 

confirmed using (i) an immuno-peroxidase  monolayer assay (IPMA) and (ii) by metabolic 
35S-Met labeling of vaccinia virus recombinant infected cells followed by 

radioimmunoprecipitation either with a polyclonal goat anti-hRSV (A+B) serum 

(Biodesign International) or with monoclonal antibodies directed against the bRSV N, P, 

G, and F proteins (Animal Sciences Group, Lelystad). 

 

Antibodies and flow cytometry 

Cells harvested from BALF were incubated with the appropriate antibodies for 30’ on ice. 

FITC- or R-PE-labeled antibodies against CD4 (clone CC8), CD8 (clone CC63), and IFN-γ 

(clone CC302, IgG1) were purchased from Serotec (Oxford, UK). Allophycocyanin 

(APC)-labeled anti-bovine CD8 antibody was prepared by labeling antibody, purified from 

the supernatants of hybridoma cultures (clone CC63, obtained from the ATCC), with the 

APC labeling kit from Prozyme (San Leandro, CA). R-PE-labeled Ki-67 antibody (clone 

B56, IgG1), and the isotype control (MOPC-21), were obtained from BD Biosciences 

(Mountain View, CA).  The B56 antibody is cross-reactive with the bovine protein [31]. 

Surface stainings were done in FACS buffer (PBS supplemented with 1% BSA and 0.01% 

NaN3). For intracellular Ki-67 staining, cells were fixed and permeabilized using the FACS 

lysing and FACS permeabilization reagents from BD Biosciences. After surface and/or 

intracellular staining, cells were fixed in 1% paraformaldehyde and acquired on a 

FACScalibur flow cytometer. Data were analyzed using CellQuest (BD Biosciences, 

Moutain View, CA) and FlowJo (Tree Star, San Carlos, CA) software.  

 

Intracellular cytokine staining.   

Lymphocytes were stimulated with bRSV Lelystad (m.o.i = 0.1) (or medium from 

uninfected EBTr cells as the negative control), or with recombinant vaccinia or MVA 

viruses expressing bRSV genes, or control recombinants (wt MVA and T7 RNA 
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polymerase expressing vaccinia virus) (m.o.i. = 1). After overnight incubation (37˚C, 16 

hours), brefeldin A was added and incubation was continued for another 6 hours at 37˚C. 

As a positive control, cells were stimulated with SEB (Sigma) in the presence of brefeldin 

A. Cells were then fixed using FACS lysing solution, permeabilized using FACS 

permeabilization solution, stained with APC- and FITC-labeled antibodies against CD8 

and IFN-γ, and acquired using a FACScalibur flow cytometer. The MOPC-21 IgG1 

monoclonal antibody was used as an isotype control.  

 

Statistics 

Statistical analysis was done with Prism and InStat3 software (Graphpad Software), using 

the Mann-Whitney test and the Kruskal-Wallis nonparametric test). Differences were 

considered significant when P was <0.05.  
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Results 

Primary bRSV infection coincides with CD8 T cell proliferation and migration into the 

lungs 

Acute bRSV infection is associated with an influx of activated CD8 T cell lymphocytes 

into the lung [16]. To further study the dynamics of this response and the proliferation 

status of the infiltrating T cells, we analyzed the lymphocyte populations isolated from 

brochoalveolar lavage fluid (BALF). For this experiment, two calves were infected with 

bRSV strain Odijk [1,29]. This strain was selected because it induces a symptomatic 

infection in calves [29]. BALF samples were collected daily from days 5 through 9 after 

infection, and cells were stained with monoclonal antibodies against CD4 and CD8 and, 

after permeabilization, with an antibody against the proliferation marker Ki-67. 

Lymphocytes were gated using forward and side scatter parameters (Fig.1a). As shown in 

Fig. 1b, infiltrating CD4 and CD8 T cells were first detected at day 7 post infection (p.i.). 

Apparently, an influx of T cells starts between days 6 and 7 p.i. At day 8 post infection, 

approximately 16% of all BALF cells consisted of CD4 and CD8 T cells (Fig.1a and 1b). 

The data shown in Fig.1 are representative for the two animals. These kinetic data are 

consistent with results described by McInnes et al. [16]. The majority (60-65%) of the 

infiltrating CD8 T cells were proliferating (Ki-67high) at day 7 p.i. (Fig.1c).   From day 7 

through 9, the numbers of CD8 T cells in the lungs increased, but expression of Ki-67 

slightly decreased (40-45% at day 9), suggesting that fewer cells were cycling.  Since CD8 

T cell proliferation is usually a function of TCR stimulation after antigen encounter in the 

local lymph nodes, it seems likely that the dividing CD8 T cells observed in the lungs are 

predominantly bRSV-specific.  However, non-specific recruitment of CD8 T cells also 

occurs during respiratory infections [32]. Thus, to assess the bRSV-specificity, we 

stimulated BALF cells (obtained at 9 days post infection) with virus (m.o.i. = 0.1, virus 

harvested from EBTr cells) and visualized responding cells using intracellular IFN-γ 

staining and flow cytometry. The cells were incubated overnight with bRSV, after which 

the Golgi-inhibitor brefeldin A was added, followed by another 6 hour incubation.  As 

controls, cells were stimulated with the superantigen SEB or were incubated in the 

presence of medium from uninfected EBTr cells. Cells were then permeabilized and 

stained with monoclonal antibodies against CD8 and IFN-γ.  We found that up to 10-15% 

of all pulmonary CD8 T cells produced IFN-γ upon bRSV stimulation (Fig.1d), suggesting 

that at least a significant fraction of the infiltrating T cell population is bRSV-specific. It is  
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Figure 1. Kinetics and specificity of pulmonary CD8 T cell responses during acute bRSV infection. Two 
animals were infected with bRSV Odijk and BALF were collected daily from day 5 through 9 post infection. 
All data shown are from one of the two animals and are representative. A. Percentage of lymphocytes of 
BALF and gating strategy based on forward (FSC) and side scatter (SSC) parameters. B. Influx of 
predominantly CD8 T cells at day 7 post infection. Percentages of the relevant cell populations are indicated 
in the quadrants. C. Infiltrating CD8 T cells at days 7-9 are proliferating (Ki-67high). Percentages of Ki-67+ 
CD8 T cell populations are indicated in the upper right quadrant. Percentages in italics (days 5 and 6) 
indicate that a very small of cells were analyzed. D. Specificity of infiltrating lymphocytes. Day 9 BALF 
were stimulated with bRSV (m.o.i.=1), SEB or control medium from uninfected EBTr cells, and analyzed by 
intracellular cytokine staining. Percentages IFN-γ+ CD8+ cells of total CD8+ cell numbers are shown. Note 
that the SEB-stimulated sample appears to have more IFN-γ+ cells than the bRSV-stimulated sample; this is, 
however, solely the result of different total cell numbers in the two plots. 
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Figure 2. Total numbers of CD8+ A. and CD4+ B. cells in the BALF, at 3 days before infection and days 1, 4, 
7 and 9 post challenge infection. Cell numbers were calculated using the total numbers of cells recovered 
from BALF [1] and the frequencies of CD4+ and CD8+ cells determined by flow cytometry, using the 
ungated population of cells. Error bars indicate the standard error of the mean as determined using Graphpad 
Prism software. Significance was determined using the -Mann-Whitney and Kruskal-Wallis tests (InStat3 
software). 

 

possible that this underestimates the fraction of the response that is bRSV-specific, since 

stimulation with whole (live) virus may not result in optimal antigen presentation. The 

control SEB-stimulation yielded a 4-7% response of IFN-γ+ CD8 T cells. Thus, 

quantitative analysis of T cell proliferation through Ki-67 staining provides us with a rough 

estimate of the dynamics and magnitude of the antiviral responses. Such an estimate is 

particularly useful in situations in which few T cell epitopes have been identified, as is the 

case for bRSV. 
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CD8 T cell proliferation in bRSV-infected calves: impact of immunization and 

immunopathogenesis 

We have recently described a bRSV challenge model for Th-2-driven FI-vaccine-induced 

immunopathology [1]. We now extended these studies by analyzing the CD8 T cell 

responses after bRSV challenge. Eighteen SPF calves, immunized intramuscularly with FI-

bRSV, L-bRSV, or mock-immunized with PBS, and challenged 4 months later, were 

analyzed for T cell responses. The clinical and serological results of this study have been 

described previously [1]. The extent of viral replication was assessed by measuring RNA 

levels in the BALF by RT-PCR, as reported previously [1]. Briefly, viral RNA was 

detected in the BALF of PBS-immunized animals in 4/6 animals at day 4 p.i. and in all 6/6 

animals at day 7 p.i. [1]. No viral RNA was detected in the BALF samples from the 

immunized animals at either day 4 or 7 p.i., with the exception of a weak PCR signal in 

one L-bRSV immunized animal at day 7 [1].Thus, both vaccines led to reduced levels of 

viral RNA in the BALF, but only the L-bRSV vaccine provided partial protection against 

symptoms. Immunization with FI-bRSV primed animals for immunopathogenesis. Thus, 

this experimental setting allowed a comparison of primary bRSV infection with two modes 

of secondary infection, i.e., semi-protective (L-bRSV) and immunopathogenic (FI-bRSV). 

BALF samples were collected at 3 days before challenge and at days 1, 4, 7 and 9 

p.i., and were first used to visualize the kinetics of CD4 and CD8 T cell influx into the 

lungs.  During primary infection, i.e., in PBS-immunized animals, we found that the 

dynamics of T cell influx were consistent with the data shown in Figure 1: infiltrating T 

lymphocytes were first detectable at day 7 p.i. (Fig. 2), and were present at slightly 

increased levels at day 9 after bRSV infection. Post-challenge CD8 T cell responses in FI-

bRSV immunized animals were very similar in kinetics but smaller in magnitude (Fig.2a). 

In contrast, we observed accelerated post-challenge responses in L-bRSV immunized 

animals, with the response peaking at day 7 post challenge instead of day 9 (Fig.2a). The 

CD8 T cell responses in L-bRSV immunized animals at day 7 were significantly different 

from those in PBS- or FI-bRSV immunized animals (P = 0.041 and P = 0.004, 

respectively). The largest responses were observed in the PBS-immunized group (i.e., the 

animals undergoing primary infection) at day 9. These responses differed significantly 

from the number of CD8 T cells in L-bRSV-immunized animals (P = 0.026) and there was 

a trend towards significance when compared with FI-bRSV-immunized animals (P = 

0.065). A similar trend was seen for the numbers of CD4 T cells in the BALF (Fig.2b).  
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Figure 3. Proliferation of CD8+ cells in the lungs at day 7 post infection. Percentages Ki-67+ cells of total 
CD8+ cells are indicated for all animals. Vaccination history and average percentages Ki-67+ cells for each 
group are indicated. Significance was determined using the Wilcoxon-Mann-Whitney test (InStat3 software). 
No significant differences were observed. PBS versus FI-bRSV, P = 0.3; PBS versus L-bRSV, P = 0.13; FI-
bRSV versus L-bRSV, P = 0.5). 

 

Responses in L-bRSV-immunized animals appeared to peak earlier, at day 7, and this was 

significantly different from the response in FI-bRSV-immunized animals (P = 0.04). The 

differences between numbers of CD4 T cells at day 9 were not significant.  

We then tested whether the CD8 T cell populations in the three different groups 

displayed the same proliferation characteristics, by staining for the Ki-67 antigen. Based on 

the results shown in Figure 1, we analyzed day 7 BALF samples for Ki-67 expression. 

Again, we found only minor differences between the three groups (Fig.3), and these were 

not significant (P > 0.05 for all comparisons). In all animals, we found that high numbers 

of the CD8 cells in the BALF stained positive for Ki-67+, indicating a high level of 

proliferation (Fig.3).   

 

Antiviral peripheral and pulmonary CD8 T cell responses 

Although staining for the Ki-67 antigen shows the extent of T cell proliferation, it does not 

reveal functionality or antigenic specificity. To assess the bRSV-specificity of the T 

lymphocytes infiltrating the lungs, we stimulated BALF cells with an MVA-recombinant 

expressing the viral F protein. As shown by Nixon and coworkers, infection of human or 

simian lymphocyte preparations with vaccinia virus recombinants results in effective 

stimulation of CD8 T cells, after which responses can be quantitated by IFN-γ ELISPOT or 

by intracellular cytokine staining [33,34]. Gaddum et al. recently validated this approach 

for bRSV-specific memory T cell analysis [35].  
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Figure 4. A.. Peripheral IFN-γ+ CD8 T cell responses during acute bRSV infection in all animals, after in 
vitro stimulation with MVA-F. Stimulation with wt MVA yielded responses <0.1%. Vaccination history and 
average percentages IFN-γ+ cells for each group are shown. B.. PBMC from animal #48 (vaccinated with FI-
bRSV, as indicated) were stimulated with MVA-F, MVA or PBS, and stained for IFN-γ expression. 
Frequencies are expressed as percentages IFN-γ + CD8+ cells of total CD8+ cells. Significance was 
determined using the Wilcoxon-Mann-Whitney test (InStat3 software). 

 

To assess the specificity of antiviral responses, we analyzed F-specific CD8 T cell 

responses before and after vaccination and after the challenge in the peripheral blood. Pre-

challenge and post-challenge responses were also analyzed in BALF samples. 

Lymphocytes were isolated from heparinized blood before vaccination, on day 14 post 

vaccination, on day 3 before challenge infection and on days 1, 4, 7 and 9 post infection. 

Lymphocytes were also isolated from BALF samples on day 3 before infection and on 

days 1, 4, 7 and 9 post infection. In all cases, lymphocyte samples were infected with the 

MVA-F recombinant, or, as a control, with wild type MVA virus. Uninfected lymphocytes 

were used as an additional specificity control.  Cells were stained with monoclonal 

antibodies against CD8 and IFN-γ. We found no F-specific CD8 T cell responses in the 

periphery before challenge and at days 1, 4 and 7 post challenge (data not shown). 

However, F-specific responses were detected in PBMC in 5 out of 18 animals at day 9 p.i.,  
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Figure 5. A. IFN-γ responses in day 7 BALF from all animals, after in vitro stimulation with MVA-F. 
Stimulation with wt MVA yielded responses of ~60% of MVA-F induced responses. Vaccination history and 
average percentages IFN-γ+ cells for each group are shown. B. BALF from animal #43 (vaccinated with PBS) 
were stimulated with MVA-F, control MVA or PBS. Frequencies are expressed as percentages IFN-γ+ CD8+ 
cells of total CD8+ cells. Significance was determined using the Wilcoxon-Mann-Whitney test (InStat3 
software). 

 

(Fig.4a). Interestingly, three of these five animals had received the FI-bRSV vaccine 

(Fig.4). This could suggest that somewhat stronger F-specific IFN-γ+ responses existed in 

the six FI-bRSV immunized animals. However, the differences were not significant (P > 

0.05 for all comparisons). Thus, in 10 out of 12 other animals, no or very weak IFN-γ-

producing F-specific CD8 T cells were detected in PBMC samples, indicating that there 

was little systemic involvement in these animals. In the BALF samples, we found IFN-γ+ 

responses in most of the animals at day 7 p.i. (Fig.5a), and no significant differences were 

observed between the groups (P > 0.05 for all comparisons). No responses were measured 

before challenge and at days 1 and 4 p.i. (not shown). Note that these samples did not 

contain CD8 T cells (Fig.2). Unfortunately however, as illustrated in Fig.5b, the responses 

in BALF samples measured at day 7 p.i. were observed not only after stimulation with the 

MVA-F recombinant but also after stimulation with wild type, non-recombinant MVA 

virus (although the percentage of IFN-γ+ CD8 cells was ~40% lower). No such background  
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Figure 6. Specificity and breadth of the response in animal #47 (vaccinated with FI-bRSV) (a) and 
illustration of G-specific responses in animal #42 (vaccinated with PBS) (b). Lymphocytes from the draining 
lymph nodes from animals #47 (tracheobronchial lymph nodes) and #42 (mediastinal lymph nodes) were 
stimulated with recombinant viruses and stained for IFN-γ expression. The bRSV or control genes expressed 
by the recombinant viruses are indicated. Frequencies are expressed as percentages IFN-γ+ CD8+ cells of total 
CD8+ cells. 

 

responses were measured in unstimulated cells (Fig.5b), or in MVA-stimulated PMBC or 

lymph node cells (Figs.4 and 6). 

 

Antiviral CD8 T lymphocytes recognize multiple bRSV proteins 

To further determine the antigenic specificity of the response, we measured antiviral 

responses in the draining lymph nodes using intracellular IFN-γ staining.  In these 

experiments, we focused on the breadth of the CD8 T cell response and the potential 

differences in specificity between the groups, focusing on the difference between the 

mock-immunized and the FI-bRSV-immunized groups.  To identify the relevant antigens, 

we constructed a set of vaccinia virus recombinants expressing the viral N, P, M, G and  
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M2 proteins, in addition to the MVA-F recombinant. Lymphocytes were isolated from the 

tracheobronchial and mediastinal lymph nodes at day 10 after infection and were 

stimulated by infection with the recombinant viruses expressing the different bRSV 

proteins, including the MVA-F recombinant.  After overnight incubation, cells were 

permeabilized and stained with monoclonal antibodies against CD8 and IFN-γ.  Within the 

group of 14 bRSV-infected animals that we analyzed, we found responses against all 

proteins tested (Table 1). The results showed that whereas similar numbers of PBS 

immunized and FI-bRSV immunized calves recognized the P, M, G, M2 and F proteins, 

there was a bias towards N protein recognition in FI-bRSV immunized calves compared 

with PBS controls. Thus, 5 out of 6 FI-bRSV immunized calves recognized the N protein 

compared with only 1 out of 6 PBS immunized calves (P = 0.065). A representative animal 

from the FI-bRSV immunized group (#47) with strong bRSV-specific responses (including 

N) is shown in Figure 6a. It is interesting that CD8 T cell responses against the G protein 

were observed in several animals (Table 1 and Figure 6b). From these experiments we 

conclude that immunization did not result in a strong specificity bias towards individual 

viral proteins, with the possible exception of the N protein, and that most viral proteins are 

potential targets for CD8 T cells. 
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Discussion 

In the present study, we have analyzed antiviral CD8 T cell responses in a symptomatic 

bRSV infection model [1]. In particular, we have compared T cell responses in infected 

calves undergoing primary infection and in calves undergoing secondary infection after FI-

bRSV or L-bRSV immunization. Both immunizations result in reduced viral replication, 

but only the L-bRSV vaccine provides partial protection against symptoms [1]. FI-bRSV 

vaccination primes for enhanced pathogenesis that is associated with eosinophilia and 

increased IgE titers. Recent data indicate that these IgE antibodies are specific for the 

bRSV F protein (Antonis et al., unpublished observations). Antiviral T cell responses were 

quantitated by measuring (i) the kinetics of T cell influx and proliferation status in the 

lungs, and (ii) the specificity and frequencies of IFN-γ producing CD8 T cells in the lungs, 

draining lymph nodes and periphery. IFN-γ producing cells were visualized by stimulating 

lymphocytes using bRSV antigens produced by recombinant vaccinia or recombinant 

MVA vectors. Since it is possible that not all bRSV-specific CD8 T cells respond to 

recombinant vaccinia-produced antigens by IFN-γ production [36], we cannot exclude that 

our assay underestimates the true magnitude of the response. Furthermore, a particular 

technical problem that we encountered with our intracellular IFN-γ staining assay was that 

stimulation of BALF samples with the control MVA virus yielded a strong background 

response. These results are consistent with a recently published study by Sandbulte et 

al.[37] and, as suggested by these authors, could reflect superantigenic properties of MVA, 

or stimulation of innate pathways. An alternative explanation is that the CD8 T cells in the 

lung have a low activation threshold, with the result that viral (i.e. MVA) replication could 

trigger IFN-γ production. It is obvious that this complicates the interpretation of these data: 

although it is clear that the BALF samples from infected animals contain considerable 

numbers of CD8 T cells that can be activated to produce IFN-γ (and therefore display a Th-

1-like phenotype), their specificity cannot be determined in detail using this method. 

Our study makes three points. First, we found potent virus-induced pulmonary CD8 

T cell responses in all three experimental groups, although the magnitudes, expressed as 

total numbers of T cells in the BALF, displayed different kinetics. Accelerated responses, 

indicative of the recruitment of memory T cells, were observed in the L-bRSV-immunized 

group, but not in the FI-bRSV-immunized group, as compared to the PBS group. The 

largest responses, in terms of the numbers of T cells in the BALF, were seen in PBS-

immunized calves. The levels of IFN-γ+ T cells were similar in the three groups, although 
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IFN-γ+ CD8 T responses were slightly higher and more focused to the N protein in the FI-

bRSV group. Because recalled memory T cell responses in the immunized animals should 

result in an accelerated recruitment of antiviral T cells as compared to naïve animals, our 

data suggest that the L-bRSV vaccine has the capacity to prime bRSV-specific memory 

cells. In contrast, no such accelerated recruitment was observed for the FI-bRSV 

immunized group, leading to the conclusion that this vaccine did not prime very high 

levels of long-term T cell memory. It cannot be excluded that the FI-bRSV vaccine 

induced a weak N-specific memory response. The conclusion that FI-bRSV vaccination 

fails to prime CD8 T cell responses conclusion is supported by recent work from Woolums 

et al. [38]. In contrast, West and coworkers reported that vaccination with modified-live 

bRSV resulted in somewhat accelerated antiviral CTL responses post bRSV challenge, 

suggesting that the modified-live vaccine did prime CD8 memory in calves [39], similar to 

our data. The greater magnitude of the T cell response (in terms of numbers of T cells in 

the BALF) in PBS-immunized animals compared to vaccinated animals could be explained 

by different levels of antigen: both vaccines were very efficient in reducing viral 

replication [1]. Second, Th-1 (IFN-γ+) and Th-2 (IgE) [1] associated responses co-exist in 

FI-bRSV immunized and bRSV-challenged animals. BRSV-specific T cells were readily 

identified by IFN-γ staining. In a separate study, we analyzed production of the Th-2 

cytokine IL-4 by bRSV-induced T cells, but we did not find any IL-4 secreting T cells after 

in vitro stimulation with bRSV antigens (Antonis and van der Most, unpublished data). We 

are currently developing IFN-γ, IL-4 and IL-5 Q-PCR assays to better assess the Th-2 bias 

of the response. Combined, the data suggests that IFN-γ+ pulmonary CD8 T cell responses 

do not necessarily protect against severe symptoms (which were only observed in the FI-

bRSV group) [1]. A similar Th1/Th2 co-existence has been demonstrated in RSV-infected 

BALB/c mice, in which the pathogenic Vβ14+ population of G-specific CD4 T cells is 

characterized by the simultaneous production of the both IFN-γ and IL-5 [23]. Third, the 

antigenic targets recognized by the antiviral CD8 T cells in the draining lymph nodes are 

diverse: the N, P, M, M2, F and G proteins are all recognized in different animals, 

indicating that immunization did not result in a strong specificity bias, with the possible 

exception of N, which is more often recognized in FI-bRSV immunized animals.  Salient 

detail is the detection of CD8 T cell responses specific for the G protein in several animals, 

especially since a lack of G-specific CD8 T cell responses in RSV-infected BALB/c mice 

has been proposed as the key factor in enhanced pathogenesis [20]. Clearly this is not the 
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case in bRSV-infected calves, since even FI-bRSV immunized animals with severe 

symptoms harbored anti-G CD8 T cell responses (see animals 44 and 48). Consistent with 

our data, showing a broad response, Gaddum et al. recently identified the N, F and M2 

proteins as antigenic targets of memory CD8 T cell responses in bRSV-infected MHC-I 

homozygous animals [35]. 

Our previous study revealed that vaccination with either the FI-bRSV or L-bRSV 

vaccines resulted in reduced levels of viral RNA in the lungs [1]. Assuming that the FI-

bRSV vaccine is indeed a poor inducer of long-lived CD8 memory responses, it appears 

that the main protective component of this vaccine is the level of antibodies. The efficacy 

of the L-bRSV vaccine, which reduces viral replication in the absence of 

immunopathology, could perhaps be explained by its capacity to induce bRSV-specific 

memory T cells. If this is indeed the case, then it seems plausible that RSV vaccination 

strategies can be optimized by further enhancing the capacity of such vaccines to induce 

CD8 T cell memory.  
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Summarizing discussion 

The aim of this thesis was to gain better insight in the (cellular) immunological responses 

against infection with pneumoviruses. This last chapter is intended as a summary with 

additional remarks, hence the self-explanatory title summarizing discussion.  

 

In chapter 1 General introduction some background on the problems associated 

with pneumoviruses, the models used to research host-pneumovirus interaction, the 

pneumoviruses themselves and pneumovirus immunology was given.  

 

Chapter 2 Activation and inactivation of antiviral CD8 T cell responses during 

murine pneumovirus infection described the first antiviral CD8 T cell responses measured 

against PVM. During the course of the experiments the first three PVM specific CD8 T 

cell epitopes were identified in BALB/c mice. The epitope derived from the P protein, P261, 

and MHC-I pentamers were used to take a closer look at the anti-PVM CD8 T cell 

response. It was found that primary and secondary effector, as well as resting memory, T 

cells specific for P261 were inactivated in terms of their ability to produce IFN-γ and TNF-

α, both measures of T cell effector functionality. These finds support the earlier report of 

functional inactivation of CD8 T cells during RSV infection in BALB/c mice [1]. In 

addition it was reported that during the respiratory infection of mice with paramyxovirus 

SV5 (a distant relative of PVM, both belong to the Paramyxoviridae family, see figure 1 of 

Chapter 1) also resulted in functional inactivation of CD8 T cells [2]. This suggests that the 

ability to functionally inactivate CD8 T cells, not only is a characteristic of pneumovirus 

infections, but could also be an ability of paramyxoviruses. This could provide important 

clues to finding a common mechanism for immune suppression by the functional 

inactivation of T cells within the paramyxovirus family. Although, this phenomenon of T 

cell inactivation never has been observed in Sendai virus (murine parainfluenza virus I, 

also a paramyxovirus) infected mice (David Woodland, personal communication). 

A possible mechanism for the inactivation of CD8 T cells during pneumovirus 

infections could lie in a recent publication by Stanciu et al.[3]. They found that RSV 

infection upregulated the expression of several B7 family surface molecules on tracheal, 

bronchial and alveolar epithelial cells. Amongst these upregulated B7 family members 

were PD-L1 (also known as B7-H1) and PD-L2 (also know as B7-DC), which both are 

ligands of the inhibitory PD-1 (programmed death 1, also known as Pdcd1) receptor. It has 

been shown that PD-1 was selectively upregulated on exhausted CD8 T cells during 
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chronic viral infection [4]. The functionality of the inactive CD8 cells could be restored by 

blocking the PD-1 receptor using antibodies. It could be possible that the CD8 T cells 

during PVM infection also have an upregulated expression of PD-1. Combined with a 

possible upregulation of the ligands of this inhibitory receptor on the surface of airway 

epithelial cells could lead to the functional inactivation of CD8 T cells. This is a tempting 

scenario which should be explored further in future experiments. 

It has been shown that the expression of IL-2 at the time of primary RSV infection 

in mice restored the functionality of the RSV specific CD8 T cells and enhanced the 

development of memory CD8 T cells and humoral responses [5]. It would be logical and 

relatively easy to investigate whether the functional inactivation of CD8 T cells during 

PVM infection can be reversed by IL-2 expression.  

 

In Chapter 3 Identification of a CD4 T cell epitope in the Pneumonia Virus of Mice 

glycoprotein and characterization of its role in protective immunity,, the first CD4 T cell 

epitope (G381), derived from the C terminus of the PVM G protein was identified. It was 

shown that vaccination using a combination of a CD8 epitope (P261) and the CD4 epitope 

almost fully protected mice from a lethal challenge, while vaccination with any one of the 

epitopes separately gave at best minimal partial protection. The precise mechanism by 

which the CD4 T cells contribute to the protection of the mice is unknown. The recall 

response of memory CD4 T cells during the challenge PVM infection could facilitate faster 

CD8 T cell responses and/or boost the production of PVM specific antibodies. A third 

option could be that the CD4 T cells act independent of antibodies or CD8 T cells in 

protecting the mice against PVM, the precise mechanism is unknown [6, 7]. Option three 

seems insufficient to fully protect the mice by itself, as suggested by the results of mice 

vaccinated with the CD4 epitope alone and challenged with a lethal dose of PVM (chapter 

3). Only 40% of the mice survived the PVM challenge. 

The CD4 T cell population specific for the G381 epitope showed both IFN-

γ (Th1) and IL-5 (Th2) production upon antigenic stimulation. This mixed Th1/Th2 

cytokine response strongly resembles the RSV G specific CD4 T cell responses detected in 

humans and mice [8-10]. Another observation was that the frequencies of IFN-γ producing 

CD4 T cells specific for G381 were relatively low in comparison to the frequencies of all 

the activated (CD11ahigh, CD62Llow, CD43high) CD4 T cells. In the discussion of chapter 3 

a number of possible explanations were offered. An exciting explanation is that CD4 T 

cells, just as their CD8 counterparts, could be functionally inactivated by an unknown 
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mechanism of PVM. The profound inhibiting effects of RSV infected dendritic cells (DC) 

on CD4 T cell proliferation and cytokine production, as described by Graaff et al., are 

supportive of such a hypothesis [8]. It is tempting to speculate that PVM is capable of 

infecting DC modulating their activity, which in turn exerts a negative effect on the CD4 T 

cells, similar to the effects of RSV infected DC. This hypothesis can be put to the test 

when MHCII tetramer technology is available to stain the PVM specific CD4 T cells. 

Another possibility is the aforementioned PD-1 mechanism, by which CD4 T cell activity 

also was shown to be modulated [11]. 

 

In chapter 4 Stimulation of pneumovirus-specific CD8+ T-cells using a non-toxic 

recombinant ricin delivery system, mice were vaccinated using a detoxified ricin delivering 

the P261 CD8 T cell epitope. This method proved to be successful in inducing epitope 

specific responses and conferring partial protection against a PVM challenge. This partial 

protection consisted of a delay of the onset of disease and a reduction of the severity of 

disease. Fact is that these protection experiments are difficult to compare to the 

experiments performed in chapter 3, due to differences in the age of the mice at the time of 

vaccination and challenge, the amount of peptide in the vaccine formulation, the route of 

vaccination and the challenge dose of PVM. Nevertheless it is tempting to hypothesize that 

only partial protection was achieved here because PVM specific CD4 T cell responses 

were lacking. In chapter 3 it was shown that priming of PVM specific CD8 T cell 

responses alone were not adequate to protect mice against PVM challenge. The results 

presented in chapter 4 agree with this. It was concluded in chapter 3 that PVM specific 

CD4 T cells were necessary to achieve any significant protection, if used in combination 

with the CD8 epitope. It would be very interesting to test whether inclusion of the G381 

CD4 epitope in this vaccination strategy would produce a protective response. 

 

In chapter 5 Characterization of the CD8+ T cell responses directed against 

Respiratory Syncytial Virus during primary and secondary infection in C57BL/6 mice,  

RSV specific CD8 T cell responses in C57BL/6 (H-2b) mice were investigated. Most 

knowledge regarding RSV infections in mice has been gathered using BALB/c mice. All 

the RSV specific T cell epitopes known until recently were identified in the BALB/c RSV 

infection model. To be able to use the vast range of knockout and transgenic mice which 

are available in the C57BL/6 background and to take a closer look at the possibility that 

phenomena observed during RSV infection could be mouse strain specific, it was decided 
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to explore RSV specific T cell immunity in C57BL/6 mice. Five H-2b restricted CD8 T cell 

epitopes derived from the M, NP, F and G proteins of RSV were identified. The most 

dominant epitope identified was derived from the M protein. This M187-195 epitope was 

recently published by Rutigliano et al., just before submission of our manuscript, making 

this the first ever reported H-2b restricted CD8 T cell epitope [12]. One of the other 

epitopes mapped by us was derived from the G-protein. No CD8 T cell epitopes derived 

from the RSV G protein were ever found in mice, making this finding unique. It has been 

suggested in literature that the G protein is poorly recognized by CD8 T cells [13-15], 

although in chapter 6 G-specific CD8 T cell responses in BRSV-infected cattle also were 

identified.  

Another interesting finding was that at day 8 post infection the RSV specific CD8 T 

cells from RSV infected C57BL/6 mice showed no functional inactivation, as was 

observed for CD8 T cells from RSV [1] and PVM (chapter 2) infected BALB/c mice. It 

seemed that later, at day 21 post infection, a part of the CD8 T cell memory pool became 

functionally inactivated. A possible explanation could be the lower viral loads in C57BL/6 

mice compared to those in BALB/c mice, due to the lower rate of replication in the first 

mouse strain. 

 These findings suggest that phenomena like enhanced disease and the functional 

inactivation of CD 8 T cells, could be influenced by the genetic background. The fact that 

C57BL/6 mice are known to be resistant to enhanced disease, supports this [16]. It could 

be that G specific CD8 T cells, which are absent in BALB/c mice, regulate the G specific 

CD4 T cell response associated with enhanced disease as was hypothesized by Hussell et 

al. [17]. Only one problem, as described in the introduction, G specific CD4 T cell 

responses are associated with enhanced disease, but not essential. Experiments in which 

mice were vaccinated with formalin inactivated recombinant RSV lacking the G and SH 

protein, followed by a RSV challenge, still developed enhanced disease [18]. Also deletion 

of the G protein specific CD4 T cell subset in FI-RSV vaccinated and challenged mice did 

not affect the severity of the enhanced disease [19]. It would be interesting to see whether 

these differences in the pathology and immune responses between C57BL/6 and BALB/c 

can also be found during PVM infections in these mouse strains. PVM replicates readily in 

both BALB/c and C57BL/6 mice so any differences found in for example functional 

inactivation of CD8 T cells would be less likely to be attributed to the lack in the height of 

viral loads. In C57BL/6 we have already identified two CD8 T cell epitopes derived from 

the PVM F protein (H-2Kb: 184AVIRFQQL191 and H-2Db: 254LSSVNADTL262). This 
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means the first step has been taken in the characterization of PVM specific T cell responses 

in C57BL/6 mice.  

 

In chapter 6 Kinetics of antiviral CD8 T cell responses during primary and post-

vaccination secondary bovine Respiratory Syncytial virus infection, the antiviral T cell 

reponses in the symptomatic BRSV infection model in cattle were analyzed. The primary 

responses of calves undergoing a primary BRSV infection were compared with the 

secondary responses of BRSV infected calves, which  approximately 4 months before had 

been vaccinated with formalin-inactivated BRSV (FI-BRSV) or modified-live BRSV 

(strain Lelystad). Both vaccination strategies resulted in a reduction of viral replication, but 

only the latter provided partial protection against symptoms. In this study it was found that, 

irrespective of the vaccination status of the animals, the CD 8 T cell responses directed 

against N, P, M, M2, F and G, were similar in terms of kinetics and magnitude. 

Furthermore it was observed that neither vaccine induced high levels of long-term CD 8 

memory, a conclusion supported by recent work from Woolums et al .[20].  

As earlier mentioned G protein specific CD8 T cell responses were measured, 

nonetheless the vaccination with FI-BRSV primed for enhanced pathology, characterized 

by eosinophilia and increased IgE titers. This is in contradiction with both the hypothesis 

that the G protein is poorly recognized by CD8 T cells [13-15] and the idea that the lack of 

G specific CD8 T cell responses is a key factor in enhanced disease [17], which were 

suggested to be true for all pneumoviruses. Also in this study the co-existence of Th1 and 

Th2 reponses was found in FI-BRSV immunized and BRSV challenged animals. This 

suggests that the Th1 responses, pulmonary CD8 T cells secreting IFN-γ, do not necessarily 

protect against severe symptoms as observed in this FI-BRSV vaccinated and challenged 

group. A striking finding was that in the BRSV cattle infection model the Th2 responses 

were more associated with immunopathology (eosinophilia), while in the PVM mouse 

infection model they seemed to be associated with protection (increased frequencies of IL5 

producing G381 specific CD4 T cells in vaccinated and protected mice)(chapter 3). This 

suggests that pulmonary IL-5 production is not exclusively associated with the Th2-

mediated immunopathology described for Pneumoviruses, but can also be involved in 

protective responses. This beneficial effect of IL-5 seems unexpected at first, but it is a fact 

that IL-5 is essential for IgA production. Further it is known that IgA is a major contributor 

in mucosal immunity, and after IgG is the most common immunoglobulin in serum [21]. 

The PVM specific T cell epitopes used for vaccination in chapter 3 were probably not 

151



Summarizing discussion 
  

recognized by B cells directly, but it could be that the IL-5 secreted by the CD4 T cells 

after challenge contributed to increased PVM specific IgA secretion, capable of 

neutralizing PVM. 

 

The knowledge regarding pneumovirus immunology is still far from complete. And 

as it goes with science the answers gotten from the research described in this thesis gave 

rise to new questions and confirmed existing ones. A few examples of questions that 

remain are: What mechanism(s) do pneumoviruses use to inactivate the T cell mediated 

immunity? What is needed for true full protection against pneumovirus infection? The 

answers to these questions can be obtained using suitable models. I believe that the PVM 

infection model in mice can play a role in this process, in parallel to the other more 

established pneumovirus models. A few questions remain regarding the use of PVM as a 

suitable model to research pneumovirus immunology An important one is: Can the 

enhanced disease brought on by vaccination with formalin-inactivated virus be modeled in 

th PVM model?  In a first attempt to answer this question a pilot experiment was 

undertaken in which BALB/c mice where vaccinated intramuscularly with either formalin 

inactivated PVM (FI-PVM) or mock (PBS), followed by a sub-lethal PVM challenge 4 

weeks after vaccination. At day 3 and 5 after challenge mice were sacrificed, lungs were 

fixated, imbedded in paraffin and the lungs were sectioned. At both sample days no 

symptoms of pulmonary disease were observed. The results of the lung sections of the FI-

PVM vaccinated mice showed a mild eosinophilia, while the mock vaccinated mice did not 

show any eosinophils in the lungs. These preliminary results suggest that vaccinating 

BALB/c mice with FI-PVM primed them for post-challenge eosinophilia, as observed with 

RSV. The fact that the responses as seen in this experiment were very mild, is probably 

due to the fact that a very low challenge dose (10 pfu/mouse) was used. This result 

warrants a closer look at the possibility of enhanced disease in the murine PVM model 

using higher doses. Reproduction of the enhanced pulmonary pathology using FI-PVM 

would be an important step towards a broader acceptance of the PVM infection model as a 

suitable model for pneumovirus host interactions.  
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Het menselijke Respiratoir Syncytieel Virus (RSV) is wereldwijd oorzaak nummer 1 van 

virale luchtweginfecties bij kinderen. In de geïndustrialiseerde wereld zijn virale 

luchtweginfecties de belangrijkste reden van ziekenhuisopname onder kinderen en 70% 

hiervan is geassocieerd met RSV. De laatste jaren groeit het besef dat RSV niet alleen een 

probleem is voor kinderen, maar dat ook onder volwassenen RSV een groot probleem is. 

Geschat wordt dat 40-50% van wat “normale verkoudheid”  genoemd wordt, veroorzaakt 

wordt door RSV. Onder de voor de hand liggende risicogroepen, zoals ouderen, 

immuungestoorden en hartpatiënten, zijn de morbiditeit (deel van de mensen dat ziek 

wordt) en mortaliteit (deel van de zieke mensen dat overlijdt aan de ziekte) hoog. Naast 

deze directe problemen die door RSV veroorzaakt worden, groeit de hoeveelheid bewijs 

waaruit blijkt dat RSV-infecties gedurende de kindertijd een rol spelen in de ontwikkeling 

van astma later in het leven. Als dit alles bij elkaar wordt opgeteld, blijkt dat RSV zowel 

uit medisch (hoge morbiditeit, serieuze complicaties in risicogroepen, etc.), als economisch 

standpunt (kosten medische zorg, ziekteverzuim, etc.) een aanzienlijk probleem is. Dit 

probleem kan (grotendeels) ondervangen worden door gebruik van een effectief vaccin.  

Op dit moment is er nog geen effectief antiviraal middel of vaccin beschikbaar 

tegen RSV. In de jaren zestig heeft men formaline-geïnactiveerd RSV als experimenteel 

vaccin ingezet. Hoewel deze aanpak voor de productie van vaccins voor andere virussen 

werkte, liep het in dit geval uit op een drama. Door de vaccinatie met het formaline-

geïnactiveerde RSV werd de ziekte, veroorzaakt door RSV, verergerd in plaats van 

tegengegaan. Het mechanisme dat hieraan ten grondslag ligt, is tot op heden nog steeds 

onbegrepen. Voor de ontwikkeling van een effectief en veilig vaccin tegen RSV is het 

nodig de wisselwerking tussen RSV en zijn gastheer, de mens, beter te begrijpen.   

RSV is een pneumovirus en nauw verwant met Pneumonie Virus van Muizen 

(PVM) en Bovien (kortweg: runder) Respiratoir Syncytieel Virus (BRSV), twee andere 

pneumovirussen die voorkomen in dit proefschrift. Deze laatste twee virussen veroorzaken 

in hun gastheren, muizen voor PVM en runderen voor BRSV, een ziektebeeld dat sterk 

doet denken aan de ziekte die veroorzaakt wordt door RSV in mensen. Om deze reden zijn 

deze virus-gastheercombinaties bruikbaar als diermodel van RSV-infectie. Met behulp van 

deze modellen is het mogelijk om de verschillende facetten van de interactie tussen het 

virus en de gastheer in kaart te brengen en zo inzicht te krijgen in de vereisten van een 

goed werkend vaccin.  
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Het immuunsysteem heeft als taak het lichaam te beschermen tegen gevaren. Dit 

kunnen micro-organismen zijn, maar ook ontspoorde lichaamseigen cellen (kanker). In de 

context van dit proefschrift zal het alleen gaan over de bescherming van het lichaam tegen 

ziekteverwekkende micro-organismen (pathogenen). Als een pathogeen het lichaam weet 

binnen te dringen, dan heeft dit de eerste verdedigingslinie, de slijmvliezen of huid, al 

gepasseerd. Vervolgens wordt het tegemoetgetreden door het natieve/aangeboren 

immuunsysteem, een verzameling van niet-specifieke, desalniettemin effectieve reacties, 

die vaak voldoende is om indringers te vernietigen. Mocht dit niet het geval zijn dan gaat 

het adaptieve immuunsysteem een rol spelen. Het adaptieve immuunsysteem verzorgt een 

zeer specifieke respons tegen pathogenen. Het adaptieve immuunsysteem valt globaal in 

twee takken uiteen 1.) de humorale tak (B-cellen welke antilichamen produceren die 

binden aan de indringer, en zo de vernietiging en afvoer van deze indringer faciliteren) en 

2.) de cellulaire tak. In dit proefschrift ligt de nadruk op deze laatste tak. Een belangrijke 

karakteristiek van het adaptieve immuunsysteem is dat dit immunologisch geheugen kan 

opbouwen. Dit is de karakteristiek die gebruikt wordt bij vaccinatie. De vaccinatie 

simuleert een eerste infectie, waardoor het adaptieve immuunsysteem immunologisch 

geheugen kan opbouwen. Als dan het echte pathogeen een poging waagt om het lichaam 

binnen te dringen kan dit specifiek, snel en efficiënt worden vernietigd.  

In dit proefschrift ligt de nadruk op de cellulaire tak van de immuunrespons. 

Onderdeel van deze cellulaire respons is een groep T-cellen die te herkennen is aan een 

molecuul op haar oppervlakte, CD8 geheten. Om de functie van deze CD8 T-cellen uiteen 

te zetten is het nodig om een stukje achtergrondinformatie te geven. Alle cellen van het 

lichaam produceren eiwitten, deze eiwitten vormen samen de machinerie in de cel, die al 

het werk in het lichaam verzet. Van alle eiwitten die in een cel worden geproduceerd, 

worden stukjes, peptides genaamd, gepresenteerd aan de CD8 T-cellen met behulp van 

MHC I-peptide complexen. De bulk van de stukjes die gepresenteerd worden zijn 

afkomstig van de eiwitten die normaal in cellen voorkomen, hiermee gebeurt verder niets 

onder normale omstandigheden. Maar als een cel geïnfecteerd is door bijvoorbeeld een 

virus, zullen in deze cel ook virus-eiwitten worden geproduceerd. Stukjes hiervan zullen 

dan ook aan de CD8 T-cellen worden gepresenteerd. Als een CD8 T-cel zo’n specifiek 

stukje afkomstig van een virus herkent, dan wordt deze CD8 T-cel een zogenaamde 

cytoxische T-cel (CTL). Dit peptide dat herkend wordt door CTL heet een epitoop. De 

CTL’s hebben als taak de cellen die dit specifieke epitoop bevatten, en dus geïnfecteerd 

zijn, op te sporen en te vernietigen. 
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 In hoofdstuk 2 wordt voor het eerst gekeken naar de CD8 T-cellen die specifiek 

stukjes van het virus PVM herkennen. Gedurende het onderzoek hebben we drie CD8 T-

celepitopen specifiek voor PVM geïdentificeerd. Een van deze epitopen, P261 genaamd, is 

verder gebruikt om het wel en wee van een specifieke groep CD8 T-cellen, gericht tegen 

PVM gedurende PVM-infectie in de muis, in kaart te brengen. Hierbij bleek dat een groot 

deel van de P261 specifieke T-cellen, aanwezig op de plaats van infectie, in dit geval de 

longen, gestoord was, in zijn functioneren. Een fenomeen dat voor het nauwverwante virus 

RSV ook beschreven was. 

In hoofdstuk 3 is gekeken naar een andere groep T-cellen die onderdeel uitmaakt 

van de cellulaire respons. Deze cellen worden herkend aan het molecuul CD4 op hun 

oppervlakte. Deze CD4 T-cellen spelen een belangrijke rol in de coördinatie van de 

immuunrespons. Deze cellen worden ook actief na het herkennen van hun specifieke 

epitoop. Dit epitoop wordt gepresenteerd met behulp van MHC II-peptide complex door 

antigeen presenterende cellen (APCs). Globaal is een epitoop een onderdeeltje van een 

antigeen en een antigeen is iets, vaak een eiwit, dat herkend wordt door het 

immuunsysteem. APC’s zijn cellen met min of meer als taak alles wat ze tegenkomen op te 

nemen en ter keuring aan te bieden aan de CD4 T-cellen. In het geval van een virale 

infectie zullen APC’s dan virusdeeltjes of stukken hiervan tegenkomen, deze opnemen en 

presenteren aan de CD4 T-cellen. Wanneer de CD4 T-cellen het gepresenteerde herkennen, 

worden deze op hun beurt actief en gaan hun rol in de verdediging van het lichaam spelen. 

In hoofdstuk 3 hebben we de eerste CD4 epitoop, G381, geïdentificeerd. Vervolgens is er 

begonnen een inzicht te krijgen in wat nodig is, in het kader van cellulaire immuniteit, voor 

bescherming van muizen tegen een PVM-infectie. Het is gebleken dat, wanneer de in 

hoofdstuk 2 beschreven P261 CD8 T-cel epitoop of de G381 CD4 T-cel epitoop alleen wordt 

gebruikt in een vaccinatie, er een zeer beperkte bescherming van de muizen plaatsvindt. 

Wanneer beide epitopen P261 en G381 (CD8 en CD4) als combinatie worden gegeven, 

blijken de muizen bijna volledig beschermd voor een anders dodelijke PVM-infectie. 

In hoofdstuk 4 wordt een nieuwe vaccinatie-methodiek gebruikt om de CD8 T-cel 

epitoop P261 aan te bieden aan het immuunsysteem. Hierbij wordt gebruik gemaakt van een 

niet-giftige variant van het plantentoxine ricine. Het is uit voorgaand onderzoek gebleken 

dat dit toxine heel efficiënt epitopen kan “laden” in de MHC I-peptide complexen, hetgeen 

het presenteren aan het immuunsysteem van een epitoop naar keuze mogelijk maakt. Uit de 

experimenten, beschreven in hoofdstuk 4, bleek dat de presentatie van het P261 epitoop wel 

plaatsvond, maar jammer genoeg maar een beetje beschermde tegen een PVM-infectie. 

158



Nederlandse samenvatting 

 

  

In hoofdstuk 5 worden vijf CD 8 T-cel epitopen in C57BL/6 muizen geïdentificeerd 

en worden de RSV-specifieke responsen gekarakteriseerd. Het RSV-in-muizen-model is 

van oudsher gebruikt om inzicht te verkrijgen in de wisselwerking tussen virus en gastheer. 

Hierbij dient wel aangemerkt te worden dat RSV eigenlijk een humaan virus is en de muis 

daarmee niet de normale gastheer is, hetgeen geïllustreerd wordt door de slechte replicatie 

van RSV in de muis. Met andere woorden: men stopt veel virus (2 miljoen deeltjes) in een 

muis, deze wordt daarop eigenlijk niet ziek en op het hoogtepunt van de “infectie” haalt 

men 100.000  deeltjes  uit de muis. Ter vergelijking: in het PVM-muizen-infectiemodel 

dient men 30 deeltjes toe, de muis wordt hiervan ernstig ziek en op de piek van infectie 

haalt men vele honderden miljoenen virusdeeltjes uit de longen van de muis. In het RSV-

muizen-infectiemodel worden voornamelijk BALB/c muizen gebruikt.,In dit werk wordt 

de cellulaire immuniteit tegen een RSV-infectie in een andere muizenstam, de C57BL/6, 

bekeken. In de BALB/c muizen zijn interessante resultaten behaald, maar de vraag blijft 

altijd of de gemeten effecten geheel door het virus zijn veroorzaakt of dat de gastheer hier 

een rol in speelt. Om deze vraag goed te kunnen beantwoorden is het van belang om te zien 

of men dezelfde resultaten kan behalen in een andere gastheer, vandaar de alternatieve 

muizenstam C57BL/6. Uit ander onderzoek is bekend dat BALB/c en C57BL/6 muizen 

immunologisch anders reageren op infecties. Het was dan ook interessant om te zien dat de 

experimenten met de C57BL/6 muizen andere resultaten opleverden. Zo werd er een CD8 

T-cel epitoop gevonden in het G-eiwit van RSV, iets dat in BALB/c nog nooit was gezien 

en onmogelijk werd geacht. Verder werd de functionele inactivatie van CD8 T-cellen in de 

long, zoals die voor RSV en PVM (hoofdstuk 2) geïnfecteerde BALB/c muizen was 

beschreven, niet gevonden in de C57BL/6 muizen. 

In hoofdstuk 6 worden de antivirale CD8 T-cel responsen in het BRSV runder-

infectiemodel onderzocht. BRSV is een nauwe verwante van RSV en PVM, en in het veld 

is BRSV een veel voorkomend klinisch probleem onder runderen. Het ziektebeeld dat 

wordt gezien bij BRSV-infectie is zeer vergelijkbaar met het ziektebeeld dat wordt 

waargenomen bij RSV in mensen. Hiermee is deze combinatie van dit virus en zijn 

natuurlijke gastheer zeer geschikt om te dienen als diermodel voor de humane ziekte 

veroorzaakt door RSV, maar ook klinisch relevant voor runderen zelf. Een tweesnijdend 

zwaard. Nadeel van het gebruik van runderen is echter dat het houden van deze dieren duur 

is en dat veel van de immunologische werktuigen die beschikbaar zijn in de muis, niet 

beschikbaar zijn voor het rund. Vandaar dat men over het algemeen graag uitwijkt naar 

kleinere proefdieren, zoals de muis. In de experimenten, beschreven in hoofdstuk 6, zijn 
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kalveren gevaccineerd met formaline-geïnactiveerd BRSV (de hierboven beschreven 

verergering van ziekte bij het gebruik van formaline-geïnactiveerd RSV is ook gevonden 

met BRSV) en een verzwakt BRSV. Vervolgens zijn de gevaccineerde dieren geïnfecteerd 

met BRSV. De CD8 T-cel respons met en zonder vaccinatie liet maar een klein verschil 

zien. Bij beide vaccinaties werd er een reductie van virusgroei gemeten. De formaline-

geïnactiveerde BRSV gevaccineerde dieren lieten een verergerde ziekte zien, terwijl de 

met verzwakte BRSV behandelde dieren deels beschermd waren tegen BRSV-infectie. 

Hiermee besluit ik de samenvatting in het Nederlands van dit proefschrift. Ik hoop 

dat ik erin geslaagd ben een redelijk overzicht te geven van de inhoud van dit werk. Het 

laatste experiment op weg naar volledig begrip van de immunologische interactie tussen 

pneumovirussen en de gastheren is hiermee niet gedaan, echter ik mag graag denken dat 

het een klein stapje in de goede richting is.  
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Het meest gelezen onderdeel van elk proefschrift. En moeilijker te schrijven dan gedacht. 

 

Robbert, mijn co-promotor en theoretische leidraad. Het klinkt suf, maar desalniettemin wel waar, 

zonder jou was dit boekwerkje er niet geweest. Op het juiste moment met een aansprekend idee, 

PVM, waarmee ik vervolgens met gepast enthousiasme mee aan de slag ben gegaan. Niet het 

onderwerp waarop ik ooit ben aangesteld, echter wel het leeuwendeel van dit proefschrift. Achteraf 

gezien een onderwerp dat beter bij me paste. Hoewel je op een gegeven moment een wat grote 

geografische afstand verwijderd was (Perth, Australië is niet om de hoek), was je over het 

algemeen wanneer nodig, electronisch en telefonisch goed bereikbaar.  

 

Andrew, I like to thank you for all the help in time (answering all sorts of questions) and goods 

(read: virusstocks). The visit to your lab was helpful and interesting (dotting the i’s and crossing 

the t’s in the context of the PVM infection model). I hope we continue cooperating in the future. 

 

De WKZ-connectie. Allereerst Grada: hartelijk dank voor de steun en de constructieve discussie. 

Michael, dank voor de prettige samenwerking en veel suc6 met je promotie. In de toekomst gaan 

we vast nog met zijn allen pneumovirale zaken bespreken. 

 

Willem, mijn promotor. Bedankt dat je me min of meer mijn gang hebt laten gaan. Als ik dan een 

keer iets te regelen had, heb je me nooit teleurgesteld. 

 

Corlinda, bedankt voor de bemoedigende woorden en het relativeren, als ik weer eens liep te 

klagen en/of schelden. Bedankt voor het af en toe praktische bijspringen, als ik eigenlijk teveel 

onderdelen had om alleen te stampen en cellen te tellen. En het min of meer de rode draad zijn, 

gedurende mijn verblijf in Utrecht. Ook natuurlijk bedankt voor het paranimfen, hoewel ik eerlijk 

gezegd teleurgesteld ben dat je toch niet de afgesproken roze tutu aan wil.  

 

Alle medestrijders uit de loopgraven van de wetenschap van de afdeling Immunologie. Zoals 

immunologen gewoon zijn te doen, opgedeeld in (sub)populaties. 

Mijn kamergenoten: Linda Everse (good conversation, tips and tricks), Jasper (the friendly Joost? 

en kenner van auto’s met stuurverkrachtiging.), Ruth (pathologisch vrolijk), Mieke (luisterend oor, 

zo nu en dan hulp), Daphne O. (heeft meer dan eens chocolade) en Elles (extreem kort). Ja, ja, ik 

weet het, het was afzien met mij op een kamer zitten.  

Mijn stagiaire: Patrick. Hartelijk dank voor de helpende hand. 

Mede-lunchers: (nu wordt het ingewikkeld, daar hier een overlap is tussen deze en andere 

groepen), gekenmerkt door het weten van de antwoorden op de drie vragen: 
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1.) Wie was Charles Lindbergh?; 2.) Wat is een thee-ei? en  3.) Hoe heette Sri Lanka vroeger?  

Tegenwoordig vervangen door: 4.) Van welk land is Ouagadougou de hoofdstad? En eigenlijk was 

de belangrijkste vraag: Vertel eens iets leuks? Judy, Judith, Cornelia (tell me about your mutter?), 

Marije, Daphne vH (is ‘t er al, is ‘t er al???). Een hele massa Marie Curie fellows: o.a. Tomas, 

Zuzanna (thx for the help mapping), Relu, Oana en Antonio (it sucks that you had to go! You’re 

missed.). En alle stagiaires: o.a. Jolien (ja, ja, Oceanië-reis is een redelijke smoes), die de revue 

hebben gepasseerd.  

Mede-AIO’s: Jolanda, Janine, Elmieke (motormuis), Ernst, Merel (produceerde meer melk dan 

menig stamboek koe), Bart, Ellen, Esther (bijrijdster/passagier), Suzanne (herwin je mobiliteit!), 

Mark (kippenman), Teun, Lotte (hoe is het met het peerd, enzo?) en Sylvia. 

En alle anderen: Femke (paparazzi pool-ster), Lonneke (larf verhalen uitwisselen), Aad (loopt de 

computer nog?), Ger (gezellig een stukje FACSen), Danielle, Chris (je wordt gemist), Peter, Evert, 

Ad, Josée, Alida, Mayken, Victor, Ruurd, Marca, Ildiko, Marieke en Edwin. 

 

De biotechnici van het GDL, met name Agnes en Gerard. 

 

Mijn familie en vrienden, voor het zijn. 

 

Last, but not least: Yvonne. Ondanks driemaal starten als AIO mijnerzijds, heb je de gehele tijd er 

een rotsvast vertrouwen in gehad dat het er wel een keer van zou komen. Was het niet deze keer, 

dan wel de volgende. Dank je voor je praktische hulp, steun en geduld. Tristan, je hebt er geen weet 

van, maar je vader kan slecht tegen slaaptekort en is je om die reden, dan ook dank verschuldigd 

dat je ondanks je geringe leeftijd besloten had om gewoon door te slapen. 
 
 
 
 
 
 
 
Disclaimer:  Aan de min of meer willekeurige volgorde van de namen in dit dankwoord kunnen geen rechten worden 
ontleent en/of een mate van waardering worden afgelezen. Mochten er, ondanks dat er aan dit dankwoord de grootst 
mogelijke zorg besteed is, personen zijn die wel in dit dankwoord thuishoren en er niet in zijn genoemd of vice versa: 
Mijn oprechte excuses! 

Antwoorden:
1.) De eerste vlieger, die een transatlantische solo-vluchtmaakte. Hij vertrok op 20 mei 1927 vanuit New Yorkom op 21 mei aan 
te komen in Parijs in zijn eenmotorige vliegtuig “Spirit of St. Louis”.
2.) Metalen thee-zakje. Van Dale: eivormig, geperforeerd metalen busje waarin men thee in de trekpot brengt.
3.) Ceylon.
4.) Het west-afrikaanseBurkinaFaso, het vroegere Opper-Volta. 
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Curriculum vitae 

Erwin Antoon Wilhelm Claassen werd geboren op 29 januari 1971 te Amsterdam. Hij 

volgde het voortgezet onderwijs aan het Waterlant College te Amsterdam. Waar hij in 

1988 zijn HAVO diploma en  in 1990 zijn Atheneum B diploma behaalde. 

Na een jaar aan scheikunde te hebben geproefd, verruilde hij deze studie voor 

Biologie. In 1996 behaalde hij zijn docotoraal Biologie in de Moleculair (Cel)Biologische 

afstudeerrichting aan de Universiteit van Amsterdam. Binnen deze studie werden er twee 

stageopdrachten doorlopen en een scriptie geschreven. De eerste stageopdracht werd 

uitgevoerd bij de sectie Plantenfysiologie van de Universiteit van Amsterdam onder de 

supervisie van dr. H. Caro. Hier bestudeerde hij transcriptie van celwandeiwit genen 

tijdens koude en hitte geinduceerde stress in Saccharomyces cerevisiea. Bij de sectie 

Gentherapie van de Universiteit van Leiden/Introgene werd onder begeleiding van dr. M. 

Einerhand gewerkt aan het ontwikkelen, produceren en testen van recombinant Adeno-

Associated Virus vectoren met het humane β-globine gen met als doel te fungeren als 

gentherapeuticum voor βo-Thalassemie-patienten. Dit leidde tot een co-auterschap in 

Human Gene Therapy in 1998. Onder begeleiding van dr. B. Berkhout van de vakgroep 

humane retrovirologie, faculteit der Geneeskunde, Universiteit van Amsterdam, werd een 

scriptie geschreven over de produktie van infectieuze (-) ssRNA virussen via recombinant 

DNA technieken. 

In mei 1996 startte hij zijn werkzame carriere als toegevoegd wetenschappelijk 

medewerker bij de afdeling zoogdier virologie van het ID-DLO te Lelystad. Waar hij 

werkte aan een infectieuze copy van het Porcine Reproductive and Respiratory Disease 

Virus (PRRSV). Hierna is hij van januari 1997 tot december 1998 aan de slag geweest bij 

de afdeling aviaire virologie als Assistent in opleiding (AIO). Waar hij werkte aan de 

moleculaire biologie en pathogenese van Infectious Bursal Disease Virus (IBDV). 

Vervolgens beproefde hij zijn geluk bij het Prins Maurits Laboratorium (TNO) te Rijswijk. 

Als AIO heeft hij hier gewerkt aan het verbeteren van brandwondgenezing. Vervolgens 

vond hij zijn plek bij de afdeling Immunologie van de faculteit der Diergeneeskunde in 

Utrecht in mei 2000. Hier is het werk gedaan dat nu te lezen is in dit proefschrift. Vanaf 

mei 2005 is hij werkzaam als projectleider bij de Animal Sciences Group WUR 

(voormalige ID-DLO, ID-Lelystad). 
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