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ABSTRACT 

Rhinoviruses (RV) are the most frequent cause of viral infections worldwide and the 

main aetiological agent of the ‘common cold’. In addition, RV species A (RV-A) and C 

(RV-C) have been linked to chronic respiratory diseases, such as cystic fibrosis, chronic 

obstructive pulmonary disease and asthma, and are known to influence disease 

development and induce severe symptoms of infection and episodes of respiratory 

exacerbations. Yet, little is known about the immune mechanisms underlying RV 

infections, and despite numerous reports of the increased clinical relevance of the 

recently identified species C, studies have focused on RV-A and RV-B only. The few 

studies addressing RV adaptive immunity have reported that asthmatic children have 

higher IgG1 antibody titres to the VP1 capsid protein of RV-A and RV-B compared to 

controls, although low specific RV-C titres were found for both groups, indicating an 

impaired immune response to RV-C. Therefore, the purpose of this study was to 

ascertain the competency of the adaptive immunity against RVs, by characterising and 

comparing T-cell responses to the two most prevalent and clinically significant 

rhinovirus species circulating worldwide, RV-A and RV-C, in a cohort of healthy adults 

and children, and a childhood cohort hospitalised with acute lower respiratory viral 

illness (LRI), predominantly due to rhinovirus infections.  

The study of adaptive responses to RV requires either the experimental infection of cell 

cultures by full rhinovirus particles, or the use of synthetic RV peptides that can mimic 

rhinovirus infection and stimulate RV-specific T cells in vitro. However, rhinovirus C is 

difficult to grow in culture and due to the vast genetic diversity and large number of RV 

genotypes, the few T-cell epitopes that have been previously described, were to a 

limited number of RV-A and RV-B genotypes. Thus, we first aimed to identify T-cell 

epitopes for RV-A and RV-C that could be used as tools for the in vitro investigation of 
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the adaptive response against rhinovirus species A and C. To this end, T-cell epitope 

mapping of the entire VP1 capsid protein of selected single genotypes of RV-A and 

RV-C, respectively, was conducted in a cohort of healthy adult donors. From a total of 

110 overlapping synthetic peptides screened, five were selected as immunodominant for 

each species. Upon phylogenetic analysis, these epitopes were found to be specific of, 

and representative for each RV-A and RV-C species. The selected peptides were able to 

activate cells for a detectable and RV-specific in vitro T-cell response in adults, and 

later in children. Human leukocyte antigen (HLA) analysis of adult donors showed 

unrestricted RV peptide recognition, suggesting that the T-cell epitopes identified are 

likely to be recognised by most HLA haplotypes and therefore, by the majority of the 

population. 

The selected RV-peptides were subsequently used as tools for the in vitro identification 

of RV-specific functional memory T cells in peripheral blood mononuclear cells of a 

sample of healthy adults from the epitope mapping cohort and in a larger clinical cohort 

of children hospitalised with acute lower respiratory illness (LRI-children). Detailed 

flow cytometry analysis identified CD4+ T lymphocytes as the main T-cell subset to 

respond to the RV peptides, in both adults and children, with a similar magnitude of 

CD4+ response between RV-A and RV-C in children, independent of their clinical 

status. RV-specific memory CD8+ cells were also identified, although at a lower 

frequency in response to RV-C, in both adults and children.  

Our findings indicate that, despite the low specific IgG1 antibody level to RV-C, all 

adults and children, independent of their LRI status, have a competent CD4+ T cell 

recall response to rhinovirus A and C. However, LRI-children had significantly lower 

naturally occurring, as well as RV-A and RV-C induced regulatory CD4+ T cells than 

their healthy counterparts. Our results suggest dissociation between the antibody and T-

cell response against rhinoviruses. Our findings also indicate that the lower number of 
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circulating regulatory T cells for children hospitalised with acute lower respiratory 

illness could be a possible mechanism for their inability to control responses to 

respiratory infections, such as rhinovirus. The species-representative T-cell epitopes 

identified in this study are valuable tools for future studies investigating T-cell 

responses to the different RV species, with the potential to progress into the 

development of therapeutical vaccines against rhinoviruses.  
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CHAPTER 1 INTRODUCTION 

1.1 Rhinovirus 

Rhinovirus (RV) infections account for more than 50% of upper respiratory tract 

infections (URTIs), known as the common cold, and are the most frequent cause of 

infections in humans, worldwide (Makela et al., 1998). Generally, RV infections are 

either asymptomatic (Jartti et al., 2008) or limited to cold-like illness, with symptoms 

ranging from headache, cough and sore throat to rhinorrhoea, nasal congestion and 

sneezing, that usually disappears within 5-7 days. Although self-resolving, symptomatic 

URTIs caused by rhinoviruses generate significant associated clinical morbidities 

affecting all age-ranges (Nichol et al., 2005; Nicholson et al., 1997). Pre-school age 

children are at special risk, as they are known to present up to 12 episodes of recurrent 

URTI per year (Monto & Sullivan, 1993) whereas adults are infected two to three times 

per year (Turner, 1997). In addition to the clinical outcomes, URTIs caused by 

rhinoviruses generate considerable economic burden, both directly, through costs 

associated with medical visits and palliative treatments, or indirectly, through missed 

days at work and loss in productivity, costing billions of dollars to the society, annually 

(Nichol et al., 2005; Roelen et al., 2011; Royston & Tapparel, 2016). In Australia, RV-

induced URTIs in children attending childcare represents a substantial social and 

economic burden, causing an average of 13 hours of work loss for caretakers, per 

episode of infection (Yin et al., 2013). 

 

However, the clinical relevance of RV infections is not limited to URTIs and common 

colds; RV are important agents of lower respiratory tract infections (LRTIs) and were 

recently classified as the second leading cause of pneumonia requiring hospitalisation in 

both children and adults (Jain, Self, et al., 2015; Jain, Williams, et al., 2015). Severe and 
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fatal cases of RV-induced bronchiolitis have been reported in at risk populations, such 

as infants, elderly and immunocompromised adults (Gutman et al., 2007; Hai le et al., 

2012). The link between RV and chronic respiratory diseases are now well established; 

RV infections are of particular importance in the exacerbations of chronic lower 

respiratory illnesses (LRIs), such as asthma (Bizzintino et al., 2011; Kantor et al., 2016), 

chronic obstructive pulmonary disease (COPD) (George et al., 2014) and cystic fibrosis 

(CF) (Dijkema et al., 2016). In addition, RV-induced wheeze in infancy, from birth to 

age 3 years, is a predictor of the development of asthma later in childhood, at age 6 

years (Jackson et al., 2008; Kusel et al., 2007; Lemanske et al., 2005). Therefore, the 

clinical outcomes of RV-induced URTIs and LRTIs and its participation in the 

inception and exacerbation of chronic respiratory diseases represents an immense 

economic and public health burden.  

 

Rhinoviruses are small, non-enveloped, positive-sense single-stranded-RNA (ssRNA) 

enteroviruses occupying one of the nine genera of the Picornaviridae family. RVs have 

genome organisations and general capsid structures similar to those of other 

enteroviruses; the single open reading frame is subdivided into three regions: P1 

encodes for structural capsid proteins while P2 and P3 encode for non-structural 

proteins (Figure 1.1). Their icosahedral capsid is formed by 60 copies of each of the 

four structural proteins: the antigenic diverse and surface exposed VP1, VP2 and VP3 

and the internalised VP4.  

 

Figure 1.1 Genome organisation of rhinoviruses displaying structural and non-structural 

proteins. 

From (Jacobs et al., 2013)  
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The VP1 protein is the largest and most surface exposed capsid protein. This structural 

protein is critically involved in the virus/cell attachment (Rossmann et al., 1985) and 

has a prime function in the cellular infection, thus the VP1 protein is expected to 

contain the most relevant immunogenic sites (Laine et al., 2006; Laine et al., 2005). 

VP1 has also been shown to elicit higher antibody levels in the serum of RV infected 

patients, than those directed against the VP2 and VP3 proteins (Edlmayr et al., 2011).  

 

Based on their antibody neutralizing susceptibility, rhinoviruses were initially classified 

into two groups: rhinovirus species A (RV-A) and species B (RV-B). Both species 

could be easily propagated in vitro, which helped characterise important viral footprints, 

such as neutralizing immunogenic sites (Nims) (Rossmann et al., 1985), cellular 

receptor usage including the intercellular adhesion molecule 1 (ICAM-1) (Rossmann et 

al., 2000) and the low density lipoprotein receptor (LDL-R) (Hewat et al., 2000), as well 

as drug susceptibility (Andries et al., 1990). Furthermore, RV-A and RV-B have an 

optimal growth temperature of ~ 34°C, which is linked to their tropism for the human 

nasopharynx and subsequent association with URTIs (Ashraf et al., 2013).  

 

With the development of more sensitive molecular techniques, new distinct rhinovirus 

genotypes were identified in 2006 (Arden et al., 2006; McErlean et al., 2007); these 

genotypes could not be propagated in vitro, used a cellular receptor different from 

ICAM-1 and LDL-R (Bochkov et al., 2011) and tolerated higher growth temperatures, 

which allowed for infections in both the upper and lower airways (Ashraf et al., 2013). 

Notably, the new viruses were often isolated from samples from hospitalised children 

suffering more severe symptoms of infection and exacerbations of asthma (Lau et al., 

2007; W. M. Lee et al., 2007; McErlean et al., 2007). Upon genomic analysis, these 

isolates were found to be grouped within the same clade, separated from RV-A and RV-
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B (Lau et al., 2007; Palmenberg et al., 2009; Rathe et al., 2010) (Figure 1.2) and in 2009 

were finally classified as rhinovirus species C (RV-C) (Carstens, 2010). The cadherin-

related family member 3 (CDHR3) receptor, which is found on the surface of epithelial 

cells, was only recently identified as the cellular receptor for RV-C (Bochkov et al., 

2015). With the introduction of the new group, rhinoviruses are now divided into 3 

species: RV-A (~83 genotypes), RV-B (~32 genotypes) and RV-C (~55 genotypes).  

 

 

 

Figure 1.2 Phylogenetic tree of rhinoviruses genome sequences, showing relationships 

between representative RV genotypes of each RV species. Letters in the outer rings 

designate whether that virus uses the major (M) ICAM-1 receptor or the minor (m) LDLR 

receptor and whether it was more susceptive to “1” or “2” antiviral compounds. HEV-C 

sequences were used as outgroups. 

From (Palmenberg et al., 2009) 
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1.2 Rhinovirus & Chronic Respiratory Diseases 

The most clinically relevant impact of rhinovirus infections is associated with the 

inception and exacerbations of chronic respiratory diseases (Ritchie et al., 2015). 

However, the role of viral infections in LRIs, such as asthma, COPD and other chronic 

respiratory diseases, was almost completely overlooked until 1995, when one of the first 

studies raised the theory that viruses, especially RV, could be related to the 

exacerbations of asthma (Fraenkel et al., 1995). With the development of more sensitive 

molecular techniques for viral detection, the relationship between respiratory viral 

infections and LRIs became indisputable. Increased frequency of viral infections, from 

which more than half are by RV, amongst adults and children during episodes of LRIs 

exacerbations are extensively and consistently reported (Bizzintino et al., 2011; 

Khetsuriani et al., 2008; Kistler et al., 2007). Not surprisingly, the epidemiologic cycle 

of emergency department presentation due to chronic respiratory exacerbations 

coincides with periods of high respiratory virus exposure in the society, such as the start 

the of school semester and the Christmas holidays (Sears & Johnston, 2007). High viral 

loads detected in the lower respiratory tract of young children have also been recently 

associated with disease severity in hospitalised children due to asthma exacerbations 

(Xiao et al., 2015). These studies support and strengthen the idea that RV is the most 

significant pathogenic factor associated with chronic respiratory exacerbations (Costa et 

al., 2014; Hershenson, 2013; Khetsuriani et al., 2008).    

 

There is also a strong link between respiratory virus infections and the inception of 

asthma; studies have shown that children infected with RV earlier in life (younger than 

3 years old) are more likely to develop asthma at the age of 6 (Jackson et al., 2008; 

Kotaniemi-Syrjanen et al., 2003; Kusel et al., 2006; Lemanske et al., 2005; Saglani, 
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2013). These findings provide convincing evidence that wheezing with RV infections in 

early childhood is a strong risk factor for asthma development in the following years.  

 

Aero-allergy and chronic respiratory diseases are intrinsically related (Pomes et al., 

2016; Scadding, 2015; Sheehan & Phipatanakul, 2016), thus the interaction between 

respiratory viral infections and allergy in the context of LRIs is also being explored. 

Children with allergic rhinitis suffer more frequent and long-lasting episodes of viral 

colds (Alho et al., 2003) and it has been suggested that recurrent respiratory viral 

infections combined with allergen exposure markedly increases the risk of 

hospitalisation due to asthma exacerbation in allergic asthmatic children (Custovic et 

al., 2005). However, more recent studies suggest that severe exacerbations of chronic 

respiratory diseases are more likely to be related to viral infections rather than to 

allergen sensitization (Hershenson, 2013). 

 

While the link between rhinovirus infections and lower respiratory illnesses is well 

established, the mechanisms by which RV induces LRI inception and exacerbations is 

less characterised (Jackson et al., 2008; Thomas et al., 2014). Theories range from 

direct epithelial damage caused by the viral pathology to impaired host immune 

responses (Kennedy et al., 2012). However, rhinoviruses are known to cause very little 

visible cytopathic effects (Ashraf et al., 2013; Nakagome et al., 2014) and this is likely 

due to the fact that RV infection and replication occurs only in a small population of 

ciliated epithelial cells (Mosser et al., 2005). RV infections do, however, disrupt 

epithelial barrier function (Yeo & Jang, 2010), thus, it has been suggested that the 

disassembly of the epithelial cell layer could lead to airway vulnerability to other 

pathogens and allergens, providing a new mechanism potentially underlying the 

associations between viral respiratory tract infections, airway inflammation, and 
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allergen sensitization (Rezaee et al., 2011). In fact, RV infections have been shown to 

impair immune responses to different bacteria, such as Staphylococcus aureus, 

Streptococcus pneumoniae and Haemophilus influenzae, either by enhancing bacterial 

adhesion to nasal epithelial cells or triggering the release of planktonic bacteria from the 

biofilm (Chattoraj et al., 2011; Oliver et al., 2008; J. H. Wang et al., 2009). The few 

studies addressing the immune response to rhinoviruses and its possible implications to 

RV-induced LRIs will be discussed in detail next.    

 

1.2.1 Rhinovirus species and association with increased pathology  

Approximately 170 different RV genotypes are currently described and divided into 

three RV species: RV-A, –B and -C. The assignment of a RV genotype to a given 

species is currently based on sequence identities of the VP1 or VP2/VP4 capsid proteins 

(Figure 1.1) (McIntyre et al., 2013). 

 

RV-A and RV-C are the most prevalent species circulating worldwide (W. M. Lee et 

al., 2012; Lu et al., 2014; Mackay et al., 2013; Milanoi et al., 2016). Since its discovery, 

RV-C has been reported to cause more severe and persistent clinical manifestations 

(Bizzintino et al., 2011; Jackson & Johnston, 2010; E. K. Miller et al., 2009), which is 

of particular importance in asthmatic children, from which more than half of the 

respiratory infections are caused by RV-C (Bizzintino et al., 2011; Bochkov et al., 

2011). In adults, RV-A has a more prominent clinical effect than the other RV species 

(W. J. Chen et al., 2015; McCulloch et al., 2014), and together with RV-C they account 

for the most prevalent and most clinically significant rhinoviruses currently infecting 

humans (Aponte et al., 2015; Khetsuriani et al., 2008; W. M. Lee et al., 2012; Mak et 

al., 2011; Milanoi et al., 2016; Xiang et al., 2010). A recent study has suggested that 

RV-C could be more closely associated with wheezing and cyanosis while RV-A 
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infections were more related to pneumonia; RV-B was detected in only 5% of the 

children and had no association with severity of disease (Annamalay et al., 2016). 

Supporting these findings, in vitro studies have shown that RV-B have lower and slower 

replication patterns in epithelial cells, given by quantitative RT-PCR measurements of 

viral loads from the three RV species, 24hs post infection. In addition, the experimental 

RV-B infection produced lower cellular cytotoxicity, given by the low concentration of 

lactate dehydrogenase (LDH) in the culture medium, and induced lower cytokine and/or 

chemokine production, such as CXCL10, compared with the RV-A and RV-C species 

(Nakagome et al., 2014).  

 

Although RV-A and RV-C share similar capsid structure (Hao et al., 2012) and genomic 

organization (E. K. Miller & Mackay, 2013; Rathe et al., 2010) they present 

considerable sequence disparity, especially in the VP1 capsid protein; phylogenetic 

analysis revealed major deletions in the VP1 regions of the RV-C that are known to be 

important neutralizing antibody sites and cell receptor binding locations for the other 

RV species (Basta et al., 2014; Palmenberg et al., 2009). In fact, the cell receptor used 

by RV-C (CDHR3) has been recently described (Bochkov et al., 2015), which is 

different from the ICAM-I and LDLR receptors used by RV-A and RV-B. The 

difference in the receptor usage is suggested to confer fundamental differences in viral 

infection and induced pathology (Bai et al., 2015; Bochkov & Gern, 2016; Stone & 

Miller, 2016). It has been recently shown that two ICAM-1 binding RV-A genotypes 

exhibit different temperature dependence of viral uncoating and use different paths in 

the cell for genome release, resulting in distinct antigen presentations, which could 

impact host immune response (Blaas & Fuchs, 2016). However, no further experimental 

data on antigen presentation and adaptive response is available to support the theory, 

thus this remains merely speculation. Furthermore, these studies are focused on the 
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major ICAM-I receptor usage group only (Schuler et al., 2014) and are therefore 

restricted to RV-A and RV-B. There is little information regarding molecular 

mechanisms of RV-C interaction with its newly identified CDHR3 receptor, from which 

the biological purpose is currently still unknown (Bochkov & Gern, 2016); A genome-

wide association study provided the first insights into the RV-C receptor possible 

functions, reporting a novel asthma susceptibility gene “CDHR3” that is highly 

expressed in airway epithelium and is associated with a high risk of severe childhood 

asthma (Bonnelykke et al., 2014). In addition to sequence disparities and differences in 

receptor functions, RV-A and RV-C present different seasonal patterns of infection; 

while RV-A infections are more frequent in summer, infections by the species C peak 

over winter months (Annamalay et al., 2016; Lau et al., 2007; Linder et al., 2012). This 

could indicate that these species interfere with one another’s infection patterns or 

perhaps share some degree of cross-protection (Stone & Miller, 2016). 

 

In summary, increased pathology to RV-A and RV-C has been extensively and 

consistently reported through numerous epidemiologic studies and the significance of 

these two species in severity of chronic respiratory diseases is well established. 

Described dissimilarities in viral prolife, such as structure and cell binding, provide the 

first insights into infection and pathology differentiation between RV species. However, 

more studies into host immunity, especially into adaptive response, are needed in order 

to elucidate the contribution of the different species in RV-induced pathology in LRI 

patients.  
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1.3 Immune Response Against Rhinovirus 

Rhinoviruses can cause multiple infections per year, which continue to happen 

throughout life, indicating that our immune system is either incapable of developing an 

effective immune response or that the acquired protection is not sustained. Infections 

caused by rhinoviruses can vary from asymptomatic to cold-like illness to severe 

exacerbations of chronic respiratory diseases and the outcomes of the infection will 

depend mainly on the nature and extent of the host immune response to the virus 

(Kennedy et al., 2012). Following the latest clinical findings regarding the importance 

of viral infections, and especially those caused by RV, in chronic respiratory disease 

inception and exacerbations, studies have focused on the investigation of mechanisms 

of host susceptibility and immune responses to virus infections in patients with chronic 

lower respiratory illnesses. Studies have indicated that both, innate and adaptive 

immune responses, are involved in RV-induced pathology and exacerbations, and will 

be discussed below. 

 

The airway epithelium represents the first physical and immunological line of defence 

against RVs (Lopez-Souza et al., 2004). In non-asthmatic individuals, the virus is 

primarily replicated in epithelial cells (ECs) of the upper respiratory tract (URT), 

triggering a cascade of immune and inflammatory responses that increase vascular 

permeability, leading to chemo-attraction of inflammatory cells such as neutrophils, 

lymphocytes, eosinophils and macrophages to the infected site and causing mucus 

secretion. This inflammatory response contributes to virus clearance but is also 

responsible for the pathology induced by RV infections (Singanayagam et al., 2012). In 

addition, a large amount of secreted type 1 interferon (IFN) is responsible for 

establishing a localised antiviral state, directly through inhibition of viral replication and 

indirectly, through stimulation of innate and adaptive immune responses. These events 
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comprise the early innate immune response against rhinovirus, that happens very 

rapidly, about 24 hours after viral infection (Ngamtruakulpanit, 2003). In contrast, 

patients with chronic respiratory illness are more likely to develop RV infections in the 

lower respiratory tract (LRT) (Leigh & Proud, 2015; Mosser et al., 2005; Wos et al., 

2008). In addition, RV infections induce bronchial mucosal neutrophilia and increased 

macrophage infiltration in asthmatic patients in comparison to non-asthmatic 

individuals (Zhu et al., 2014) and infiltrated neutrophils and eosinophils are known to 

persist for up to 8 weeks post RV-infection in LRI-patients and are associated with 

changes in airway hyper-responsiveness, virus load and physiologic and clinical 

severity (Bugin et al., 2013; Tang et al., 2015; Zhu et al., 2014). Furthermore, the 

kinetics of RV replication in ECs is increased and the production of type I and type II 

IFNs, as well as interleukin (IL)-15 in association with the repair of damaged tissue are 

decreased in asthmatics when compared to healthy subjects, suggesting that the innate 

immune response to RVs might be impaired in patients with chronic respiratory 

diseases (Cakebread et al., 2011; Contoli et al., 2006; Kicic et al., 2016; Laza-Stanca et 

al., 2011; Message et al., 2008; Ritchie et al., 2016; Wark et al., 2005).  

 

The importance of the humoral response in RV clearance has also been reported; IgA 

and IgG1 targeted to a certain RV genotype was detected as early as day 3 and 7, 

respectively, in an experimental RV inoculation assay (Message & Johnston, 2001) and 

serotype-specific neutralizing IgG antibodies were able to successfully protect healthy 

adult volunteers from subsequent challenge infection with the same RV serotype (Alper 

et al., 1998). In addition, patients with humoral immune failure, such as in patients with 

primary hypogammaglobulinemia, had increased susceptibility to RV infections, 

developing more frequent and prolonged episodes of infection (Kainulainen et al., 

2010). In the context of chronic respiratory diseases, impaired IgG1 specific to the VP1 
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protein of an RV-A genotype was associated with acute exacerbations of COPD in 

adults (Yerkovich et al., 2012). A more recent study measuring serum IgG1 antibody 

titres to the VP1 protein of the three RV species found a high degree of antibody cross-

reactivity between RV-A and RV-C, resulting in significantly lower antibody titres 

specific to RV-C after cross-reactive elimination; this was true for both healthy adults 

(Iwasaki et al., 2013) and asthmatic and non-asthmatic children (Iwasaki et al., 2014), 

suggesting impaired immune response to rhinovirus species C.  

   

Fewer studies have addressed the T-cell responses against rhinovirus; early research has 

suggested that T cells are associated with disease progression, increased severity of 

symptoms and a longer period of viral shedding by showing peripheral blood 

lymphopenia (Levandowski et al., 1986) and increased T-cell infiltration of the airway 

epithelium and submucosa (Fraenkel et al., 1995) in patients with chronic respiratory 

illness infected by rhinoviruses in comparison to RV-infected controls. These findings 

have been confirmed by a recent study analysing airway inflammation in response to 

experimental rhinovirus infections in asthmatic patients (Zhu et al., 2014). One of the 

first in vitro studies in adaptive immunity against RVs utilised live and inactivated RV-

A and RV-B particles and showed that RV is immunogenic with respect to T cells, 

eliciting mainly CD4+ responses. In addition, the immunogenicity observed was 

independent of infectivity, as inactivated virus induced similar in vitro response as the 

live particles (Wimalasundera et al., 1997), casting some light into viral T-cell epitopes. 

A recent study utilised a viral challenge model in healthy volunteers to try to elucidate 

the role of adaptive immune response in RV infections (Steinke et al., 2015). Volunteers 

were infected with a RV genotype from which they did not display pre-existing 

immunity, which was confirmed by serological testing and by the knowledge that 

attempts of infecting individuals with the same RV genotype of a previous exposure 
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have proven unfruitful (Turner et al., 2005; Zambrano et al., 2003). The results of this 

study were striking: viral load started to decline only 4 days post-infection; as de novo 

activation of naïve T cells would not happen until after 6 days post-infection (Boaz et 

al., 2003), it was hypothesised that the adaptive response observed had to have the 

participation of memory T cells specific to RVs. However, as mentioned, this study 

utilised viral challenge with a RV genotype (RV-A39) new to the volunteers, so those 

memory T cells were likely to be targeted to other RV genotypes, indicating shared T-

cell epitopes between different RV genotypes. Furthermore, these epitopes were 

presented by both MHC class I and II molecules, as both CD4+ and CD8+ RV-specific 

effector memory T cells were found circulating in peripheral blood (Steinke et al., 

2015). Another elegant study utilising peptide/MHC class II tetramer-guided techniques 

found circulating memory CD4+ cells that present T-cell epitopes targeted to regions of 

the VP1 and VP2 viral proteins that are potentially conserved amongst the three RV 

species (Muehling et al., 2016). A limitation of these studies, is that both were 

conducted in healthy adults, therefore the adaptive response to RV infections in patients 

with chronic respiratory diseases, especially asthmatic children, remains still unknown. 

Finally, the association between CD4+ T regulatory (Treg) cells and chronic respiratory 

diseases is being increasingly reported (Hou et al., 2013; Lloyd, 2009; Ray et al., 2010; 

Thorburn & Hansbro, 2010) and a study in a murine model has recently shown that 

early infection with respiratory syncytial virus impairs Treg function, which results in 

increased susceptibility to allergic asthma (Krishnamoorthy et al., 2012). However, to 

date, no studies have explored the role of Tregs in the RV-induced chronic respiratory 

diseases. Figure 1.3 summarises an effective adaptive immunity against respiratory viral 

infections; the steps of the T-cell response that could be impaired in LRI-patients 

remain unknown.        
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Figure 1.3 Adaptive response to viral infections in the lungs. Humoral and T cell responses 

acting at different time-points post-infection to promote control of viral spread, formation 

of memory repertoire, regulation of immune response, which can lead to 

immunopathology, and ultimately, viral clearance.  

 

 

In short, little is known about the immune response against rhinoviruses. Increased 

efforts have rendered suggestions of impaired innate and humoral responses to 

rhinovirus infections in individuals with chronic respiratory diseases (Table 1.1) and 

this could help explain the higher frequency, severity and duration of RV infections in 

LRI patients compared to otherwise healthy subjects infected by rhinoviruses (Gielen et 

al., 2015; Iikura et al., 2011; Iwasaki et al., 2014; Wark et al., 2005; Yerkovich et al., 

2012). However, despite increased knowledge into the role of T cells in viral immunity, 

the studies into adaptive immunity against rhinovirus, especially RV-C, are virtually 

non-existent. In order to fully understand how rhinoviruses lead to pathogenic episodes 

of asthma and other lower respiratory illnesses, which will ultimately allow for the 

development of improved strategies for the prevention and treatment of RV-induced 

illnesses, it is imperative to better characterise the immune response to rhinoviruses. In 

From (Chiu & Openshaw, 2015) 
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addition, studies comparing the immune response of asthmatic and non-asthmatic 

patients can provide valuable information into differences, if any, in the immune 

response against the different rhinovirus species that might increase susceptibility of 

asthmatics to RV-induced pathogenesis.  
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Table 1.1 Summary of studies in innate and adaptive responses against rhinovirus infections in otherwise healthy individuals and patients with lower 

respiratory illnesses.  

 

RV immunity 

 

 

Healthy individuals 

 

LRI-patients 

Innate response 

24 hours post-infection 

o Rhinovirus infections mainly in the upper 

respiratory tract (URTIs).  

o Controlled inflammation with neutrophils, 

eosinophils and macrophages recruitment. 

o Normal production of IFN and cytokines necessary 

for viral clearance.  

 

o High RV viral loads found in the lower respiratory 

tract (LRTIs).  

o Bronchial mucosal neutrophilia and increased 

macrophage infiltration. 

o Decreased production of IFN-I and –II and IL-15 

resulting and persistent viral infections. 

Humoral Response 

3 days post-infection 

o Production of RV-specific IgA and IgG1 conferring 

serotype-specific protection to RV-A and RV-B. 

o Impaired serum IgG1 specific to RV-C. 

 

o Impaired IgG1 specific to RV-A in COPD patients. 

o Impaired serum IgG1 specific to RV-C. 

Cellular Response (Memory effector T cells) 

4 days post-infection 

o Normal lymphocyte recruitment to infected site. 

o Effective immune surveillance, given by circulating 

RV-specific memory CD4+ and CD8+.  

o Cross-recognition of T-cell epitopes was suggested. 

o Increased T cell infiltration, peripheral blood 

lymphopenia.  
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1.4 Challenges in Studying Rhinovirus Immunity  

As shown in the previous section, studies in rhinovirus immunity are limited and there 

are a few practical reasons for this; the majority of the rhinoviruses genotypes belong to 

the major receptor group (ICAM-I) and due to the difference in receptors between 

human and mouse, these RVs are not able to bind to murine cells (Saglani, 2013). 

Furthermore, RVs belonging to the minor receptor group (LDL-R) have limited 

replication in mouse models (Bartlett et al., 2008) and to date, there are no animal 

models of infection for RV-C. Therefore, the lack of availability of small animal models 

that are able to reproduce RV infections impose serious limitations into research of RV-

induced pathology (Hershenson, 2013; Royston & Tapparel, 2016). In regard to the 

ability of RV to grow in vitro, RV-Cs are well known for their difficulty to be cultured 

in cell lines and require a complex system utilising differentiated human epithelial cells 

at the air-liquid interface (Ashraf et al., 2015), therefore limiting studies that utilise 

infective particles as model of infection. Perhaps the most effective pathway for 

studying RV immunity at this stage is the use of synthetic peptides targeted to 

immunogenic regions of RV proteins; although efforts have been made towards 

characterisation of T-cell epitopes, this comprised only RV-A and RV-B species (Gern 

et al., 1997; Hastings et al., 1993) and solely on the basis of challenging the most 

conserved regions of the viral capsid, which would potentially provide cross-reactivity 

amongst RV species. However, the newer identified RV-C presents important antigenic 

and structural changes (Basta et al., 2014) therefore, cross-reactive T-cell epitopes 

between RV-C and the other species is highly unlikely. Therefore, the overwhelmingly 

limiting factor for studying rhinovirus infections, especially caused by the rhinovirus 

species C, is the lack of animal models and in vitro tools that would mimic RV 

infections. 
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1.5 Aims of Thesis 

The purpose of this study is to characterise the adaptive immunity of adults and 

children, including children hospitalised with acute lower respiratory illness (LRI), to 

rhinovirus infections, in order to identify differences, if any, in the recall of T-cell 

responses to RV-A and RV-C, the two most prevalent and clinically significant 

rhinovirus species circulating worldwide. Due to the lack of tools to study the adaptive 

response to RVs, particularly to the newer RV-C, we first sought to identify 

immunodominant regions of the viral capsid protein of an RV-A and RV-C genotype 

that are specific of and representative from each RV species. Therefore, this study was 

divided into two components: 1. T-cell epitope mapping of the VP1 capsid protein of 

RV-A and RV-C; 2. In vitro study of the recall of memory T-cell response to RV-A and 

RV-C in a clinical childhood cohort hospitalised with LRI.  
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CHAPTER 2 MATERIALS AND GENERAL METHODS 

2.1 Materials 

2.1.1 Synthetic peptides 

Synthetic peptides of the VP1 capsid protein of RV-A, genotype RV-A34 (GenBank: 

FJ445189.1) and RV-C, genotype RV-C3, prototype QPM (McErlean et al., 2007) 

(GenBank: EF186077) were purchased from Mimotopes. Three batches were 

synthesised either as a set of peptides in a 96 well plate (Pepset
®

) at mid purity range 

(~70% purity) or as individual high purity peptides (>90% purity). 

2.1.1.1 Rhinovirus VP1 peptides as a Pepset
®
: ~70% purity 

Initially 57 synthetic peptides of RV-A34 and 53 synthetic peptides of RV-C3 were 

purchased at mid purity range to be used in the epitope mapping assays (Pilot Study in 

adults, Chapter 3) with the aim of identifying the most immudominant T-cell epitopes 

amongst all 110 rhinovirus peptides tested. The peptides were 15 amino acid long, 

overlapping by 10 amino acids and covered the entire VP1 capsid protein of both 

genotypes (complete list of RV peptides in Appendix A, Table App A.1.).  

2.1.1.2 Immunodominant rhinovirus peptides: >90% purity 

As a result of the epitope mapping study, five immunodominant peptides were 

identified for each RV genotype tested. From these, three peptides of each genotype 

were selected to be synthesised at a higher purity range (>90% purity). (Appendix A, 

Table App A.2.). 
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2.1.1.3 Immunodominant rhinovirus peptides as Pepset
®
: ~70% purity 

Following the optimisation phase, where the selected high purity immunodominant RV 

peptides were unable to promote T-cell proliferation in vitro, due to toxicity of the 

peptide preparations, new peptides had to be ordered (see 4.1.1 for more details about 

the toxicity found for the high purity RV peptides).  

The third and final batch of peptides were synthesised as previously, as a Pepset
®
 at 

mid-purity range and comprised the five selected immunodominant peptides for each 

RV-A and RV-C genotype identified by our pilot study (Appendix A, Table App A.3.). 

Certificate of analysis provided by Mimotopes can be found in the appendix section 

(Appendix A, Figure App A.1). 

2.1.1.4 Irrelevant peptide antigen PhoMal 

 In addition, a set of five irrelevant 15-mer peptides representing regions of PhoMal, 

from the deep sea vent thermophilic bacterium Pyrococcus horikoshii (European 

Nucleotide Archive Accession number: BAA29275), were synthesized in the same 

Pepset
® 

plate with the RV peptides and used to control for potentially non-specific T-

cell proliferation caused by a synthetic peptide (Appendix A, Table App A.3.). 

 

2.1.2 Recombinant proteins 

Recombinant proteins were used in the total and species-specific IgG1 antibody binding 

assays (see 2.2.4). Recombinant VP1 proteins of RV-A34 and RV-C3 as well as PspC 

were produced in our laboratory (see 2.2.1). The irrelevant antigen PspC, a surface 

protein of Streptococcus pneumoniae, was produced previously (Iwasaki et al., 2013) 

and used as a negative control, in order to control for non-specific inhibition.  
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2.1.3 Antibodies 

All antibodies utilised for staining in this study were diluted in FACS buffer (see 

2.1.6.1) prior to use. Upon arrival, all antibodies were titrated and the optimal dilution 

determined. A list of all antibodies used in flow cytometry staining assays is provided in 

Table 2.1, together with each clone and respective supplier. Antibody supplier locations 

are provided in Table 2.4. 

 

Table 2.1 List of antibodies, clone and supplier. 

 Antibody Clone Supplier 

Anti-human CD3 APC-H7 SK7 BD 

Anti-human CD4 FITC RPA-T4 BD 

Anti-human CD8 PE-Cy7 RPA-T8 BD 

Anti-human CD19 PerCP-Cy5.5 SJ25C1 BD 

Anti-human CD20 PerCP-Cy5.5 L27 BD 

Anti-human CD25 PE M-A251 BD 

Anti-human CD127 BV786 HIL-7R-M21 BD 

Anti-human HLA-DR PE-CF594 G46-6 BD 

Anti-human ICOS-I BV650 DX29 BD 

 

2.1.4 General reagents 

A list of reagents and their suppliers is provided in Table 2.2. A list of supplier locations 

is provided in Table 2.4. 
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Continues on the next page 

Table 2.2 Reagent suppliers. 

Reagent Supplier 

2-mercaptoethanol (2-ME) Sigma-Aldrich 

3
H-Thymidine  PerkinElmer 

AIM-V
®
 serum free medium Gibco 

Ampicillin Sodium Salt Amresco 

Baxter H2O for irrigation Baxter Healthcare 

BD Stabilizing Fixative BD Biosciences 

BD CompBeads Set Anti-Mouse Ig, K BD Biosciences 

Betaplate Scintillation liquid PerkinElmer 

Biotinylated anti-human IgG1 BD Pharmingen 

Bovine Serum Albumin (BSA) Sigma-Aldrich 

Bromophenol Blue Pharmacia 

CellTrace
TM

 Violet cell proliferation Kit Invitrogen 

D-glucose Anhydrous Sigma-Aldrich 

Diethylenetriaminepentaacetic acid (DTPA) Sigma-Aldrich 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich 

Enhancement Solution (DELFIA
®

) PerkinElmer 

Europium-labelled Streptavidin (DELFIA
®

) PerkinElmer 

Fixable Viability Stain (FVS660 /APC) BD Biosciences 

Foetal Calf Serum (FCS) SAFC 

Gamma globulins Sigma-Aldrich 

GelCode Blue Safe Protein Stain Thermo Scientific 
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Continues on the next page 

Reagent Supplier 

Glacial Acetic Acid Sigma-Aldrich 

Glutathione-reduced Amresco 

Heparin sodium for injection  Pfizer 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Amresco 

LB Agar Sigma- Aldrich 

Lymphoprep™ Nycomed 

Lysozyme Sigma- Aldrich 

Phenylmethylsulfonyl Fluoride (PMSF) Sigma- Aldrich 

Phosphate Buffered Saline (PBS)  Invitrogen 

Phytohemagglutinin, M-form (PHA) Gibco 

Roswell Park Memorial Institute (RPMI)-1640 media Sigma-Aldrich 

Sodium Azide (NaN3) Sigma-Aldrich 

Sodium Bicarbonate (NaHCO3) Sigma-Aldrich 

Sodium Carbonate (Na2CO3) Sigma-Aldrich 

Sodium Chloride (NaCl) Amresco 

Sodium Hydroxide (NAOH) Sigma-Aldrich 

Sodium Phosphate Monobasic Anhydrous (NaH2PO4) Amresco 

Staphylococcal Enterotoxin B (SEB) Sigma-Aldrich 

Tris Amresco 

Tris-hydrocloride (Tris-HCL) Sigma-Aldrich 

Trizol
®
 Invitrogen 

Trypan Blue Sigma-Aldrich 
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Reagent Supplier 

Tryptone BD Biosciences 

Tween-20  Sigma-Aldrich 

Tween-40 Sigma-Aldrich 

Yeast Extract BD Biosciences 

 

 

2.1.5 General equipment 

A list of all general equipment used is provided in Table 2.3. Equipment manufacturer 

locations are provided in Table 2.4. 

 

Table 2.3 Equipment and suppliers. 

Equipment or Material Supplier 

96 well plate U bottom (sterile; TC-treated) Nunc 

96 well microtiter plate (Maxisorp) Nunc 

β-scintillation counter Wallac 1450 PerkinElmer 

ÄKTAprime plus chromatography system GE Healthcare 

BD FACSDiva software for data acquisition BD Biosciences 

Bead Bath Lab Armor 

Biological safety cabinet class II Email Air Handling 

Centrifuge Multifuge 3SR+ Thermo Scientific 

Centrifuge 5810R  Eppendorf 

Drying oven  Memmert 

Continues on the next page 
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Equipment or Material Supplier 

FACS tubes (polystyrene) Falcon, BD 

Filtermats PerkinElmer 

FilterMate Harvester PerkinElmer 

FlowJo software for flow cytometry analysis Treestar 

Forma Series II water jacket CO2 incubator Thermo Scientific 

EZI Hold Sterile bottles Thermo Scientific 

GraphPad Prism
®

 software version 5.04 GraphPad Software 

Inverted microscope Eclipse TS100 Nikon Instruments Inc. 

Jumbosep
TM

 centrifugal device (10K) Pall Life Sciences 

Light microscope Dialux 20EB  Leitz 

LSR Fortessa BD Biosciences 

Macrosep
®
 advance centrifugal device (10K) Pall Life Sciences 

MicroBeta Trilux Luminescence Counter PerkinElmer 

Milli-Q
®
 Ultrapure Water System Merck Millipore 

Mr Frosty controlled freezing container Thermo Scientific 

NanoDrop 2000c Thermo Fisher Scientific 

Neubauer counting chamber Boeco 

Oragene DNA Kit OG-250 DNA Genotek 

Sample bags for scintillation counter PerkinElmer 

Sonifier
®
 450 analogo cell disruptor Branson 

UV-Visible spectrophotometer Shimadzu 

Wallac Victor 3 plate reader PerkinElmer 
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Table 2.4 Supplier location. 

Supplier Location 

Amresco Cleveland, USA 

Baxter Old Toongabbie, Australia 

BD New Jersey, USA 

BD Biosciences San Jose, USA 

BD Pharmingen California, USA 

Boeco Hamburg, Germany 

Branson Connecticut, USA 

DNA Genotek Ontario, Canada 

Email Air Handling, AES Environmental Minto, Australia 

Eppendorf Hamburg, Germany 

Falcon, BD New Jersey, USA 

GE Healthcare Uppsala, Sweden 

Gibco (Life Technologies) Mulgrave, Australia 

GraphPad Software La Jolla, USA 

Invitrogen (Life Technologies) Mulgrave, Australia 

Lab Armor Oregon, USA 

Merck Millipore Massachusetts, USA 

Mimotopes Victoria, Australia 

Nikon Instruments Inc. New York, USA 

Nunc Roskilde, Denmark 

Nycomed Oslo, Norway 

Continues on the next page 
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Supplier Location 

Pall Life Sciences Michigan, USA 

PerkinElmer Massachusetts. USA 

Pharmacia Stockholm, Sweden 

Sigma-Aldrich St Louis, USA 

Shimadzu Kyoto, Japan 

Thermo Fisher Scientific Wilmington, USA 

Thermo Scientific Waltham, USA 

Treestar Ashland, USA 
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2.1.6 Buffers and solutions 

2.1.6.1 FACS buffer 

PBS  500 mL 

BSA  8 g 

HI-FCS  8 mL 

NaN3 0.01% (v/v) 

Made to 400 mL with Baxter H2O for irrigation. Stored at 4°C. 

 

 

2.1.6.2 Heat inactivated (HI) –FCS 

FCS was heat inactivated in 25 mL aliquots in a water bath at 56°C for 30 minutes. 

 

 

2.1.6.3 HI-FCS + DMSO 

HI-FCS 85 mL 

DMSO 15 mL 

Filter-sterilised HI-FCS. Added 15 mL of DMSO drop-wise for a 15% (v/v) final 

concentration. Stored at 4°C. 

 

 

2.1.6.4 Stabilising fixative 

BD Stabilising fixative   

Diluted 1:2 in Baxter H2O for irrigation. Stored at RT. 
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2.1.6.5 Trypan blue 

Trypan blue   

Diluted 1:3 in PBS. Filter-sterilised and stored at RT. 

 

2.1.6.6 Coating buffer 

(A) Na2CO3  10.6 g/L 

(B) NaHCO3  16.8 g/2L 

(A) was added to (B) until pH ~9.6. Aliquoted and stored at -20°C. 

 

2.1.6.7 Time-resolved fluorescence -TRF wash buffer (10X) 

Tris-HCL 394.1 g 

NaCl 450.0 g 

Made up to 5 L in MilliQ H2O. pH adjusted to 7.8 with 10M NaOH.  

Stored at RT in 2.5 L Winchesters. At time of use, buffer was diluted 10-fold and 0.1 ml 

Tween-20/2L was added. 

 

2.1.6.8 TRF block buffer 

Tris-HCL 7.88 g 

NaCl 9.0 g 

Made up to 1 L in MilliQ H2O. pH adjusted to 7.4 with 10M NaOH. 5.0 g BSA was 

added after adjusting pH. Aliquoted and stored at -20°C. 



 30 

2.1.6.9 TRF blue assay buffer  

Tris 30.3 g 

NaN3 2.5 g 

BSA 25 g 

Gamma globulins 0.5 g 

Tween 40 0.5 mL 

DTPA 0.1 g 

NaCl 45 g 

Bromophenol Blue 0.05 g 

All reagents, except BSA, Tween 40 and Bromophenol Blue were added in <5 L MilliQ 

H2O and pH was adjusted to 7.8 using HCl. The remaining reagents were added and 

volume completed to 5 L with MilliQ H2O. Buffer was aliquoted into sterile bottles 

(EZI hold) and stored at 4°C. 

 

2.1.6.10 Medium 2x YT +1% Glucose  

Yeast Extract 50 g 

Tryptone 80 g 

NaCl 25 g 

D-glucose 50 g 

Made to 5 L with MilliQ H2O and stirred until dissolved. pH = 7.5. Media autoclaved 

and stored at RT.  

 

 



 

 31 

2.1.6.11 Ampicillin 100  

Ampicillin Sodium Salt 100 mg/mL 5 g 

Diluted in 50 mL of Baxter H2O for irrigation and Filtered-sterilised. Aliquots stored at 

-20°C. 

 

2.1.6.12 LB Agar/amp   

Agar 17.5 g 

Dissolved in 500 mL MilliQ H2O, heated to boil, autoclaved and stored at RT. 20 L 

Ampicillin 100 was added to 20 mL of melted Agar to make one plate. 

  

2.1.6.13 Stock buffer 

NaH2PO4 200 mL 

NaCl 35.04 g 

Reagents were added in <4 L MilliQ H2O and stirred until dissolved. Volume 

completed to 4 L and pH adjusted to 8 using NaOH. Stored at RT.  

 

2.1.6.14 Sonicate buffer   

PMSF 1mM 1.5 mL of 100mM solution 

Lysozyme 150 mg 

Tween-20 1.5 mL 

Reagents were added in <150 mL Stock Buffer (see 2.1.6.13) just prior to use. 
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2.1.6.15 Washing buffer   

Stock buffer 1 L 

Tween-20 1.5 mL 

 

2.1.6.16 Glutathione-Agarose  

 Glutathione-agarose 140 mg 

The lyophilised powder was reconstituted in MilliQ H2O under rotation for 60 min at 

RT and washed with 10 volumes of MilliQ H2O prior to equilibration with washing 

buffer (see 2.1.6.15). 

 

2.1.6.17 Elution buffer   

Washing buffer 50 mL 

Glutathione reduced 50 mL 

 

2.1.6.18 CellTrace
TM 

violet cell proliferation stock solution 

CellTrace
TM

 Violet (component A)  1 vial 

DMSO (Component B) 20 μL 

20 μL of component B was added to 1 vial containing component A to obtain a 5 mM 

stock solution. Aliquots of 5 μL were stored at -20°C protected from light until use.  
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2.1.7 Cell culture media 

2.1.7.1 RPMI + 10% HI-FCS 

RPMI- 1640 with L-glutamine 450 mL 

HI-FCS 50 mL 

Kept sterile at 4°C 

 

2.1.7.2 AIM-V + 2-ME 

AIM-V serum free media 500 mL 

2-ME 1 mL 

Kept sterile at 4°C 

 

2.1.8 Cell culture stimuli 

All cell culture stimuli were diluted in Baxter H2O for irrigation and/or PBS prior to 

addition to cell suspensions in 96-well plates.  

 

2.1.8.1 Individual rhinovirus peptides 

Synthetic peptides of the VP1 capsid protein of two rhinovirus genotypes (see 2.1.1.1) 

were tested individually in the RV epitope mapping study (Chapter 3). Upon arrival, 

lyophilised peptides were diluted in Baxter H2O for irrigation and PBS (1:3 v/v) to 1 

mM stock solutions and aliquots stored at -20°C. Peptides were used at a final 

concentration of 15 M.   
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2.1.8.2 Pool rhinovirus peptides 

Selected RV peptides identified as immunodominant by the epitope mapping assays 

were re-synthesised as previously outlined (see 2.1.1.3) to be used in the study in adults 

(Chapter 3) to define the predominant CD4+ vs CD8+ T-cell subset to respond to RV 

peptides; in the optimisation assays (Chapter 4) and for the study in asthmatic children 

(Chapter 5). The immunodominant peptides were combined into two pools: Pool A, 

containing the immunodominant RV-A peptides and Pool C, containing the 

immunodominant RV-C peptides (Appendix A, Table App A.3). Upon arrival, 

lyophilised peptides were diluted in Baxter H2O for irrigation and PBS (1:3 v/v) to 2 

mM stock solutions. Peptide pools were prepared, aliquoted and stored at -20°C. Each 

peptide in the pool was used at a final concentration of 15 M.  

 

2.1.8.3 Control antigens 

The staphylococcal enterotoxin B (SEB) and the phytohemagglutinin (PHA)-M form 

were used as positive controls stimuli at 2.5 g/mL and 10 g/mL final concentration, 

respectively, diluted in PBS. A set of five irrelevant 15-mer peptides representing 

regions of PhoMal (see 2.1.1.4) were used in a pool (15 M) to control for potentially 

non-specific T-cell proliferation caused by a synthetic peptide. 
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2.2 General Methods 

Whilst most methods in this thesis were optimised and have been described in each 

study chapter, some general methods are applicable to all chapters, and are therefore 

described below. 

 

2.2.1 Production of recombinant VP1 capsid proteins of rhinovirus 

Entire VP1 capsid proteins of the same two RV-A and C genotypes used in the T-cell 

epitope mapping (A34 and C3) had been cloned in our laboratory into a pQE vector 

with glutathione-S-transferase (GST) at the N-terminus and hexa-histidine on the C-

terminus, as previously described (Iwasaki et al., 2013). 

 

The clones were grown into LB agar/amp (see 2.1.6.12) in order to isolate a single 

colony. For expression of VP1, an overnight culture of a single colony, diluted in 

medium 2x YT +1% glucose (see 2.1.6.10), was grown to OD600 nm 0.6 and induced 

with 0.1 mM IPTG at 30°C for 2 hours. The E.coli pellets were resuspended in 5 mL/g 

in sonicate buffer (see 2.1.6.14), sonicated and clarified at 18,000 rpm for 60 min. The 

soluble supernatant was then purified by affinity purification of GST-tagged fusion 

protein. Briefly, glutathione-agarose (see 2.1.6.16) was pre-equilibrated with washing 

buffer (see 2.1.6.15). The clarified lysate was bound to the matrix and the column was 

washed with 10x column volume with washing buffer. Bound protein was eluted with 

Elution buffer (see 2.1.6.17). Fractions collected from the column containing 

recombinant protein were pooled and concentrated using Jumbosep
TM

 centrifugal device 

10K membrane. The concentrated protein was then passed over a high-resolution S300 

26/60 size exclusion chromatography column. The purity of the recombinant proteins 

was analysed by size exclusion chromatography and SDS-PAGE analysis using a 12.5% 
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electrophoretic gel and GelCode Blue Safe Protein Stain. Based on chromatography 

prolife (Figure 2.1) and SDS profile (Figure 2.2), fractions 20 to 26 contained the RV 

protein and therefore were pooled together.  

 

 

Figure 2.1 Chromatography profile of VP1 protein from RV-A34 in AKTA system using 

high-resolution S300 26/60 size exclusion chromatography column. 

 

Fractions were concentrated using Macrosep
® 

advance centrifugal device 10K 

membrane. The concentrated protein was filter-sterilised and the concentration was 

defined by OD280 nm measurement. VP1 antigens of both RV-A and RV-C species were 

then aliquoted and stored at -20°C. 
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Figure 2.2 SDS profile of fractions from RV-A34 extracted from AKTA system using high-

resolution S300 26/60 size exclusion chromatography column. 

 

Circular dichroism analysis conducted previously in our lab (Iwasaki et al., 2013) 

showed similar content of secondary structure between VP1 protein and that calculated 

for the VP1 in the virion, in addition to high avidity binding of the VP1 construct.  

 

2.2.2 Preparation of peripheral blood mononuclear cells (PBMCs) 

2.2.2.1 Preparation of adult PBMCs 

A blood sample of 100 mL was collected from adult donors and diluted with an equal 

volume of RPMI and 10 IU/ml preservative-free heparin. Blood was processed within 

an hour of collection, as follows: The solution was layered over 8 x 10 mL aliquots of 

Lymphoprep™ and centrifuged at 500 rcf for 20 minutes with no break. PBMCs were 

collected from the “buffy coat” layer and washed 3 x in RPMI media. Following cell 

counting of viable cells (dead cells were stained with trypan blue (see 2.1.6.5) and 

excluded from counting), PBMCs were resuspended in AIM-V serum free media (see 

2.1.7.2) and were used in the epitope mapping and optimization assays.  
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2.2.2.2 Preparation of child PBMCs 

Samples from asthmatic and healthy control children had been previously processed and 

biobanked at the time of recruitment, as part of the “Mechanisms of Viral Infection in 

Children” (MAVRIC) cohort, led by Professor Peter Le Souëf, Princess Margaret 

Hospital. Biobanked PBMCs were isolated by density gradient Lymphoprep
TM

, as 

described above. 

2.2.2.3 PBMCs conservation 

Following PBMC isolation and counting, excess leftover PBMCs from adults and all 

PBMCs from children were frozen at a maximum density of 14 x 10
6
 PBMCs/ mL in 

HI-FCS+DMSO (see 2.1.6.3) enclosed in controlled freezing containers (Mr Frosty) 

before storage in liquid nitrogen.  

2.2.2.4 PBMCs thawing  

PBMCs were thawed rapidly in a bead bath at 37°C, added to 9 mL of RPMI culture 

media. After washing, PBMCs were resuspended in AIM-V media (see 2.1.7.2) at the 

desired density for cell culture, or in PBS for ex vivo staining with CellTrace
TM

 Violet 

cell proliferation kit (see 2.2.5.1). 

 

2.2.3 Collection of Plasma 

Plasma samples (diluted to 50% in RPMI) were collected from the upper layer of the 

Lymphoprep
TM

 gradient for both adults and children and stored at -20°C for use in the 

IgG1 antibody binding measurements (see 2.2.4).  
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2.2.4 IgG1 antibody binding assay 

2.2.4.1 Total IgG1 antibody binding assay 

Total and species-specific antibody titres to the VP1 capsid protein of RV-A (A34) and 

RV-C (C3) were measured by DELFIA
®
 immunoassay in the plasma of all 20 donors 

during the epitope mapping study (Chapter 3) and in a sample of children from the 

MAVRIC cohort (Chapter 5). The technique is found in detail elsewhere (Iwasaki et al., 

2013). Briefly, biobanked plasma was diluted (1:100 final dilution) in TRF block buffer 

(see 2.1.6.8) and incubated overnight at 4°C with shaking. 100 µL of diluted plasma 

was then added to the 96-well microtiter plate containing wells previously coated with 

the VP1 antigen protein of RV-A34 (2.5 µg/mL) or RV-C3 (1.5 µg/mL) (see 2.2.1) in 

coating buffer (see 2.1.6.6). Plates were incubated for 2 hours at room temperature with 

shaking. After 5 consecutive washes with washing buffer (see 2.1.6.7), 100 µL of 

biotinylated anti-human IgG1 diluted 1:2000 in TRF blue assay buffer (see 2.1.6.9) was 

added to each well and plates were incubated for 2 hours at RT with shaking. After 

another five washes, 100 µL Europium-labelled streptavidin, diluted 1:1000 in TRF 

blue assay buffer, was added and plates were incubated for 30 minutes with shaking. 

The final washing step involved washing the plates 8 times before the addition of 100 

µL enhancement solution (DELFIA
®
). The plates were read using a Wallac Victor 3 

plate reader. A titration of reference sera with a known concentration of binding to the 

VP1 antigens (in ng/ml) was included on every plate in order to construct a standard 

curve to determine the absolute concentration of antibody binding. Three negative 

control sera were used as a negative control to determine non-specific binding for each 

antigen and were included on every plate. The lower limit of detection for IgG1 binding 

was 500 ng/ml and negative values were assigned 50% of the lower limit of detection 

(250 ng/ml).  
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2.2.4.2 Species-Specific IgG1 antibody binding assay 

Immunoabsorption assays were conducted as described above, except that prior to start, 

each plasma was pre-incubated in a lysate mixture of E. coli (1:250) producing the other 

two RV species to absorb out cross-reactive binding. This technique has been 

previously validated (Iwasaki et al., 2013). Plasma was also pre-absorbed with the 

irrelevant antigen PspC (see 2.1.2), a surface protein of Streptococcus pneumoniae, in 

order to control for non-specific inhibition.  

 

2.2.5 Flow cytometry 

2.2.5.1 CellTrace
TM

 Violet cell proliferation labelling 

Thawed PBMCs (see 2.2.2.4) were resuspended at 6x10
6
 cells in 1 mL of PBS in a 15 

mL conical tube. The tube was laid horizontally and 110 µL of PBS was added to the 

non-wetted portion of the plastic, at the top of the tube. To this, 1.1 µL of CellTrace
TM

 

stock solution (see 2.1.6.18) was re-suspended to obtain a 5 µM final working 

concentration. The cell suspension was quickly vortexed to ensure uniform labelling 

prior to incubation for 5 min at RT, protected from light. Unbound dye was quenched 

by 3 consecutive washes with RPMI+10%HI-FCS (see 2.1.7.1). At the final washing 

step, CellTrace
TM

 labelled cells were re-suspended in warm serum free AIM-V media 

(see 2.1.7.2) and seeded at 3x10
5
 cells per well in a round bottom 96-well plate. Stimuli, 

rhinoviruses peptides (see 2.1.8.2) or the control antigens (see 2.1.8.3), were added in 

sextuplicate and plates were incubated at 37°C and 5%CO2 for 6 days. CellTrace
TM

 

unlabelled cells were also included in each plate as unstained control. 
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2.2.5.2 Fixable Viability Stain (FVS) labelling 

PBMCs with or without stimuli cultured in replicate wells were pooled together and 

placed in polystyrene FACS tubes. Following washing with PBS for media removal, 

pooled PBMCs (~ 1.2 x 10
6
 cells) were resuspended in 1 mL of PBS. (A small cell 

aliquot was incubated at 65°C for 15 min prior to cell staining, in order to obtain a 

control population of dead cells.) 100 µL of Fixable Viability stain (1:20,000) was 

added to the cell suspension and mixture was vortexed prior to incubation for 10 min at 

RT, protected from light. Following three consecutive washes to remove excess dye, the 

cells were ready for panel staining.  

 

2.2.5.3 Antibody staining 

An antibody cocktail containing the panel lineage and activation markers was prepared 

just prior to staining, according to the chapter-specific panel (see Table 2.5 for flow 

cytometer panel utilised in Chapter 3, in the epitope mapping study in adults, and Table 

2.6 for flow cytometer panel utilised in Chapter 5, during the clinical study in children). 

Pelleted cells were re-suspended in 100 µL of antibody cocktail and stained for 30 min 

at 4°C, protected from light. Following panel staining, unbound antibodies were washed 

with FACS buffer (see 2.1.6.1) and stained cells were re-suspended in 200 µL of 

stabilising fixative (see 2.1.6.4) in FACS tubes prior to flow cytometry. Flow cytometry 

acquisition was always performed on the day of staining. 
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Table 2.5 Flow cytometry panel utilised in the epitope mapping study (Chapter 3). 

 Specificity Fluorochrome Concentration  Marker 

A
n

ti
b

o
d

y
 C

o
ck

ta
il

 
CD3 APC-H7 1.25 µg/mL Lineage  

CD4 FITC 5.00 µg/mL Lineage  

CD8 PE-Cy7 0.80 µg/mL Lineage  

CD19 PerCP-Cy5.5 1.00 µg/mL B Cells (exclusion) 

CD20 PerCP-Cy5.5 2.00 µg/mL B Cells (exclusion) 

HLA-DR PE-CF594 2.50 µg/mL T-cell Activation  

 CellTrace
TM

  BV421 5 µM Proliferation  

 Viability Stain APC 1:20,000* Cell viability  

 

 

 

2.2.5.4 Preparation of compensation controls 

Prior to flow cytometry, compensation controls were prepared using a set of anti-mouse 

Ig CompBeads. For each antibody used in the assay, one compensation tube was 

prepared, as per manufacture’s protocol. Briefly, 100 µL of FACS buffer (see 2.1.6.1) 

was placed into individual FACS tubes, and to each tube, 1 drop of negative 

compensation particles and 1 drop of positive compensation particles was added. Tubes 

were vortexed and 1 µL of antibody was added to each compensation particle 

suspension, vortexed and incubated at 4°C in the dark for 30 minutes. Compensation 

tubes were then centrifuged at 200 x g for 10 minutes, the supernatant was removed and 

stained compensation particles were re-suspended in 200µL stabilising fixative. 

Compensation particles were acquired prior to running samples on a BD Fortessa flow 

cytometer. 
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Table 2.6 Flow cytometry panel utilised in the clinical study (Chapter 5). 

 Specificity Fluorochrome Concentration  Marker 

A
n

ti
b

o
d

y
 C

o
ck

ta
il

 
CD3 APC-H7 1.25 µg/mL Lineage  

CD4 FITC 5.00 µg/mL Lineage  

CD8 PE-Cy7 0.80 µg/mL Lineage  

CD19 PerCP-Cy5.5 1.00 µg/mL B Cells (exclusion) 

CD20 PerCP-Cy5.5 2.00 µg/mL B Cells (exclusion) 

CD25 PE 0.60 µg/mL Activation, lineage  

CD127 BV786 2.50 µg/mL Lineage  

ICOS-I BV650 2.50 µg/mL T-cell activation  

HLA-DR PE-CF594 2.50 µg/mL T-cell activation  

 CellTrace
TM

  BV421 5 µM Proliferation  

 Viability Stain APC 1:20,000* Cell viability  

 

 

 

2.2.5.5 Data acquisition  

Flow cytometry data was acquired using FACSDiva software on a LSR Fortessa flow 

cytometer. At least 250,000 total events were acquired per each stimulation condition. 

Prior to acquiring samples, templates were designed with set voltages on FACSDiva, 

and these remained unchanged throughout acquisition of the cohort. Compensation 

settings (see 2.2.5.4) were applied following data acquisition using FlowJo software. 
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2.2.6 Data analysis 

All Graphs and statistics analysis were made using GraphPad Prism
®

 software version 

6. MacVector was used to align and analyse protein sequences and FlowJo X version 

10.0.7r2 was used to analyse flow data. Vector figures were generated in Inkscape.  

 

2.2.7 Ethics approval 

The research has been approved by the Princess Margaret Hospital Human Ethics 

Committee (1761/EP) and recognised by The University of Western Australia Human 

Research Ethics Office (RA/4/1/6210) (Appendix A, Figure App A.3). Written 

informed consent was obtained for each participant, or their parental/guardians. 
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CHAPTER 3 EPITOPE MAPPING OF RHINOVIRUSES 

A comprehensive investigation of the immunogenicity of a given antigen starts by the 

identification of structural elements of recognition, named epitopes. T-cell epitope 

mapping aims to elucidate fractions, either at a linear (T cells) or conformational (B 

cells) level, of an antigen protein that are most immunogenic and able to trigger an 

efficient host immune response. Therefore, epitope mapping has become one of the key 

elements of both vaccine and drug development.  

 

Perhaps one of the main challenges in mapping T-cell epitopes, especially when a large 

library of peptides is to be screened, is that a high number of cells is required for the in 

vitro assays. As will be described in detail in this chapter, for the epitope mapping of 

the VP1 capsid protein of selected single genotypes of RV-A and RV-C, respectively, 

seven 96-well plates cultured with PBMCs of each donor were required in order to test 

all 110 rhinovirus peptides individually, in triplicate; this is approximately 100 mL of 

blood. To this end, the epitope mapping was conducted in a cohort of adult donors, 

which provided an ideal screening platform for the selection of the most 

immunodominant epitopes amongst the high number of peptides tested.  

 

This chapter comprises the manuscript submitted to the Journal of Virology in July 

2016, and published in December 2016 (Gaido et al., 2016). 
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3.1 Introduction 

It is now established that infections by rhinoviruses are important causes of asthma 

exacerbations (Khetsuriani et al., 2008) and lower respiratory disease (Mak et al., 2011). 

Rhinovirus-induced upper and lower respiratory tract infections have mostly been due 

to two of the three rhinovirus species, RV-A and RV-C. Although the two species share 

similar virion structure (Hao et al., 2012), genomic organization (E. K. Miller & 

Mackay, 2013; Rathe et al., 2010) and diversity of genotypes (McIntyre et al., 2010; E. 

K. Miller & Mackay, 2013; Rathe et al., 2010), they present considerable sequence 

disparity and a different ability to be cultured in vitro. Furthermore, while most RV-A 

isolates use the endothelial and immune-cell receptor ICAM-1, RV-C uses the cadherin-

related family member 3 (CDHR3) receptor found on epithelial cells (Bochkov et al., 

2015). The receptor usage might confer fundamental differences, especially since 

CDHR3 is constitutively expressed on bronchial epithelial cells and is down-regulated 

in both asthma and rhinovirus infections (Bai et al., 2015), while ICAM-1 is poorly 

expressed by bronchial epithelium and is up-regulated in asthma (Vignola et al., 1993) 

and by some cytokines (i.e. TNF).   

RV-A and C have been found to circulate amongst children with a similar prevalence 

(W. J. Chen et al., 2015; Mackay et al., 2013; Principi et al., 2015). Furthermore, both 

species are important causes of asthma exacerbation and lower respiratory tract disease. 

However, there is evidence from paediatric samples recruited from emergency 

departments for asthma exacerbations (Bizzintino et al., 2011) and from longitudinal 

studies of children of sufficient age to have developed aero-allergy (Mak et al., 2011), 

that RV-C has a greater association with asthma exacerbations than RV-A. 

Nevertheless, genotyping of RV isolates from hospitalised young children, admitted 
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with other types of acute respiratory disease, have shown conflicting results for the 

comparative clinical importance of each species (E. K. Miller & Mackay, 2013). 

Studies of the serum IgG antibody titres to the VP1 capsid protein of rhinoviruses have 

demonstrated a striking difference between the immune recognition of the two species. 

While the antibodies that bound the RV-C antigen were almost entirely or often 

completely cross-reactive with RV-A, there were high titres of anti-RV-A antibodies 

that did not cross-react with RV-C or other enteroviruses (Iwasaki et al., 2014; Iwasaki 

et al., 2013). This pattern was found in both healthy and asthmatic subjects, including 

asthmatic children admitted to hospital following a recent RV-C infection (Iwasaki et 

al., 2014). It was proposed that the lack of the antibodies specific for RV-C might result 

from an overall poor immune response, perhaps due to an evolved immunological 

“stealth mechanism” of the virus or from an “original antigenic sin” phenomenon, 

where the serological specificity is modulated by prior responses to a cross reacting 

virus, namely RV-A.  

Therefore, the aim of this study was to ascertain if T-cell responses specific for RV-A 

and RV-C could be identified and further compared by epitope mapping using synthetic 

peptides to target both species. We identified immunodominant T-cell epitopes in the 

VP1 capsid protein that were representative of each species and stimulated proliferative 

responses of a similar magnitude for both RV-A and C in healthy adult donors. 

Furthermore, there was no association between the magnitude of the RV-A and RV-C 

specific T-cell responses and the presence of antibodies specific to each RV species, 

suggesting dissociation of humoral from T-cell response during a rhinovirus infection. 
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3.2 Methods 

3.2.1 Study population 

Blood and saliva samples were collected from 20 healthy donors (9 males and 11 

females) aged 22 to 60 (mean age 33) from the general population of Perth (Western 

Australia), with no evidence of current respiratory illness. Peripheral blood 

mononuclear cells (PBMCs) (see 2.2.2.1) and plasma (see 2.2.3) were isolated from 

blood samples by density gradient Lymphoprep
TM

 and used for the T-cell epitope 

mapping assays (see 3.2.4) and for the antibody-binding assay (see 3.2.7), respectively. 

Genomic DNA was extracted from the saliva of all 20 donors for the human leukocyte 

antigen (HLA) typing (see 3.2.2). PBMCs of three donors that had positive proliferative 

response (stimulation index higher than 2) to at least three out of the five selected 

immunodominant peptides for each RV genotype were selected as representative 

samples for identification of the responding T-cell subset assays (see 3.2.5). The study 

was approved by the Princess Margaret Hospital Human Ethics Committee and written 

informed consent was obtained for each donor.  

 

3.2.2 HLA typing  

All 20 donors were typed for HLA classes I (Table App B.1.) and II molecules (Table 

App B.1.) at the Institute for Immunology & Infectious Diseases (IIID), an American 

Society for Histocompatibility and Immunogenetics (ASHI) accredited centre (Murdoch 

University, Perth/Western Australia). Briefly, genomic DNA was extracted from saliva 

utilizing Oragene DNA kit OG-250 and diluted to a final concentration of 50 ng/μl 

attested by NanoDrop measurements. Samples were sent to IIID where DNA was 

amplified by PCR using barcoded primers for HLA loci from HLA A, B, C (class I) and 
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HLA DRB1, DQ and DP (class II). The barcoded samples were then pooled and a 

Truseq library prepared for sequencing on the Miseq sequencer. The data was analysed 

by separating out the barcoded samples and using algorithms to identify the alleles 

using in house proprietary software. The algorithms exclude reads with ambiguous 

calls, align and trim the reads to exons, calculate the exon consensus and match to a 

reference library so the HLA alleles can be called for each sample.  

 

3.2.3 Rhinovirus peptides and proteins 

The VP1 protein was chosen as a target for this study for being the largest and most 

surface exposed capsid protein. This structural protein is critically involved in the 

virus/cell attachment (Rossmann et al., 1985) and has prime function in the cellular 

infection, thus the VP1 protein is expected to contain important immunogenic sites 

(Laine et al., 2006; Laine et al., 2005). VP1 has also been shown to elicit higher 

antibody levels in the serum of RV infected patients than those directed against the VP2 

and VP3 proteins (Edlmayr et al., 2011).  

 

57 synthetic peptides of RV-A, genotype RV-A34 and 53 synthetic peptides of RV-C, 

genotype C3, prototype QPM (McErlean et al., 2007) were purchased from Mimotopes 

as a PepSet
®
.
 
The peptides were 15 amino acid long, overlapping by 10 amino acids and 

covered the entire VP1 capsid protein of both genotypes (see 2.1.1.1). The size and 

overlapping nature of the peptides were selected based on their capacity to bind both the 

small MHC-I pocket and the larger MHC-II groove, potentially eliciting CD4+ and 

CD8+ responses (Hoffmeister et al., 2003). The peptides tested were not designed based 

on previously described regions or prediction tools, which minimised chances of losing 

important epitopes due to wrong position of peptide cut, or that have been overlooked 
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by the in silico analysis. Peptides were used individually (see 2.1.8.1) in the T-cell 

epitope mapping (see 3.2.4) and later, in two pools (see 2.1.8.2) containing the 

immunodominant peptides (Pool RV-A and Pool RV-C) for the responding T-cell 

subset experiments (see 3.2.5). Irrelevant 15-mer peptides representing regions of 

PhoMal (see 2.1.1.4) were used to control for potentially non-specific T-cell 

proliferation caused by a synthetic peptide.  

 

Entire VP1 capsid proteins of the same two RV-A and C genotypes tested in the T-cell 

epitope mapping (A34 and C3) were produced in our laboratory as fusion polypeptides 

with a glutathione-S-transferase (GST) at the N-terminus and hexa-histidine tag on the 

C-terminus and expressed as recombinant proteins in Escherichia coli (see 2.2.1). Entire 

VP1 proteins were used in the total and specific antibody binding assays (see 3.2.7). 

 

3.2.4 Rhinovirus epitope mapping: 
3
H-thymidine incorporation assay 

Blood (100 mL) was collected from each of the 20 donors and PBMCs were isolated by 

density gradient centrifugation within an hour of collection (see 2.2.2.1). PBMCs 

resuspended in AIM V + 2-ME (see 2.1.7.2) were seeded at 2 x 10
5 

cells per well in a 

96-well round-bottom microtiter plate. Individual RV-A and RV-C peptides (see 

2.1.8.1) were added in triplicate wells and phytohemagglutinin (PHA) (see 3.1.8.3), was 

included as positive control antigen, while negative controls contained only media. 

Positive and negative control wells were included in triplicate in each plate in order to 

control for variations. Plates were incubated at 37°C in a humidified 5% CO2 

atmosphere and cell cultures were then pulsed on day 6 with 
3
H-thymidine (0.01 

mCi/ml) and incubated for the following 18 hours in the same atmosphere conditions. 
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On day 7, cells were harvested on filtermats using a FilterMate Harvester and filtermats 

were oven dried at 60°C for 60 min prior to placement in sample bags containing 3.5 

mL of Betaplate Scintillation liquid. T-cell proliferation was assessed by 
3
H-thymidine 

incorporation using a β-scintillation counter (Wallac 1450). 

 

The selection of the immunodominant peptides was based on the analysis of the 

Reactive Score (RS) (with modifications from (Jelcic et al., 2013)). The RS for each 

individual peptide was calculated based on: (A) the proliferative capacity and 

magnitude of the T-cell response, given by the sum of the Stimulation Index (SI) of 

positive donors and (B) the % of positive donors, defined when the mean SI of the 

triplicate wells of each donor was higher than 2. SI was calculated as SI = cpm of 

stimulated / cpm of unstimulated wells (cpm=counts per minute of cells marked with 

3
H-thymidine from our thymidine incorporation assay). The RS was calculated as a 

product of the multiplication of the two mentioned parameters (A x B). 

 

3.2.5 Identification of activated/proliferating RV-specific T-cell subset 

Blood (30 mL) samples from 3 representative donors (donors 1, 10 and 14) that were 

positive to the majority (at least three out of five) of individual immunodominant 

peptides of RV-A and RV-C were collected and PBMCs isolated as described in 2.2.2.1. 

Identification of the responding T-cell subset was determined by defining the activated 

(HLA-DR
hi

) and proliferating (CellTrace
dim

) CD4+/CD8+ cells in response to the 

pooled RV immunodominant peptides. Pools A and C contained 5 peptides each, 

comprising the immunodominant peptides that were identified as a result of our T-cell 

proliferation assay. 
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PBMCs at 10
7
/ml were labelled with CellTrace

TM 
Violet Cell Proliferation Kit (see 

2.2.5.1). Fluorescent CellTrace
TM

 labelled PBMCs were seeded in a 96-well U bottom 

plate and stimulated in sextuplicate with selected immunodominant peptides combined 

into 2 pools (Pool A and Pool C) at 15 μM per peptide (see 2.1.8.2). Staphylococcal 

enterotoxin B (SEB) (see 2.1.8.3) was used as positive control and negative controls 

contained only media. A pool of the irrelevant peptides PhoMal1-5 was used to control 

for non-specific proliferation potentially given by a synthetic peptide (see 2.1.8.3). T-

cell proliferation was assessed 6 days later by CellTrace
TM

 labelling.  

In addition, cells were co-labelled with fluorochrome-conjugated human specific 

antibodies against the lineage markers CD3/APC-H7, CD4/FITC, CD8/PE-Cy7 and the 

T-cell activation marker HLA-DR/PE-CF594 in order to determine the activated (HLA-

DR
hi

) and proliferating (CellTrace
dim

) cell subset in response to the peptide pools. 

CD19/20/PerCP-Cy5.5 and Fixable Viability Stain (FVS) were used to exclude B cells 

and nonviable cells, respectively. Briefly, after the 6-day incubation period, the six 

replicated wells were pooled together and washed once to remove culture media. Pooled 

PBMCs were stained with FVS (see 2.2.5.2) prior to stain with the antibody cocktail 

(2.2.5.3) for 30 min at 4°C (see Table 2.1 for antibody clones and manufacturer and 

Table 2.5 for full panel description, including final concentrations used in the antibody 

cocktail). Compensation controls (see 2.2.5.4) and samples were read on LSRFortessa 

and FACS Diva Software (see 2.2.5.5). Data analysis performed using FlowJo X.  

After gating on lymphocytes, singlet cells, live cells, CD3+ cells, CD4+/CD8+, and 

CellTrace
dim

 and HLA-DR
hi

 cells (see Figure 4.8 for gating strategy used), the number 

of activated (HLA-DR
hi

) and proliferating (CellTrace
dim

) cell subsets was recorded for 

each condition. Approximately 100,000 CD3+ cells were obtained per stimulation 

condition, after exclusion of doublets and nonviable cells. Antigen-specific response, 

given by the T-cell proliferation, was calculated as SI [CellTrace] = percentage of 
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CellTrace
dim

 cells among a pooled set of six peptide-stimulated wells/percentage of 

CellTrace
dim

 cells among a pool of six unstimulated control wells. Activated T cells 

were defined as SI [HLA-DR
hi

] = percentage of HLA-DR
hi

 cells among a pooled set of 

six peptide-stimulate wells/percentage of HLA-DR
hi 

cells among a pool of six 

unstimulated control wells.  

 

3.2.6 Intra and inter-species analysis of the VP1 sequence of RV-A and C 

One phylogenetic tree for RV-A (Figure App B.1.) and RV-C (Figure App B.2.) each 

was generated by best tree, Neighbor Joining method and contained all described 

genotypes for each species found in the Genbank and the NIAID Virus Pathogen 

Database and Analysis Resource (ViPR) database (Pickett et al., 2012), respectively. 

The 20 most representative genotypes (i.e. the genotypes falling far from each other and 

covering the entire tree length) were selected as species representative for the intra-

species analysis. The inter-species analysis utilised the 5 most representative genotypes 

within all genotypes from each species. Genbank access numbers can be found in 

Appendix Table App B.3.     

 

3.2.7 Total and species-specific IgG1 antibody binding to the VP1 of RVs 

Total and species-specific antibody titres to the VP1 capsid protein of RV-A (A34) and 

RV-C (C3) were measured in the plasma of all 20 donors using a DELFIA
®

 

immunoassay. The technique can be found in details in section 2.2.4.  
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3.3 Results 

3.3.1 Identification of RV-A and RV-C T-cell epitopes 

Based on the reactive score (RS) obtained for each individual peptide through the T-cell 

epitope mapping, two thresholds were defined as selection criteria for immuno-

dominance: RS ≥ 1,250 and percentage of positive donors ≥ 40%. Five T-cell 

immunodominant epitopes for each RV-A and RV-C genotype were identified (Figure 

3.1): RVA-23 (amino acid position 111-125), RVA-24 (116-130), RVA-25 (121-135), 

RVA-48 (236-250), RVA-49 (241-255) and RVC-7 (31-45), RVC-16 (76-90), RVC-

32 (158-172), RVC-40 (196-210), RVC-42 (206-220).  

The RV-A immunodominant peptides overlapped and were focused to only two regions: 

A1 (position 111-135) and A2 (236-255) (Figure 3.1). In contrast, the response to RV-C 

was broad, where the five immunodominant RV-C peptides were scattered throughout 

the entire protein into four distinct regions: C1 (31-45), C2 (76-90), C3 (158-172) and 

C4 (196-220) (Figure 3.1). 
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Figure 3.1 Epitope mapping of the VP1 capsid protein of RV-A (A34) and RV-C (C3) through in vitro stimulation of PBMCs from 20 adult donors with RV 

peptides and analysis of T-cell proliferation using 
3
H-thymidine incorporation assay. Horizontal lines represent threshold used as selection criteria for 

immunodominance (RS ≥1,250 and % positive donors ≥40%). A: Stimulatory capacity given by the sum of SI > 2 for each individual peptide. B: 

Percentage of positive donors (donors presenting mean SI>2) for a given peptide. C: Reactive Score (RS) given by the product of the stimulatory capacity 

(A) multiplied by the percentage of positive donors (B) showing 5 immunodominant peptides for each RV-A and RV-C genotype tested. 
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3.3.2 RV-A and RV-C T-cell epitopes as species representatives 

Sequence analysis was carried out to determine whether the selected epitopes were 

specific for each species and representative of each species.  

 

3.3.2.1 Inter-genotype analysis: RV epitopes as genotype specific 

First, to attest the specificity of the T-cell epitopes to each RV genotype, the 

immunodominant regions were analysed in relation to their linear position in the VP1 

capsid protein of each genotype tested (Figure 3.2). While the A1 and A2 regions 

(highlighted in green) are located in the central and C-termini portion of VP1 of RV-A, 

the four RV-C immunodominant regions (highlighted in purple) are dispersed 

throughout the entire protein, in unrelated regions from A1 and A2.  

 

Next, the proliferative responses to the homologous regions on the VP1 of RV-A and 

RV-C were examined by comparing the RS of RV-A peptides relative to the RV-C 

immunodominant regions (C1*, C2*, C3*, C4*) (Table 3.1) and the RV-C peptides 

relative to the RV-A immunodominant regions (A1*, A2*) (Table 3.2). Because the 

VP1 protein of the RV-C3 is 12 amino acids shorter than the VP1 of RV-A34, mainly 

due to a major deletion around the C2 and A1* regions, the peptide numbers for RV-A 

and C are not directly related. Figure 3.2 shows the amino acid position and peptide 

numbers on the protein of both RV-C and RV-A relative to the immunodominant A and 

C regions, following VP1 alignment of the A34 and C3. The pairwise sequence identity 

between the epitopes and their interspecies homologues showed low to moderate 

identity, being lowest for the RV-C epitopes (Figure 3.2): The pairs C1/C1*, C2/C2*, 

C3/C3* and C4/C4* had 45%, 15%, 30% and 30% identity, respectively, while the A1 

and A2 had 60% and 50% respectively, with the RV-C counterparts. 
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Figure 3.2 RV-A and RV-C immunodominant peptides as species-specific T-cell epitopes. Alignment of the VP1 capsid protein of RV-A34 and RV-C3. The 

two RV-A immunodominant regions A1 and A2 and the four RV-C immunodominant regions C1, C2, C3 and C4 are highlighted in green and purple, 

respectively. Corresponding RV-A immunodominant regions A1* and A2* in the VP1 of RV-C and corresponding RV-C immunodominant regions C1*, 

C2*, C3* and C4* in the VP1 of RV-A are highlighted in blue. Peptide numbers and amino acid positions are indicated in the figure. Identical amino acids 

within regions are marked in bold and percentage of sequence identity between immunodominant regions and their homologues is indicated between 

brackets. 
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As the immunodominant regions were formed by a variable number of peptides (from 

one single peptide to three consecutive overlapping peptides), the RS for each region 

was normalised to n=1 (RS region = RS of immunodominant peptides in the 

region/number peptides in each region), for comparison purposes. While the RV-A 

immunodominant regions A1 and A2 presented RS above 1250, the corresponding RV-

C regions A1* and A2* presented RS up to 14 times lower and as low as 10% of 

positive donors to one peptide (RVC-21) in the A1* region (Table 3.1). Similarly, all 

the RV-A regions corresponding to the RV-C immunodominant regions presented RS of 

less than half of the RS threshold used as criteria for immunodominance (Table 3.2). 

Notably, the C1* homologue of the RV-A was unable to stimulate T-cell proliferation 

in any of the donors in the cohort, and presented a RS of zero.  

 

Given the distinct positions of the immunodominant A and C regions in the VP1 of RV-

A and RV-C and the low correlation of the magnitude of response between 

immunodominant regions and the homologue regions in the VP1 of the other genotype, 

we conclude that the T-cell epitopes identified in this study are specific to each 

genotype tested. 

 

3.3.2.2 Intra-species analysis: RV epitopes as species representative 

To examine if T-cell epitopes were in regions that would be representative of all or most 

of genotypes of each species, the intra-species identity was analysed by comparing the 

amino acid sequence of the immunodominant regions A1 and A2 of the RV-A34 and 

C1, C2, C3 and C4 of RV-C3 to the same segments of the VP1 protein from a 

representative sample of 20 genotypes of each species (Figure 3.3). Genbank access 

numbers and phylogenetic tree for selection of the 20 genotypes for each RV species are 

provided in Appendix Table App B.3. and Appendix Figures B.1 and B.2., respectively. 
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Table 3.1 RV-A immunodominant peptides as species-specific T-cell epitopes. Reactive 

Score of each RV-A immunodominant peptides and corresponding peptides in the VP1 of 

the RV-C. RS and percentage of positive donors below the selection threshold for immune-

dominance are highlighted in red. 

 

 

 

Table 3.2 RV-C immunodominant peptides as species-specific T-cell epitopes. Reactive 

Score of each RV-C immunodominant peptides and corresponding peptides in the VP1 of 

the RV-A. RS and percentage of positive donors below the selection threshold for immune-

dominance are highlighted in red. 
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Shaded areas indicate motifs that are fully conserved within the 20 genotypes analysed 

for each species. The ClustalW identity matrix shows a high degree of amino acid 

identity amongst the 20 RV-C genotypes when compared to RV-C3, ranging from 70 to 

100% identity across the RV-C regions C1, C3 and C4, while C2 had a low degree of 

identity (50 - 95%) (Figure 3.3B). RV-A genotypes had high similarity scores in the A1 

and A2 regions in relation to RV-A34, ranging from 85 to 100% (Figure 3.3A). 

 

Figure 3.3 Intra-species analysis of the immunodominant T-cell epitopes of RV-A and RV-

C. Comparison of amino acid sequence of segments of the VP1 capsid protein from A34 

and C3 (top row) to a representative sample of 20 genotypes from RV-A and RV-C 

species. A. Immunodominant regions A1 (peptides RVA-23, 24, 25) and A2 (peptides 

RVA-48, 49). B. Immunodominant regions C1 (RVC-7), C2 (RVC-16), C3 (RVC-32) and 

C4 (RVC-40, 42). Dark shaded areas indicate fully conserved motifs between the 

genotypes tested. Alignment by ClustalW and identity plot generated in MacVector.  
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With the exception of C2, all the immunodominant RV-A and RV-C regions presented 

conserved motifs of 3 to up to 11 amino acids between the genotypes analysed within 

each species. The conserved motifs seemed to be equally spread in the RV-A regions 

formed by more than one immunodominant peptide, while the RV-C region C4 

presented a high degree of similarity amongst RV-C genotypes particularly at the N-

termini end, where the first of the two overlapping peptides forming this region (RVC-

40, RVC-42) is located (Figure 3.3B).  

 

3.3.2.3 Inter-species analysis: RV epitopes as species-specific 

The alignment of the full-length VP1 protein of RV-A34 and RV-C3 to a sample of five 

genotypes of each species provides insights into inter-species homologies and 

disparities (Figure 3.4). Shaded areas indicate regions that are fully conserved across the 

twelve RV-A and RV-C genotypes analysed. The ten boxed regions indicate previously 

described conserved motifs between 101 RV-A and RV-B prototype strains (Laine et 

al., 2006) from which, the six regions marked by red boxes indicate regions that had 

RV-C specific amino acid substitutions (Lau et al., 2007). Of interest, three of the four 

RV-C immunodominant regions (C1, C3 and C4) are located in regions presenting 

species-specific amino acid substitution and one (C2) is located in the region that had a 

major species C-specific amino acid deletion (Figure 3.4). 
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Figure 3.4 Inter-species analysis using ClustalW alignment of the VP1 capsid protein of 

RV-A34 and RV-C3 to a sample of five RV-A and RV-C genotypes from each species. 

Shaded areas indicate fully conserved amino acids between the twelve RV-A and RV-C 

genotypes analysed. The ten boxed regions indicate conserved motifs across 101 RV-A and 

RV-B prototype strains. Red boxes indicate regions that underwent RV-C species-specific 

amino acid substitutions, which are highlighted in red. The RV-C and RV-A 

immunodominant regions C1, C2, C3 and C4 and A1 and A2 are indicated above and 

below each RV-C3 and RV-A34 sequences, respectively. 
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3.3.3 Magnitude of RV-A and RV-C T-cell response in healthy adults 

The magnitude of T-cell proliferation between each species was compared by 

calculating the mean SI of the peptides belonging to each immunodominant region of 

each species (Figure 3.5A) and by comparing the mean SI of the combination of the 

peptides for all the immunodominant regions of RV-A and RV-C (Figure 3.5B). No 

statistical difference was found when comparing the magnitude of response between 

regions of the same or different species (Figure 3.5A); Furthermore, proliferation to 

RV-A and RV-C was comparable, with a mean SI of 2.5 and 2.3, respectively (Figure 

3.5B).    

 

Figure 3.5 Magnitude of T-cell response against rhinovirus A34 and C3 in a cohort of 

healthy adult donors. A. Magnitude of response by immunodominant RV-A (A1, A2) and 

C (C1, C2, C3, C4) regions, given by the stimulation index (SI) of each donor per peptide 

in each region showing no statistically significant difference in magnitude of response 

between regions B. Comparison of the magnitude of T-cell response against RV-A and C, 

given by the SI of peptides in all immunodominant regions. Mean with 95% confidence 

interval are indicated.  A P value <0.05 was considered significant. ns= non-significant.  

 

3.3.4 Activated and proliferating RV-specific T-cell subsets  

For the analysis of the T-cell subset to respond to the RV-A and RV-C peptides, the 

immunodominant peptides were combined into two pools: Pool A: RVA-23, RVA-24, 

RVA-25, RVA-48, RVA-49 and Pool C: RVC-7, RVC-16, RVC-32, RVC-40, RVC-42 

(see 2.1.8.2) to stimulate PBMCs of 3 donors from our cohort, that were previously 
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positive to the selected individual peptides. The stimulation index (SI) of activated 

(HLA-DR
hi

) and proliferating (CellTrace
dim

) cells indicates that CD4+ is the cell subset 

that predominantly responds to both RV-A and RV-C pools of peptides (Figure 3.6). 

Although not statistically significant, the mean SI of the proliferating CD4+ subset 

stimulated with the pool RV-A and RV-C was two times higher than the respective 

CD8+ subset. The specificity of the T-cell response is demonstrated by the lack of 

response to the control peptide antigen PhoMal.  

 

Figure 3.6 T-cell subset responding to pooled RV-A and C peptides, defined by the 

activated T-cells and proliferative capacity. Representative sample of 3 donors that were 

previously positive to individual immunodominant peptides. Values given as Stimulation 

Index (SI) and bars represented as Mean±SEM. A. T-cell activation of CD4+ vs. CD8+ 

subsets, given by CD4+HLA-DR
hi

 and CD8+HLA-DR
hi

. B. Proliferation of T-cell subsets, 

given by CellTrace
dim

. The pool of the irrelevant peptide antigen PhoMal was used as 

control for non-specific proliferation. The mean SI of the proliferating CD4+ subset 

stimulated with the pool RV-A and RV-C was two times higher than the respective CD8+ 

subset, although this was not statistically significant. No statistical differences were found 

within and between CD4+ and CD8+ activated/proliferating subpopulations.      

 

 

3.3.5 Total and specific IgG1 antibody titres to the VP1 of RV-A and C 

Total and specific IgG1 antibody titres against both RV-A (A34) and RV-C (C3) full 

length VP1 protein were measured in the plasma of all 20 donors. All but one donor 

(95%) had antibody binding to the VP1 antigen of RV-A, before the pre-absorption 
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phase (Figure 3.7). Total IgG1 antibody binding to the RV-C antigen was significantly 

lower (p<0.05) with only 65% of binding. Cross-reactive antibody binding between RV-

A and RV-C was removed by pre-absorbing each plasma sample with a mixture of the 

other two RV species before repeating the antibody-binding assay. Specific antibody 

titres to RV-A were detected in 85% of the donors, whilst only 30% of the donors 

presented specific antibody binding to RV-C. The specific antibody titres were 

significantly lower for both RV-A and RV-C when compared to the total antibody titres 

for the same RV genotype. 

 

 

Figure 3.7 Total and species-specific IgG1 antibody titres (ng/ml) to RV-A and RV-C VP1 

antigens for the 20 donors. Geometric mean and 95% confidence interval are indicated. A 

titration of reference sera was included for the quantification of IgG1 binding and a 

negative control was used to determine non-specific binding. Species-specific 

measurements were conducted after pre-absorption of plasma in lysate mixture of E. coli 

producing the other two RV species. Limit of detection 250 ng/ml. A P value <0.05 (*) was 

considered significant. The analyses of total versus species-specific measurements were 

done using paired Wilcoxon test.  

      

Total and specific antibody titres in relation to the number of immunodominant peptides 

recognised (n° IDPR) by each donor are summarised in Table 3.3. From the PBMCs of 

the 20 donors tested, 90% and 80% where able to recognise and proliferate in response 

to at least 1 immunodominant peptide out of the 5 selected peptides for RV-A and C, 
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respectively (Table 3.3). There was no correlation between total and specific antibody 

levels to the VP1 protein of either RV-A and RV-C and the proliferative response 

(peptide recognition) to RV peptides observed in this cohort (spearman correlation 

>0.05). For example, from the 12 donors that were able to recognise 3 out of 5 selected 

immunodominant RV-C3 peptides, 8 donors had no specific antibody titre to the VP1 

capsid protein of RV-C3 and 4 of those donors had no total RV-C3 antibodies levels to 

the VP1 either. Regarding the level of total and specific RV-A antibodies, from the 3 

donors that had no RV-A34 specific antibody titres, 2 were able to recognise 4 or more 

RV-A immunodominant peptides (Table 3.3).  

 

Table 3.3 Dissociation of the antibody and T-cell response. RV-A34 and RV-C3 total and 

specific antibody titres in relation to the *Number of Immunodominant Peptides 

Recognised (N° IDPR). Limit of detection for antibody binding titres = 250 ng/ml. 

 RV-A34 VP1  RV-C3 VP1 

 N° 

IDPR* 

Antibody titres  N° 

IDPR* 

Antibody titres 

Donor Total Specific  Total Specific 

Donor 1 3 3516384 1484878  4 94095 250 

Donor 2 1 5821721 1466882  2 508853 30874 

Donor 3 2 368727 231844  5 388393 165655 

Donor 4 1 226870 109900  0 250 250 

Donor 5 5 107634 250  4 250 250 

Donor 6 2 3581873 2075883  2 372962 9776 

Donor 7 1 2113227 595543  1 192928 250 

Donor 8 0 1352545 1084469  0 250 250 

Donor 9 4 2465280 872642  3 922023 17525 

Donor 10 4 3787757 275311  5 2704092 115829 

Donor 11 2 1277902 250  4 1079286 250 

Donor 12 0 276831 70482  3 166044 250 

Donor 13 2 5642914 594465  4 1999424 250 

Donor 14 4 250 250  3 250 250 

Donor 15 1 2980492 1903475  0 336586 250 

Donor 16 3 886743 387095  3 234886 5423 

Donor 17 3 1018200 96553  2 183950 250 

Donor 18 4 819816 291941  4 250 250 

Donor 19 3 1336562 996479  3 250 250 

Donor 20 3 2303032 2401099  0 250 250 

At least 1 IDPR* 90%    80%   

 

* IDPR: Immunodominant peptides recognised  
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3.3.6 HLA typing 

HLA classes I and II molecules have been typed for all 20 donors. CD4+ is the 

preferable T-cell subset to proliferate, via recognition of RV peptides through MHC-II 

molecules; therefore, we focused our analysis on HLA class II molecules. HLA-DQ and 

HLA-DR were targeted in this study for being the most polymorphic loci from the three 

HLA class II molecules (Sidney et al., 2010). 

 

In order to verify if the immunodominant regions are restricted to a specific HLA-DQ or 

HLA-DR haplotype we evaluated the capacity of each HLA haplotype to recognise RV 

peptides through the proliferative response of PBMCs of donors expressing different 

HLA haplotypes. Donors have been divided into subgroups according to their HLA 

haplotype. HLA haplotypes with a frequency equal or higher than three in our cohort 

were analysed as a subgroup; haplotypes that had a frequency of expression of less than 

three were combined into a group (others) and excluded from analysis. Because each 

subgroup had a variable number of donors, each subgroup was normalized to n=4. The 

reactive score (RS) was re-calculated as previously, for each RV immunodominant 

peptide within each HLA-DQ and HLA-DR subgroup. All donors in this cohort, 

independent of their HLA-DQ and DR subtype, responded well to the positive control 

antigens PHA and PPD and no significant differences were observed amongst 

proliferative capacity of the different HLA haplotypes to the control antigens (results 

not shown). RS to individual RV peptides varied widely amongst HLA subgroups and 

donors from different subgroups were able to recognise RV peptides located at different 

regions of the VP1 protein (Figure 3.8).  
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Figure 3.8 Proliferation capacity, measured as Reactive Score (RS) for different HLA-

DQB1* and HLA-DRB1* subgroups. For comparison purposes, the number of donors for 

each HLA subgroup was normalized to 4. Immunodominant peptides are highlighted 

Peptides that reached RS above 30,000 had their individual values plotted with the bar.   
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Figure 3.9 shows the frequency of distribution of HLA-DQ and HLA-DR in our cohort, 

together with a breakdown of the proliferative capacity by immunodominant region of 

RV-A and RV-C per HLA-DQ and HLA-DR subgroups. The intensity of the 

proliferative response to VP1 regions varied amongst donors from HLA-DQ subgroups, 

although all DQ haplotypes were able to recognise all immunodominant regions of both 

RV-A and RV-C (Figure 3.9B).  

In regards to HLA-DR, donors from subgroup DR1 failed to recognise the RV-C 

immunodominant region C3, while region C2 failed to induce proliferative response in 

PBMCs of DR7 donors (Figure 3.9B). Both A1 and A2 regions from RV-A were 

recognised by donors expressing all HLA-DR haplotypes in our cohort.   
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Figure 3.9 Analysis of HLA-associations. A. Frequency of distribution of HLA-DQ and 

HLA-DR in our cohort of 20 healthy donors. Proliferative capacity measured as the sum 

of the reactive score (RS) of 20 donors to RV-A and RV-C immunodominant peptides per 

region, according to HLA-DQ (B) and HLA-DR (C) subgroups. The number of donors in 

each HLA subgroup is indicated on the top y axis of each graph. As the number of donors 

in each HLA subgroup varied, all subgroups have been normalized to n=4, for comparison 

purposes. Arrows indicate regions that failed to induce proliferative response in vitro. 

Percentages of responders (donors from which PBMCs proliferated in response to each 

peptide) are indicated above each column.   
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3.4 Discussion 

T cells play a crucial role in antiviral immunity (Gern et al., 1997), however, our 

understanding of the nature and specificity of the T-cell response against rhinovirus 

(RV) is currently limited. Furthermore, all the studies on RV adaptive response are 

restricted to the RV-A and RV-B species only (Gern et al., 1997; Hastings et al., 1993; 

Hastings et al., 1991). This is the first study to perform epitope mapping on the full 

length VP1 capsid protein of a RV-A and RV-C genotype, and the first to evaluate the 

T-cell response to a genotype of species C. We identified regions in the VP1 of both 

RV-A and RV-C that are immunodominant and capable of promoting effective CD4+ 

proliferation in vitro. Furthermore, the intra-species representative epitopes identified 

allowed for the comparison of the magnitude of T-cell proliferation between RV-A and 

RV-C and are useful tools for the study of T-cell response to the different RV species. 

We demonstrated that in vitro stimulation of PBMCs from healthy adult donors utilizing 

synthetic peptides specific of, and representative from each RV-A and RV-C species 

result in a comparable magnitude of T cell specific proliferation, even in donors that did 

not have specific antibody titres to RV-C. Our results indicate a dissociation of species-

specific antibody response from T-cell response against rhinoviruses.   

 

Despite their overall lack of amino acid sequence identity, rhinoviruses A and C share 

four motifs in the VP1 capsid protein that are highly conserved across all three 

rhinoviruses species (Laine et al., 2006; Lau et al., 2007) and other enteroviruses (Laine 

et al., 2005) (Figure 3.4, black boxed regions). Therefore, synthetic peptides targeted to 

these regions would have the potential to promote broad T-cell response against most 

enteroviruses. However, our results have shown that the RV-A peptides (RVA-9-11, 

RVA-13,14, RVA-29,30 and RVA-38-40) and the RV-C peptides (RVC-9-11, RVC-

13,14, RVC-25,26 and RVC-35,36) located in the four conserved motifs, all presented 
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low immunogenicity, given by their low reactive score. The most plausible reason is 

that well-conserved segments are known to have low immunogenicity, as these regions 

are not under selective pressure (Basta et al., 2014). Our study demonstrates that RV-A 

and C T-cell epitopes are located in very distinct regions of the VP1 protein, that are 

unique for each species.  

 

VP1 alignment of all RV species has shown that genotypes belonging to species C 

present amino acid substitutions in six of the ten conserved motifs amongst all RV 

species (Lau et al., 2007) (Figure 3.4, red boxed regions). Furthermore, species C 

presents major amino acid deletions, especially in the centre of VP1, which shortened 

the protein by an average of 21 residues when compared to VP1 of species A (Basta et 

al., 2014). From the 4 immunodominant RV-C regions identified in this study, three 

(C1, C3 and C4) are located in regions presenting species-specific amino acid 

substitution and one (C2) is located in the VP1 region that had major species C-specific 

amino acid deletions. Our findings on RV-C specific T-cell epitopes provide 

experimental evidence that corroborate with the predictions made on the basis of 

bioinformatics tools (Basta et al., 2014) that suggested that RV-Cs have new, unique 

epitopes, which are well conserved within species C (Basta et al., 2014).  

 

The RV-A immunodominant regions A1 and A2, which are conserved within the RV-A 

species, also share great sequence similarity with RV-B and other enteroviruses (Laine 

et al., 2006; Laine et al., 2005). Previous studies in animal models have identified the 

same two regions as immunodominant in another RV-A genotype (A1A) (Hastings et 

al., 1993). Given the overlapping nature of the peptides in A1, and the increased RS 

observed from RVA-23 towards the RVA-25, it is likely that peptide RVA-25 contains 

the full epitope or possibly multiple epitopes. The C-terminal region of the VP1 capsid 



 

 73 

protein of RV-A, where the immunodominant region A2 is located, is known to contain 

part of the ICAM-1 attachment site in RVs belonging to the major receptor group, and 

peptides target to this region have been able to elicit high antibody titres in animal 

model (Edlmayr et al., 2011; Niespodziana et al., 2011) and promote cross-protection 

amongst other RV-A and B serotypes (Hastings et al., 1993).  

 

The motif “PRPPR” in the C-termini region of A2 is conserved in both RV-A and C 

species but it is unlikely to confer an immunodominant epitope as the RV-C peptide 

RVC-46 also comprises this motif and has a low RS (Figure 3.1).  Therefore, the A2 

epitope is likely to comprise the motif “KAKH” which, although conserved for species 

A, has an amino acid substitution in C, where “A” is substituted by “P”. As the RV-C 

peptides that comprise the motif “KPKH” have a relatively low RS compared to their 

RV-A counterparts, we hypothesise that the amino acid substitution is located in an 

important binding pocket, which would accommodate the 4 side chain residues (P. 

Wang et al., 2008). The same can be observed for the RV-C immunodominant region 

C1, where two species-specific amino acid substitutions, drastically changes the 

immunogenicity of the peptide (refer to RS of peptides RVC-7 and its counterpart 

RVA-7, Table 3.2).  

 

3.4.1 Dissociation of antibody response from T-cell response 

Based on the comparison of specific antibody titres to each of the three rhinovirus 

species, it has been suggested that the increased severity of RV-C in young asthmatic 

children could be the result of a less efficient immune response against species C 

(Iwasaki et al., 2014). One possible explanation suggested for the impaired RV-C 

specific humoral response was a phenomenon known as “original antigenic sin”, which 

was firstly described for influenza viruses (J. H. Kim et al., 2009), and then extended 
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for rhinoviruses (Iwasaki et al., 2013). According to this theory, preceding responses to 

RV-A could be dictating the specificity of the immune response and shifting the 

antibody repertoire towards RV-A and away from RV-C. Our findings on specific T-

cell response to RV-C3 rule out the idea of impaired immune response to the species C, 

and reinforce the suggestion of the “original antigenic sin-like” as an explanation for the 

low specific RV-C antibody levels and possible increased clinical importance of species 

C. 

 

3.4.2 HLA associations 

Three (donors 4, 15, 20) out of the four non-responder for the RV-C immunodominant 

regions failed to recognise any of the 53 RV-C peptides tested (Appendix Table App 

B.5). Two of them (donors 4 and 15) presented HLA-DRB1*08 haplotype (Appendix 

Table App B.2). In addition to these two donors, the DRB1*08 subgroup had one other 

donor (donor 5) which was a high RV-C responder. We hypothesise that DRB1*08 

could work as an inhibitory allele, which, when present, would result in suppressive 

immune response (Gregersen et al., 2006). Similarly, donors expressing the DRB1*01 

and DRB1*07 haplotypes that failed to recognise the RV-C immunodominant regions 

C3 and C2, respectively, could be acting as inhibitory alleles, resulting in low 

recognition of RV-C specific epitopes.  

 

Due to the low number of donors in our cohort, the heterogeneity of HLA haplotypes is 

not fully represented. Furthermore, the limited number of donors in each HLA group do 

not allow for sufficient powered analysis of the responses associated with the different 

HLA haplotypes. Nevertheless, the results presented on Figure 3.9 indicate that there 

appeared to be immune recognition of RV-A and RV-C epitopes by diverse HLA 

haplotypes, therefore HLA restricted recognition does not appear to account for the 
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GWAS associations previously described (Lasky-Su et al., 2012; Moffatt et al., 2010). 

The low association between HLA class II haplotypes and epitope recognition has been 

previously reported for house dust mite allergens in relation to HLA-DQ haplotype 

(O'Brien et al., 1995). 
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3.5 Chapter Summary 

In this chapter, we conducted T-cell epitope mapping of the VP1 capsid protein of 

selected single genotypes of RV-A and RV-C, respectively, in a cohort of healthy adult 

donors. We identified regions in the VP1 of both RV-A and RV-C that are 

immunodominant and capable of promoting effective CD4+ proliferation in vitro. 

Furthermore, the intra-species representative and HLA promiscuous epitopes identified 

allowed for the comparison of the magnitude of T-cell proliferation between RV-A and 

RV-C and are useful tools for the study of T-cell response to the different RV species.  
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CHAPTER 4 OPTIMISATION  

4.1 Introduction 

As presented in the previous chapter, with the aim of identifying suitable peptides to be 

used as tools for the study of adaptive immune response to RVs in vitro, we conducted a 

large epitope mapping study of the VP1 capsid protein of selected single genotypes of 

RV-A and RV-C, respectively (Chapter 3). The experiments utilised the 
3
H-thymidine 

incorporation assay (see 3.2.3) for evaluation of T-cell proliferation in response to a 

library of rhinovirus synthetic peptides (see 2.1.1.1). This resulted in the identification 

of immunodominant peptides, that upon phylogenetic analysis, were found to be 

specific to and representative of each RV-A and RV-C species (Chapter 3). For the 

epitope mapping study, seven 96-well plates cultured with PBMCs from each of the 20 

donors were needed, in order to test all 110 rhinovirus peptides individually, in 

triplicate. Therefore, the thymidine assay provided a less expensive and easy-to-handle 

technique when dealing with a large number of samples. This is a relatively simple 

technique and follows a well-established protocol in our laboratory. In the next phase of 

the project (Chapter 5), the immunodominant RV peptides identified in the epitope 

mapping study (see 2.1.1.3) will be utilised as tools in the first study to attempt to 

characterise RV-specific adaptive response against RV-A and RV-C in a childhood 

cohort, including children that have been hospitalised with acute lower respiratory 

illness (LRI), predominantly due to rhinovirus infections. 

The study of the in vitro adaptive response, however, imposes some challenges: firstly, 

as described above, and especially for the study of RV-specific adaptive response, the 

lack of representative RV-C antigens has hindered advances in the field; second, in vitro 

experiments could potentially carry confounding variables, such as non-specific 
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stimulation signals that could cause bystander T-cell proliferation; and thirdly, the 

extremely low frequency (well below 1%) of which antigen-specific memory T cells are 

present in peripheral blood (Bacher & Scheffold, 2013) makes it difficult to detect; this 

is particularly important as an even lower number of antigen-specific T cells might be 

found in the peripheral blood of children. Therefore, the study of adaptive immune 

response and antigen-specific T cells involve the detection of rare events, which 

demands a highly specific and highly sensitive method, with a well-optimised protocol.   

Few methods are currently available for the detection and quantification of proliferative 

response in vitro: BrdU or 
3
H-thymidine incorporation (as used in the epitope mapping 

assay Chapter 3), which measures the uptake of labelled precursors into DNA during S 

phase, the detection of the cell proliferation marker Ki-67 (Palutke et al., 1989), and 

analysis of propidium iodide (PI)-labelled cells (Palutke et al., 1987). Although 

effective in reporting kinetics of proliferation and overall mitotic profile of a cell 

population, these methods do not provide information about single cell profile, number 

or frequency of cell divisions. 

Multi-parameter flow cytometry is a powerful tool for the study of adaptive response 

(O'Donnell et al., 2013) and has become the method of choice for the detection of 

antigen-specific T cells  (Bacher & Scheffold, 2013; De Rosa et al., 2003; Waldrop et 

al., 1997). Because it is based on individual cell measurements and since it can acquire 

high event numbers (some 10
6 

events per scenario), it can accurately detect target 

events, even at low numbers. One flow cytometry methodology, which involves the 

labelling of specific T-cell receptors (TCR) by utilising MHC-peptide multimers, such 

as MHC I and II tetramers, is being currently used in the study of antigen-specific 

CD4+ T helper and CD8+ T cytotoxic lymphocytes (Altman et al., 2011; James et al., 

2007; Yang et al., 2013). However, the use of tetramers requires previous knowledge of 

the MHC haplotype of each study participant in addition to the T-cell epitope that the 
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MHC recognises; information that would not be available for the childhood cohort. The 

most widespread flow cytometer methodology for the study of antigen-specific immune 

responses explores the utilisation of cell markers, by combining linage markers with 

markers of T-cell activation, providing a detailed phenotypical and functional 

characterization of antigen-specific cells within the target cell population. 

Detection of numerous co-stimulatory molecules expressed on the surface of activated 

lymphocytes have been commonly used as markers of T-cell activation. Activation 

markers include receptors such as chemokine and cytokine receptors, adhesion 

molecules, co-stimulatory molecules and MHC-class II proteins. Different markers are 

upregulated at each stage of the T-cell activation; for example, CD69 and the member 

of the TNF-receptor superfamily CD154 are expressed on the surface of CD4+ and 

CD8+ T cells in the first hours after antigen stimulation and constitute the immediate or 

early T-cell activation markers; the cell surface iron transport receptor CD71, the 

interleukin receptor alpha chain CD25 and another member of the TNF-receptor 

superfamily CD95 are upregulated after 24 to 48hs post-stimulus and their expression 

continues to rise and is maintained for several days, providing markers of mid to late-

activation phase; and the Inducible T-cell COStimulator (ICOS) from the CD28-

superfamily, together with MHC class II molecules, such as HLA-DR, HLA-DQ and 

HLA-DP, are observed to be upregulated only after 3 to 5 days post-stimulus, and are 

ideal markers for late to very late CD4+ and CD8+ T-cell activation (Caruso et al., 

1997; Ferenczi et al., 2000; Kestens et al., 1992; Shipkova & Wieland, 2012). These 

markers can be utilised alone, but are often combined, providing additional accuracy in 

the distinction between resting and activated effector and memory T cells (Mahnke et 

al., 2013). 

More recently, since its first description in 1994 (Lyons & Parish, 1994), in addition to 

the cell surface markers for activation, cell-tracking proliferation dyes, such as eFluor 



 80 

670 (CPD, 647/670 nm) and  Carboxyfluorescein diacetate succinimidyl ester (CFSE, 

492/517 nm), have been successfully used for detection and monitoring of cell 

proliferation in vitro and in vivo (Quah et al., 2007; Quah et al., 2014; Zolnierowicz et 

al., 2013). The mechanisms from which these cell-tracking proliferation dye works, is 

that they get diffused into the cells, where they are cleaved by intracellular esterases to 

yield a high fluorescent compound. This compound covalently binds to intracellular 

amines, resulting in a stable fluorescent staining, while the excess unconjugated 

reagents diffuse to the medium and are washed out. Upon stimulation, each cell division 

provides successive halving of fluorescence, therefore, cell proliferation can be 

monitored utilising flow cytometry assays for up to 11 cell divisions, before the 

fluorescence decrease to undetectable background levels (Quah & Parish, 2012). 

Amongst them, the CFSE-like dye CellTrace
TM

 Violet (CTV, 405/450nm) is excited by 

violet emissions, which leaves the most utilised fluorescence channels (i.e. fluorescein 

channel) available to be used with other fluorochromes in the panel, thus presenting the 

advantage of being compatible with most markers utilised in flow cytometry (Quah & 

Parish, 2012). 

In this chapter, we developed a flow cytometer panel comprising a CFSE-like 

proliferation dye (CellTrace
TM

 Violet
 
proliferation kit) in addition to lineage and 

activation markers combined in an eleven-colour flow cytometry panel to characterise 

RV-A and RV-C specific memory CD4, including T regulatory cell subset, and CD8 

phenotypes in PBMCs samples of adults and children, including a clinical childhood 

cohort. 

Described below, are a number of experiments performed in order to obtain optimal 

results with the selected panel. In particular, the CellTrace
TM

 Violet proliferation dye 

required numerous optimisation steps in order to obtain the brightest, most uniform 

staining distribution with acceptable number of viable cells in culture following 
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labelling. Unless specified, all optimisation experiments have been conducted utilising 

thawed PBMCs from adult donors, which were participants of the epitope mapping 

cohort. In addition, a detailed description of issues encountered when using different 

purities of rhinovirus synthetic peptides is also provided below, in section 4.2.1 
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4.2 Optimisation Methods & Results 

4.2.1 Synthetic peptides 

From the initial 110 RV peptides screened in Chapter 3, 10 were identified as 

immunodominant epitopes. A second order was placed with Mimotopes for 6 of the 10 

immunodominant peptides (see 2.1.1.2) at a high purity range (>90%) for use in the 

flow experiments in the clinical study with the childhood cohort (Chapter 5). For 

reproducibility purposes, upon arrival the new high purity peptides were treated in the 

same manner in terms of solubilisation and storage as the previous mid purity peptides. 

The T-cell proliferation assay was repeated in PBMCs of 3 adult donors that were 

previously positive to at least 4 out of the 6 mid purity peptides as part of the epitope 

mapping study. The results obtained when using mid purity peptides could not be 

replicated when testing the new high purity peptides. Interestingly, the wells stimulated 

with the high purity peptides gave significantly lower stimulation index (SI) readings 

than the background (on average 60% lower), indicating cell death in the presence of 

the new peptides, regardless of the concentration used (peptides were tested up to 13 

times more diluted than those used previously in the epitope mapping assays). Upon 

consultation with Mimotopes, it was confirmed that mid and high purity peptides were 

synthesised and purified using different methods; the purification of the high purity 

peptides required the use of Trifluoroacetic acid (TFA), which is a strong acid used to 

remove the t-butoxycarbonyl protecting group present during the synthesis phase. This 

was most likely to be the cause of the high pH found in the stock solutions of the new 

peptides, which compromised the cell culture media and resulted in toxicity to the cells 

in the in vitro cultures. 

New mid purity peptides were ordered as part of a new Pepset (see 2.1.1.3) and 

synthesised as per the initial peptides used in the epitope mapping assays, with one 
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exception; peptide RVC-32 originally ended with a glutamine (“Q”) at the N-termini 

end, and therefore could be causing pyroglutamic acid formation (Y. D. Liu et al., 

2011), resulting in false positive proliferative response for that peptide during the 

epitope mapping study. The third batch of peptides comprised a new version of RV-

C32, which had one amino acid deletion in the C-terminal end, and an addition of the 

following two amino acids of the VP1 protein towards the N-terminal end, in order to 

move the glutamine away from the N-termini of the peptide (see Table App A.1 and 

Table App A.3 in Appendix). An experiment comparing both original and modified 

RVC-32 peptides showed no difference in proliferative response in vitro using cells of 

three adult donors that were previously positive to the original RV-C32 peptide (results 

not shown), indicating that the epitope is probably located in the centre of the peptide 

and has not been lost nor modified by the amino acid changes. The new mid purity 

peptides were accompanied by individual mass spectrometry, which attested the purity 

profile of each peptide in the Pepset (see Figure App.A.2 in Appendix that shows mass 

spectrometry for RV-C16, one of the ten immunodominant peptides tested in the 

children’s assays).  

 

4.2.2 Flow cytometry optimisation: titration experiments 

The optimisation experiments described below identified the lowest concentration of 

each fluorochrome, and ideal experimental conditions that provided an optimal signal 

during the flow cytometry assays. The optimised protocols resulting from these 

experiments can be found in Chapter 2 (see 2.2.5 for final flow cytometry protocols).   
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4.2.2.1 Fixable Viability Stain: FVS 

Thawed PBMCs (see 2.2.2.4) were stimulated with PHA (see 2.1.8.3) for 5 days at 

37°C and 5% CO2. At the end of the incubation period, cultured wells were pulled 

together and divided into two aliquots; one aliquot was incubated at 65°C for 15 min in 

order to obtain a population of dead cells. Live and dead cells aliquots were then 

combined prior to staining with Fixable Viability Stain (FVS) (see 2.2.5.2) following 

manufacturer’s recommendation at 1:1,000 and at additional dilutions of 1:5,000 – 

1:10,000 – 1:20,000 – 1:30,000. Flow acquisition was conducted as described (see 

2.2.5.5). The optimal dilution for the FVS stain was defined at 1:20,000 (Figure 4.1). 

 

Figure 4.1 Fixable Viability Stain (FVS) titration. Concentrations titrated: 1:1,000 – 

1:5,000 – 1:10,000 – 1:20,000 – 1:30,000. Optimal dilution set at 1:20,000. 

 

4.2.2.2 Lineage markers: CD3, CD4, CD8, CD19, CD20, CD127  

PBMCs were thawed (see 2.2.2.4) and labelled with FVS viability stain (see 2.2.5.2) 

prior to staining with individual lineage markers (see 2.2.5.3) at BD’s recommended 

concentration and 2- to 3-fold above and below. Flow sample acquisition was conducted 

(see 2.2.5.5) and stain index was calculated for each lineage marker at each 

concentration tested. Figure 4.2 illustrates the titration results of the lineage marker 

CD3, as an example. Figure 4.2 (A) shows the overlaid APC-H7 fluorescence intensity 

for the different concentrations tested, and the arrow indicates the 1:40 dilution. 
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As shown in Figure 4.2 (B), as the concentration of the CD3 antibody increases above 

1.25 μg/ml, the stain index (StI) decreases, due in part to the increase in the background 

caused by non-specific staining. At concentrations below 0.8 μg/ml, the StI decreases 

because the antibody is no longer at a saturating concentration. Thus, the chosen 

concentration for the lineage marker CD3 was 1.25 μg/ml. The same rationale was 

applied for the other lineage markers. Table 4.1 shows a complete list of optimised 

concentrations for all the lineage markers used. StI was calculated as the difference 

between positive and negative peak medians divided by the spread of the negative peak.  

 

Figure 4.2 Example of a titration experiment analysis: Titration of lineage marker CD3 

conjugated with APC-H7. Concentrations titrated: 1:20 – 1:40 – 1:60 – 1:80. A. 

Fluorescence intensity overlaid for each concentration tested. B. Stain Index of the 

different CD3 concentrations tested. Optimal concentration of CD3/APC-H7 following 

titration experiments is 1.25 μg/ml. 

 

4.2.2.3 T-cell activation markers: CD25, HLA-DR, ICOS-I 

A time course experiment was conducted in order to define the best time point for 

detection of RV-activated T cells using the mid to late T-cell activation makers CD25 

and HLA-DR and the co-stimulatory molecule ICOS-I. Thawed PBMCs (see 2.2.2.4) 

were stimulated with either one of the pools of rhinovirus peptides, Pool A or Pool C 
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(see 2.1.8.2), or with the positive control antigen SEB (see 2.1.8.3) for 3, 4, 5, 6 and 7 

days at 37°C and 5% CO2. At the end of each incubation day, cells were stained with 

viability stain (see 2.2.5.2) prior to staining with antibody cocktail (see 2.2.5.3) 

containing the lineage markers at optimal concentration (see Table 4.1) and activation 

markers at BD’s recommended concentration. Compensation controls and sample 

acquisition were conducted as described (see 2.2.5.4). Following gating on 

lymphocytes/singlets/live cells/CD3+/CD4+ or CD8+ the percentage of cells expressing 

the pair of activation markers CD25 and HLA-DR and the co-stimulatory molecule 

ICOS-I was compared for each time point (Figure 4.3). Although the expression of 

activation markers could already be seen from day 3, in both unstimulated and RV-

stimulated cells, the difference between background activation and RV-specific 

activation was more prominent at day 6. Overall, day 6 incubation period was identified 

as the best time point for detection of RV-activated CD4+ and CD8+ cells. 

 

Figure 4.3 Time course of T-cell activation markers. PBMCs were stimulated with 

rhinovirus Pool A, Pool C or unstimulated and percentage of CD4+ and CD8+ expressing 

CD25+HLA-DR+ and ICOS+ at days 3 to 7 were compared. Day 6 was chosen as the best 

time point for detection of RV-specific activated CD4+ and CD8+ cells. 
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Following identification of the best stimulation period, activation markers were titrated 

and results analysed as described above for the lineage markers (see 4.2.2.2). Table 4.1 

presents a complete list containing all the lineage and activation markers and their 

optimised concentrations. 

 

Table 4.1 Optimal antibody concentrations following titration experiments 

 

Antibody 

 

Colour Optimal Dilution Optimal Concentration (μg/mL) 

CD3 APC-H7 40 1.25 

CD4 FITC 10 5.00 

CD8 PE-Cy7 60 0.80 

CD19 PerCP-Cy5.5 5 1.00 

CD20 PerCP-Cy.5.5 5 2.00 

CD127 BV786 40 2.50 

CD25 PE 20 0.60 

HLA-DR PE-CF594 20 2.50 

ICOS-I BV650 20 2.50 

 

* Dilution from stock solution as provided by supplier. 

4.2.3 Flow cytometry optimisation: CellTrace
TM

 violet proliferation dye  

The CFSE-like CellTrace
TM

 Violet proliferation dye was optimised for: (1) presence of 

HI-FCS in the PBS labelling media, which is suggested to provide a protective effect 

against the proliferation dye (2) labelling time and (3) concentration of dye.  

Thawed PBMCs (see 2.2.2.4) were labelled with CellTrace
TM

 Violet proliferation dye 

(see 2.2.5.1) diluted in PBS alone or in PBS supplemented with 10% HI-FCS at 5 μM 

final working concentration for 5 or 20 min, protected from light. Labelled cells were 

then seeded in 96-well plates and stimulated with the positive control antigen SEB (see 

2.1.8.3) for 3 days at 37°C and 5% CO2. At the end of incubation period, cells were 

stained with viability stain (see 2.2.5.2) prior to staining with antibody cocktail (see 

2.2.5.3) containing the lineage markers CD3, CD4, CD8 and CD19/CD20 at optimal 
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concentrations (see Table 4.1). Compensation controls were acquired prior to running 

samples (see 2.2.5.4). Sample acquisition was conducted as described (see 2.2.5.5). 

(1) Although there was an expected 1.3-fold decrease in the percentage of viable cells 

(FVS
dim

) in the cell group labelled with CellTrace
TM 

(bottom row) compared to the cell 

group that did not receive CellTrace
TM

 treatment (top row), no difference in cell 

viability was observed between the cell group labelled with CellTrace
TM

 using PBS 

supplemented with 10% HI-FCS (right plot) and the group that was labelled using 

CellTrace
TM 

in PBS alone (left plot, Figure 4.4). (2) However, the majority of cells 

treated with CellTrace
TM

 for 20 min (in PBS alone or supplemented with HI-FCS) were 

dead (frequency of live CD3+ lymphocytes of only 30%). Therefore, future experiments 

were conducted using PBS alone as labelling media, and time of labelling of 5 min to 

avoid excessive cell toxicity caused by the CellTrace
TM

 dye.   

 

Figure 4.4 CellTrace
TM

 labelling optimisation experiment. PBMCs stimulated with SEB 

for 3 days. Top row: cell group that did not receive CellTrace
TM

 treatment; Bottom row: 

CellTrace
TM 

labelled cells (5 μM final concentration). Left column labelling conducted 

using CellTrace in PBS alone; Right column labelling conducted using CellTrace in PBS 

supplemented with 10% HI-FCS.   
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Next, the concentration of CellTrace
TM

 was optimised in a titration experiment, in order 

to find the lowest concentration that gives an effective labelling with well-defined and 

spread peak signals. Thawed PBMCs were labelled with CellTrace
TM

 at 0.25 μM, 0.5 

μM, 1 μM, 2 μM, 3 μM, 4 μM and 5 μM final working concentration in PBS for 5 min 

protected from light, prior to stimulation with SEB for 3 days as described above. Cells 

were then stained for viability and lineage markers and flow events acquired as 

previously. After gating on viable CD3+ lymphocytes, the intensity and spread of 

CellTrace
TM

 peaks were evaluated in cells labelled with different concentrations of the 

dye. In Figure 4.5, each peak of CellTrace
TM

 (blue) represents successive generations of 

cells stimulated with SEB for 3 days. The peak outlined in orange, far to the right, 

represents CellTrace
TM

 labelled PBMCs that did not receive stimulus, and the peak far 

to the left, outlined in red, represents cells that did not receive CellTrace
TM

 treatment 

prior to stimulus with SEB for 3 days. (3) Cells that were labelled with concentrations 

of CellTrace
TM

 below 1 μM presented unresolved peaks and optimal peak resolution 

was obtained in PBMCs treated with the highest concentration of proliferation dye.     

 

Figure 4.5 CellTrace
TM

 labelling optimisation experiment. PBMCs labelled with different 

concentrations of CellTrace
TM

 for 5 min at RT protected from light prior to stimulation 

with SEB for 3 days and cell suspension (PBS only).  
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Following CellTrace labelling optimisation experiments, the optimal labelling 

conditions were defined as: 5 μM working concentration of CellTrace
TM

 diluted in PBS, 

and labelling time of 5 min at RT, protected from light. 

 

4.2.4 Flow cytometry optimisation: FMOs 

Fluorescence Minus One (FMO) controls were used to define optimal gating cut-off for 

the fluorochromes in the context of data spread due to the multi-fluorochrome panel. 

The FMO controls contained all the fluorochromes in the panel, except for the one 

being analysed. FMO’s analysis was carried out utilising PBMCs of a child 

unstimulated or RV-(Pool A) stimulated. Figure 4.6 illustrates the analysis of the FMO 

controls for the T-cell activation markers CD25 and HLA-DR in RV-stimulated cells. 

After gating on lymphocytes/singlets/live/CD3+/CD4+ lymphocytes, the background or 

spilled signal was analysed in FMO’s of both CD25 and HLA-DR markers and 

compared to the signal obtained in the same channel from lymphocytes stained with the 

full panel.  

 

Figure 4.6 Fluorescence Minus One (FMO) controls for the activation markers CD25 and 

HLA-DR showing positive gating CD25
hi

HLA-DR
hi

 in response to RV-A peptides. 
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Having the FMO controls as reference, the final cut-off was defined as High CD25+, 

High HLA-DR+ (CD25
hi

HLA-DR
hi

). 

Figure 4.7 illustrates the analysis of the FMO controls for the co-stimulatory marker 

ICOS-I. After gating on lymphocytes/singlets/live/CD3+/CD4+ lymphocytes, the 

background or spilled signal was analysed in FMOs of both unstimulated and RV-

stimulated cells and compared to the signal obtained in the same channel from 

lymphocytes stained with the full panel. Having the FMO controls as reference, the 

gating for ICOS-I+ cells was set (red line) and the final cut-off was defined as ICOS-I
hi

. 

 

Figure 4.7 Fluorescence Minus One (FMO) control for the co-stimulatory marker ICOS-I 

showing final gating cut-off as ICOS-I
hi

. 

 

During the flow experiments in Chapter 5 a high number of total events will be acquired 

per condition (~ 250,000 events) in order to detect RV-specific T cells. Because these 

are rare events occurring at very low frequency, there was a risk that these events would 

fall within the background activation. To this end, we used stricter gates that allowed 

for the detection of highly antigen-specific activated cells, which we defined as 

CD25
hi

HLA-DR
hi

 (Figure 4.6) and ICOS-I
hi 

(Figure 4.7). 
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4.2.5 Flow cytometry optimisation: gating strategy definition 

In Chapter 3, a flow cytometer experiment was conducted in order to compare the 

frequency of CD4+ and CD8+ T cells that responded to the RV peptides in a sample of 

adult donors from the epitope mapping study. Figure 4.8 illustrates the gating strategy 

utilised in the flow experiment analysis in Chapter 3 by displaying PBMCs of one adult 

donor stimulated with rhinovirus peptides (Pool A) as an example. Lymphocytes were 

gated according to their light scatter properties (SSC-A vs. FSC-A); after exclusion of 

doublets (SSC-W vs. SSC-H / FSC-W vs. FSC-H), the lymphocyte gate was further 

analysed for Live/Dead Fixable Viability Stain uptake to determine live cells (FVS
dim

). 

Following exclusion of B cells (CD19/CD20
dim

, CD3+), CD4+ and CD8+ lymphocytes 

were analysed for proliferation (CellTrace
dim

) and T-cell activation (HLA-DR
hi

). 

 

Figure 4.8 Gating strategy utilised for flow cytometry analysis in Chapter 3, during the 

RV epitope mapping study in adults. After exclusion of doublets, dead and B cells, 

lymphocytes CD4+ and CD8+ were analysed for T-cell activation (HLA-DR
hi

) and 

proliferation (CellTrace
dim

). 
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In Chapter 5 more complex flow cytometry experiments were conducted in a childhood 

cohort in order to analyse and compare the in vitro recall adaptive immunity of healthy 

and LRI-children against RV-A and RV-C peptides. Figure 4.9 illustrates the gating 

strategy utilised in the flow experiment analysis in Chapter 5, by displaying PBMCs of 

one asthmatic child (Case 15) stimulated for 6 days in vitro with the Pool of rhinovirus 

peptides C (Pool C), as an example.  

 

Figure 4.9 Gating strategy utilised for flow cytometer analysis in Chapter 5: RV-response 

in a childhood cohort. After exclusion of doublets, dead and B cells, CD4+ and CD8+ were 

analysed for T-cell activation according to the surface expression of the pair of T-cell 

activation markers (CD25
hi

HLA-DR
hi

), the expression of the co-stimulatory molecule 

(ICOS-I
hi

) and the proliferative response (CellTrace
dim

). nTregs (CD4+CD25
hi

CD127
low

) 

and iTregs (CD4+CellTrace
dim

CD25
hi

CD127
low

) were measured in unstimulated and RV-

stimulated cultures, respectively.  
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In this sample gating, lymphocytes (SSC-A vs. FSC-A) were excluded from doublets 

(SSC-W vs. SSC-H / FSC-W vs. FSC-H) and analysed for Live/Dead Fixable Viability 

Stain uptake to determine live cells (FVS
dim

). After exclusion of doublets, dead (FVS
Hi

) 

and B cells (CD19+/CD20+), only single, live and healthy T cells (FVS
dim

, CD19
-

/CD20
-
, CD3+) were further divided into CD4+ and CD8+ lymphocytes and analysed 

for T-cell activation according to the co-expression of the T-cell activation markers 

CD25
hi

HLA-DR
hi

 and the expression of the co-stimulatory molecule ICOS-I
hi

 and for 

proliferation (CellTrace
dim

). Naturally occurring T regulatory cells (nTreg, 

CD4+CD25+CD127-) and induced Tregs (iTreg, CD4+CellTrace
dim

CD25+CD127-) 

were measured in unstimulated and RV-stimulated cultures, respectively.  

After final gating, the percentage of activated CD25
hi

HLA-DR
hi

 and ICOS-I
hi

 and 

proliferating (CellTrace
dim

) CD4+ and CD8+ T cells, as well as the percentage of 

nTregs and iTregs, was recorded for each condition.  

 

4.2.6 Flow cytometry optimisation: specificity of T-cell proliferation  

The specificity of the T-cell response to the pool of rhinovirus peptides was evaluated 

by comparing T-cell activation and proliferation between cultures stimulated with RV 

peptides and an irrelevant peptide antigen (see 2.1.1.4), which provided a control for 

non-specific T-cell proliferation potentially caused by a synthetic peptide. Briefly, 

thawed PBMCs (see 2.2.2.4) of two adults that presented previous proliferative 

response to the individual immunodominant RV-A peptides (donors 1 and 10) (Table 

3.3) were labelled with CellTrace
TM

 Violet proliferation dye (see 2.2.5.1). Labelled cells 

were then stimulated in vitro with either the pool of RV peptides (Pool A), the positive 

control antigen (SEB) or with a pool of peptides from the irrelevant antigen (PhoMal). 

At day 6, cells were stained for viability (see 2.2.5.2) prior to staining with antibody 



 

 95 

cocktail (see 2.2.5.3) containing the lineage markers CD3, CD4, CD8 and CD19/CD20 

and the T-cell activation marker HLA-DR, at optimal concentrations (see Table 4.1). 

Compensation control beads were acquired prior to running samples in the flow 

cytometer (see 2.2.5.4). Sample acquisition was conducted as described (see 2.2.5.5). 

Following cell population gating (Figure 4.8) the percentage of activated (HLA-DR
hi

. 

Figure 4.10) and proliferating (CellTrace
dim

, Figure 4.11) antigen-specific CD4+ and 

CD8+ cells was compared between unstimulated (background), PhoMal-stimulated 

(non-specific proliferation), RV-stimulated (RV-specific proliferation) and SEB-

stimulated (positive control) groups.  

 

Figure 4.10 Specificity of T-cell activation in the flow cytometry assay. Comparison of 

percentage of activated (HLA-DR
hi

) CD4+ (top) and CD8+ (bottom) cell subsets in PBMCs 

of two adult donors stimulated with either the irrelevant antigen PhoMal (unspecific 

activation), RV-A pool of peptides (RV-specific activation) or the positive control antigen 

SEB. Unstimulated cultures provide background measurements of activated cells. 
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Figure 4.11 Specificity of T-cell proliferation assay. Comparison of percentage of 

proliferating (CellTrace
dim

) CD4+ (top) and CD8+ (bottom) cell subsets in PBMCs of two 

adult donors stimulated with either the irrelevant antigen PhoMal (unspecific 

proliferation), RV-A pool of peptides (RV-specific proliferation) or the positive control 

antigen SEB. Unstimulated cultures provide background proliferation measurements.  

 

 

 

The specificity of the T-cell response is demonstrated by the lack of T-cell activation 

(Figure 4.10) and proliferation (Figure 4.11) in response to the control peptide antigen 

PhoMal above background.  
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4.3 Final Results  

Following optimisation experiments, a final assay aimed to test the detection of antigen-

specific rare events to the study antigen rhinovirus peptides in PBMCs from one 

asthmatic child (Case 13) from the childhood cohort (Chapter 5). Figure 4.12 illustrates 

a flow experiment conducted according to final protocols optimised in this Chapter and 

ultimately described in Chapter 2 (see 2.2.5). Briefly, CellTrace
TM

 labelled PBMCs (see 

4.2.3 for optimisation and 2.2.5.1 for final protocol) were stimulated for a period of 6 

days (defined as optimal incubation period for detection of RV-specific responses 

Figure 4.3) with either Pool A of rhinovirus peptides or SEB and stained with live/dead 

dye (see 4.2.2.1 for optimisation and  2.2.5.2 for final protocol) prior to staining with 

antibody cocktail (see 4.2.2.2 and 4.2.2.3 for optimisation and Table 2.6 and 2.2.5.3 for 

final protocol). Compensation controls, data acquisition and analysis were conducted as 

described (see 2.2.5).  

Figure 4.12 shows the optimal fluorescence peaks of unlabelled and CellTrace
TM

 

labelled PBMCs gated on CD4+ subset, either unstimulated or SEB and RV-stimulated. 

 

Figure 4.12 Optimised flow cytometer experiment tested in PBMCs of one child. Optimal 

fluorescence peaks for CellTrace
TM

 labelled PBMCs, unstimulated or stimulated with 

rhinovirus Pool A or SEB for 6 days are shown. 
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Six proliferation peaks could be easily resolved in PBMCs stimulated with SEB for 6 

days (Figure 4.13 middle plot).  

 

Figure 4.13 Successful detection of CD4+ proliferation peaks in PBMCs of one child 

stimulated with Pool A of rhinovirus peptides or SEB as positive control.  

 

As expected for the detection of rare antigen-specific T cells, especially in cultures 

receiving no extra co-stimulus (i.e. IL-2) apart from the RV-specific peptide-antigens, 

the frequency of cell proliferation in response to the pool of rhinovirus peptides was 

low, therefore individual proliferation peaks could not be resolved (Figure 4.13 left 

plot). However, a small, yet well-defined peak can be visualised around peak 6 (Figure 

4.13 right plot), confirming successful detection of RV-specific T-cell proliferation in 

PBMCs of an asthmatic child, part of the childhood cohort (Chapter 5). 
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4.4 Discussion 

In this chapter we aimed to develop a flow cytometry methodology capable of detecting 

RV-specific T cells in CD4+, including T regulatory cells, and CD8+ T cell subsets. 

Different protocols within flow cytometry can be applied for this purpose by providing 

different aspects of information of the target cell populations: (A) Direct staining of T-

cell receptor with tetramers, provides accurate frequency of antigen-specific events 

(Altman et al., 1996); (B) Measurement of intracellular cytokines (Waldrop et al., 1997) 

and (C) Extracellular secreted cytokines (Brosterhus et al., 1999) offer information 

about the functionality of the target T cells; (D) Detection of T-cell activation markers, 

provides a phenotype of activation (Schwenk et al., 2013) and (E) Detection of antigen 

induced proliferation identifies antigen-specific cells that are functionally activated 

(Lyons & Parish, 1994). Although precise, the detection of antigen-specific T cells by 

tetramers requires previous knowledge of donor’s HLA haplotype and the measurement 

of extracellular cytokines secreted by such a small number of antigen-specific T cells 

does not allow for the analysis of the phenotypic profile of the responding T cells. 

Tetramer methods also usually require a large cell culture, creating a limitation when 

conducting studies in children, from which only few millilitres of blood (~5 mL as 

opposed to 100 mL from adult donors) can be collected.  

 

In an attempt to detect extracellular cytokines in our cultures, cell culture supernatants 

from PBMCs of a sample of children diagnosed with lower respiratory illness (LRI-

cases) and healthy control children, stimulated with either RV-A or RV-C pools of 

rhinovirus peptides for 6 days, as part of our clinical study in children (Chapter 5), were 

collected and stored at -20°C. These samples were then tested for interleukin (IL-6, IL-

8), interferon (IFN-γ) and tumour necrosis factor (TNF) in a Bio-Plex
®
 Multiplex bead-

based Immunoassay, as part of a panel of cytokines that was being carried out for 
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another project in our laboratory. As expected, all readouts, apart from IL-6 that 

presented two marginally positive readings for two LRI-children stimulated with RV-A 

peptides, were below the detectable limit of the assay. The measurement of intracellular 

cytokine stain could have been used as an alternative. However, in addition to the 

limited cell numbers available, the intracellular staining would require cell 

permeabilisation, which can add considerable background noise to the flow analysis. 

 

Therefore, the characterisation of antigen-specific T cells in our study was carried out 

by combining the detection of T-cell activation markers with measurement of antigen-

induced cell proliferation, which we shown in this chapter to be an accurate and 

sensitive methodology for the in vitro detection of RV-specific T cells in samples of 

both adults and children.  

 

4.4.1 Flow panel design & selection of biomarkers 

The formation of an effective and functional adaptive response comprises a complex set 

of events, which starts with the priming of naïve T cells by the specific recognition of 

cognate antigen peptides presented by MHC molecules to the T-cell receptor (TCR); 

following expansion of the effector cell population (proliferation) and resolution of 

infection, the final contraction (apoptosis) will result in few surviving cells, deriving a 

small antigen-experienced memory T-cell population. Upon second antigen exposure, 

antigen-experienced memory T cells are reactivated giving origin to secondary effector 

T cells that initiate the recall of the antigen-specific T-cell response. The recall response 

requires lower doses of antigen stimulation and is faster and more efficient than the 

primary response (Lauvau & Soudja, 2015; McKinstry et al., 2008; Swain et al., 2012).  

During the recall of a memory T-cell response, newly activated secondary effector T 

cells express high levels of memory T-cell activation receptors followed by the 
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generation of co-stimulatory signals, given by either a soluble factor (i.e. IL-2) or by the 

interaction between co-stimulatory molecules on the surface of antigen-presenting cells 

(APCs) and its ligands on the T-cell surface (i.e. ICOS/B7 interaction) (L. Chen, 2013; 

Schmitt et al., 2014). Together, activation and co-stimulation signals promote functional 

secondary effector T-cell activation and proliferation (Figure 4.14).  

 

 

Figure 4.14 A. Activation of memory T cells: (1) Antigen-specific T-cell activation through 

TCR/antigen-peptide interaction; (2) Co-stimulatory signal generated by an antigen 

presenting cell through ICOS/B7 interaction. B. Flow panel design: Activation and co-

stimulatory markers in combination with a cell proliferation dye to track the progress of 

an antigen-specific T-cell response. 

 

Cell proliferation occurs only a certain period of time after cells have been activated. In 

fact, the existence of activated T cells that are unable to undergo proliferation has been 

reported, especially during the early phase of T-cell stimulation or in the presence of a 

weak stimulus (Caruso et al., 1997; Salvadori et al., 1991). As the in vitro stimulation 

From (Bretscher, 1999) 
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utilising synthetic peptides without any added stimuli has a weak stimulatory capacity, 

it was predicted that RV peptides could generate just enough stimulus to activate T cells 

but not enough to effectively promote T-cell proliferation. To this end, we developed a 

flow cytometry panel (Figure 4.14B) that comprises a combination of activation and co-

stimulatory markers, together with a cell tracking proliferation dye, which can track 

each step of the activation process, providing a detailed characterisation of the adaptive 

immune response and a sensitive tool for the detection of the even weakest activated 

cells, that are yet to proliferate. 

 

4.4.1.1 Selection of T-cell activation markers CD25 and HLA-DR 

The detection of T-cell activation markers co-expressed on the surface of activated T 

cells are a useful tool to characterise the early stages of T-cell activation and is suitable 

for the detection of rare antigen-specific T cells (Keoshkerian et al., 2012). Two T-cell 

activation markers have been selected to form our flow cytometry panel: CD25 and 

HLA-DR.  

 

The interleukin-2 receptor alpha chain CD25 is expressed at high levels by T regulatory 

cells – but also by other non-regulatory T cells, especially during an immune response. 

In addition, it has been found that a large proportion of CD4+ and CD8+ memory T 

cells constitutively express CD25 in humans (Herndler-Brandstetter et al., 2005; Triplett 

et al., 2012). The phenotypic prolife CD4+CD25
hi

CD127
low

 has been implemented by 

many authors as a useful sorting alternative to the classic CD4+CD25+FOXP3+ to 

define T regulatory cell subsets, without the use of intracellular biomarkers, as FoxP3+ 

is inversely correlated to CD127 (W. Liu et al., 2006). As an activation marker, CD25 

has been used in conjunction with other cell markers (i.e. CD134 and CD154) to 
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successfully detect rare antigen-specific memory CD4+ T cells such as to the antigen 

peptides of human immunodeficiency virus (HIV), hepatitis C (HCV), cytomegalovirus 

(CMV), influenza virus (Keoshkerian et al., 2012; Zaunders et al., 2009) and memory 

CD4+ T cells following glycol-conjugate vaccines (Fuery et al., 2015). Therefore, in 

our panel the CD25 plays two important roles as a T regulatory cell lineage marker and 

a memory effector T-cell activation marker. 

 

The MHC class II molecule HLA-DR is essential in the antigen peptide presenting 

process and therefore has been utilised as a cell surface activation marker for being 

upregulated in activated T cells, especially in the recall of an antigen-specific memory 

response, during an acute phase of chronic and persistent viral infections in humans 

(Callan et al., 1998; Zubkova et al., 2014). Furthermore, HLA-DR has been used in 

combination with CD38 in studies characterising antigen-specific CD8+ T cells in 

response to Epstein-Barr stimulation, during HIV infection as well as following 

smallpox and yellow fever vaccination (Gonzalez et al., 2016; J. D. Miller et al., 2008). 

In addition, HLA-DR is known to be expressed on the surface of memory, but not 

naïve, T cells (Mahnke et al., 2013), thus providing an alternative marker to be 

implemented in the study of antigen-specific memory T cells, in substitution to the 

classical central and effector memory T-cell markers (i.e. CD45RO, CCR7 and 

CD62L), when a large flow cytometry panel is being conducted. 

 

CD25 and HLA-DR markers were found to have a peak of expression between days 4 

and 8 (Caruso et al., 1997), which is in agreement with our T-cell activation marker 

time course experiments that found day 6 to be the optimal time point for detection of 

RV-specific activated memory T cells (Figure 4.3). The combination of CD25 and 

HLA-DR markers have been successfully used to detect activated T cells in the sputum 
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of COPD patients treated with tiotropium and formoterol (Holownia et al., 2015) and to 

analyse cytokine versus T-cell activation profiles post-stimuli with a number of antigens 

(Reddy et al., 2004).  

 

4.4.1.2 Selection of the co-stimulatory marker ICOS-I  

A co-stimulatory marker, namely ICOS-I, has been suggested as a superior biomarker, 

when compared to the available early-late activation markers, for characterisation of 

effector T cells (Löhning et al., 2003). The main reason behind this statement lies in the 

fact that the detection of upregulated co-stimulatory molecules post-stimuli provides 

insight beyond the first activation signal, indicating that the activation process has 

progressed to the next stage of T-cell activation. The inducible costimulatory molecule 

ICOS-I, upregulated on the surface of activated T cells, binds to its ligand (B7H/B7RP-

1) on the surface of B cells and leads to effective proliferation, cytokine production, T-

cell differentiation and effector functions (L. Chen, 2013; Coquet et al., 2015; Schmitt 

et al., 2014; Wikenheiser & Stumhofer, 2016). In addition, ICOS has proven to be an 

essential co-stimulus for the Th-driven antibody production, functioning as a critical 

regulator of the humoral immunity (Dong et al., 2001; Schmitt et al., 2014; Simpson et 

al., 2010; Tafuri et al., 2001).  

 

In conclusion, the biological basis of the CD25
hi

HLA-DR
hi

 and ICOS-I
hi

 T-cell 

phenotype is that expression of the activation markers HLA-DR and CD25 are critical 

for the activation of memory T cells while the upregulation of the co-stimulatory 

molecule ICOS-I provides a confirmation of progress status of the recall immune 

response. The use of a cell tracking proliferation dye will complete the characterisation 

of a functional T-cell response by accurately detecting antigen-specific memory T-cell 

proliferation. As some of these markers could also be expressed on the surface of B 
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lymphocytes, the B cell lineage markers CD19 and CD20 were used in combination in a 

“dump channel” to exclude B cells from our analysis.  

 

4.4.2 Specificity of developed method 

Aiming at increasing frequency of detection of antigen-specific cells, studies have 

added exogenous co-stimulatory molecules in their cultures, such as CD28 and IL-2, 

either with or without cell culture re-stimulation (Klaus et al., 1994; Matthis & 

Reijonen, 2013; Tesfa et al., 2003). However, in vitro experiments provide only a 

simulation of the host’s immune system, and the use of such co-stimuli could pull the 

simulation even further away from the physiological reality. In order to preserve the 

specificity of our experiments, we opted for utilising the peptide pools as a pure, single 

stimulus, in the absence of co-stimulators and innate immune stimuli, which although 

weak, provide an authentic readout of the type memory cell that was induced in the host 

by previous natural antigen exposure. 

 

During the CellTrace
TM

 optimisation experiments, we tested the utilisation of HI-FCS in 

PBS as labelling media, as it has been suggested to protect cells from the toxic effects of 

the labelling dye (Quah et al., 2007). We could not observe an improvement in cell 

viability (%FVS
dim

) in the cell suspension stained with CellTrace
TM

 in PBS+HI-FCS as 

labelling media when compared to the cell suspension stained with CellTrace
TM

 in PBS 

alone (Figure 4.4). HI-FCS has been reported to induce high background levels of 

activated T cells (Keoshkerian et al., 2012) and in order to avoid non-specific 

activation/proliferation we opted for utilising PBS alone as labelling media for the 

CellTrace
TM

 staining protocol.  
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Issues arising from the use of different purity ranges of synthetic peptides have been 

previously reported in the literature and by internal communication with other 

researchers. In one particular study, 15-mers synthetic peptides, targeted to the HuD 

protein, in two batches at higher purity range (>82% and >95%) were unable to 

reproduce the same T-cell stimulation found when utilising the same synthetic peptides 

at 70% purity range (de Graaf et al., 2008). Mass spectrometry analysis showed the 

presence of a cytomegalovirus encoded peptide as a contaminant. The authors 

recommended critical assessment of T-cell responses after stimulation with synthetic 

peptides and when possible, the positive T-cell response should be confirmed by 

stimulation with peptides at a purity of 95% or higher. We could not replicate the same 

positive results obtained during the epitope mapping assay, which utilised peptides at 

mid purity range (70%) when using the same peptides at a higher purity range (>90%). 

The cytotoxicity found when using the new peptides in culture suggests that the high 

purity batch was unfit for culture purposes. However, in order to fully eliminate the 

chances of possible contamination, which could potentially cause false positive T-cell 

activation, we ordered additional synthetic peptides from an irrelevant antigen (see 

2.1.1.4) as part of our final Pepset
®
. Combined, the outcomes of our experiments 

examining the specificity of T-cell activation utilising the irrelevant antigen PhoMal 

representing antigens of a deep sea bacterium (see 4.2.6 and Figure 3.6), with the mass 

spectrometry analysis provided for each individual peptide (see Appendix A, Figure 

App A.2), the chances of peptide contamination are unlikely, attesting that the in vitro 

responses obtained are indeed antigen-specific responses to the rhinovirus peptides. 

 

4.4.3 Sensitivity of developed method 

For CD4+ and CD8+ T cells, the doubling time during the initial expansion phase is 

between 8 and 11 hours (De Boer et al., 2003). Therefore 13 to 18 proliferation peaks 
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would be visualised after in vitro stimulus for a period of 6 days, if not for limitations of 

the assay; even when utilising high toxic concentrations of the proliferation dye (up to 

80 μM), no more than 11 proliferation peaks could be resolved before the CellTrace
TM

 

fluorescence faded to auto-fluorescence levels (Quah & Parish, 2012). As expected, we 

found a very low frequency of T-cell proliferation in response to the rhinovirus 

peptides, which resulted in unresolved proliferation peaks. However, the question made 

for this particular assay was “do T cells proliferate in response to RV-stimuli?” The 

small proliferation peak at the left hand side of the histogram does not allow for 

discrimination of how many cell divisions the T cells underwent, but instead, gives a 

sensitive “yes/no” answer to our question. In conjunction to activation and co-

stimulation markers, this assay has successfully detected RV-specific T-cell 

activation/proliferation in PBMCs of adults and children. 
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4.5 Chapter Summary 

This chapter comprised a series of optimisation experiments that resulted in an optimal 

eleven-colour flow cytometry panel, which has been tested in PBMCs from adult donors 

and confirmed to successfully detect rare antigen-specific events to the target antigen 

RV peptides in PBMCs from children. 
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CHAPTER 5 PAEDIATRIC CLINICAL STUDY  

5.1 Introduction 

The clinical relevance of rhinovirus (RV) infections is not limited to the common cold; 

RVs are linked to chronic lower respiratory illness (LRI), such are thought to contribute 

to the respiratory impairment in cystic fibrosis (Dijkema et al., 2016), chronic 

obstructive pulmonary disease (George et al., 2014) and asthma (Kicic et al., 2016), and 

are confirmed to influence disease development (Anderson et al., 2016). In addition, 

RVs have emerged as an important trigger for LRI-exacerbations that often require 

hospitalisation (Cox et al., 2013; E. K. Miller et al., 2009) and persistent RV-infections 

in the lower airways are associated with disease severity (Wos et al., 2008).  School-

aged children are likely to contract recurrent RV infections (Gern et al., 1997; 

Heikkinen & Jarvinen, 2003) thus LRI-children are at particular risk for RV-induced 

exacerbations. From the three RV species currently identified, RV-A and RV-C are the 

most prevalent amongst children (W. J. Chen et al., 2015; Mackay et al., 2013; Principi 

et al., 2015) and have been linked to more severe symptoms of infection and higher 

frequency of LRI-exacerbations (Bizzintino et al., 2011; E. K. Miller & Mackay, 2013). 

While the link between rhinovirus infections and LRI development and exacerbations 

are now well established, the mechanisms by which RV infections influence LRI 

exacerbations are yet to be defined.  

 

A recent study utilising peptide/MHC class II tetramer-guided epitope mapping has 

identified circulating epitope-specific memory CD4+ cells to a genotype of RV-A, 

indicating that the recall of memory CD4+ response might drive the immune response 

against RV infections. Furthermore, intra-species cross-reactivity was evidenced by in 

vitro proliferation of RV-A16 induced-memory T cells to stimulus with peptides from 
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another RV-A genotype, namely RV-A39 (Muehling et al., 2016) indicating that the 

memory response to rhinovirus is more plastic than what was previously imagined. 

However, this study was conducted in healthy adult donors, therefore the adaptive 

response to rhinovirus in LRI-children still remains unknown. The only results on 

adaptive response of asthmatic children to RV-C have focused on antibody response 

and reported, when compared to specific IgG1 titres to the VP1 of RV-A, lower specific 

IgG1 antibody titres to the VP1 protein of RV-C in serum of both healthy children and 

asthmatic children admitted to hospital following a recent RV-C infection (Iwasaki et 

al., 2014). Thus, it was proposed that the lack of the antibodies specific for RV-C might 

result from an overall poor immune response to RV-C.    

 

This chapter describes T-cell responses to epitopes of the VP1 capsid protein of RV-A 

and RV-C in a paediatric clinical cohort of LRI-diagnosed children. The responses 

measured were to the pools of synthetic RV-A and RV-C peptides, identified as species-

specific and representative of each species (Chapter 3) that would permit the in vitro 

identification of RV-specific functional memory T cells in the peripheral blood. The 

frequency of CD4+ and CD8+ expressing the intermediate to late activation and co-

stimulatory markers CD25
hi

HLA-DR
hi

 and/or ICOS-I
hi

 and the frequency of cells 

progressing to proliferation (CellTrace
dim

) were first examined. Next, in order to define 

whether the proliferative response seen in vitro is of a functional and antigen-specific 

proliferation, we backtracked the proliferative portion of the CD4+ and CD8+ 

subpopulations by verifying whether the majority of the proliferating cells are also 

activated. In addition, T regulatory cells were measured without stimulus (nTregs) and 

in the presence of RV-stimulus (iTreg) in total and proliferating CD4+ subset, 

respectively. It was found that the PBMCs of the children produced competent CD4+ 

responses to RV-A and RV-C, independent of their clinical status, however, LRI-
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children had significantly fewer naturally occurring, as well as RV-A and RV-C 

induced regulatory CD4+ T cells than their healthy counterparts. These findings suggest 

that the lower number of circulating regulatory T cells in children hospitalised with 

acute lower respiratory illness could be a possible mechanism for their inability to 

control immunopathological elements of the response to infection.  
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5.2 Methods 

5.2.1 Study design and participants 

Biobanked peripheral blood mononuclear cells (PBMCs) and plasma of 51 children 

(aged 5 months to 14 years) were collected between December 2009 and March 2015 as 

part of the “Mechanisms of Viral Infection in Children” (MAVRIC) cohort, led by 

Professor Peter Le Souëf. The PBMCs were isolated by density gradient as described in 

2.2.2.2. From the cohort, 25 children (cases, mean age in years 7.2 ± 3.9) had been 

diagnosed with severe lower respiratory illness (LRI) requiring hospitalisation (Table 

5.1). The majority of cases (90%, n=22) were doctor-diagnosed asthmatics, one had 

viral-induced wheeze and two children were diagnosed with bronchiolitis (both younger 

than 2yo). Children with no medical history of doctor-diagnosed asthma or other 

respiratory illness, were included as controls (mean age in years 5.9 ± 3.7, n=26). 

PBMCs from cases were collected at their follow-up visit, 2 to 9 months (mean 5 

months) after an acute episode of LRI or severe asthma that required presentation to the 

emergency department (ED). The choice of using samples collected at the follow-up 

visit, when cases were clinically well, was to avoid external confounders (i.e. 

corticosteroid administration) that could be present during an ALRI episode, which 

could potentially impact on the in vitro adaptive immune responses.  

From this cohort, plasma from a sample of 15 cases and 15 controls (Table 5.2) 

collected (see 2.2.3) at the follow-up visit and available for this study, were used in the 

analysis of IgG1 antibody binding titres to the VP1 antigens of RV-A and RV-C (see 

5.2.2). 
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5.2.1.1 Rhinovirus detection and typing  

All 51 children (cases and controls) had nasal secretion specimens tested for RV using 

either a direct fluorescent antibody assay or a RV molecular typing assay (Bizzintino et 

al., 2011) to determine the RV genotypes that were present at the time of ED 

presentation, during an episode of ALRI. As shown in Table 5.1 and reported 

previously (Bizzintino et al., 2011; Cox et al., 2013; Iwasaki et al., 2014; Mak et al., 

2011) most of the ED ALRI children had detectable RV and the majority of the 

infections (70%) were caused by RV-C. Other infections identified include respiratory 

syncytial virus (RSV) infection (n=3) and Mycoplasma pneumoniae (n=2). 

 

Table 5.1 Characteristics of the study population 

 

Characteristic 

 

Cases,
1,2 

n=25 Controls, n=26 

Mean age ± SD (y) 7.2 ± 3.9 5.9 ± 3.7 

Age range (y) 0.6 – 14.3 0.5 – 14.1 

Male, n (%) 10 (40) 10 (39) 

Atopic, n (%) 19 (80) 6 (20) 

RV positive, n (%) 16 (64) 7 (27) 

RV-A, n 4 1 

RV-B, n 1 2 

RV-C, n 11 4 

 

 

5.2.2 Total and species-specific IgG1 antibody binding to the VP1 of RVs 

Total and species-specific IgG1 antibody binding measurements to the VP1 capsid 

protein of rhinovirus A and C were conducted in a sample of the children’s cohort 

(Table 5.2) according to protocol described in Chapter 2 (see 2.2.4) in order to assess if 

antibody and T-cell responses are associated. 

Cases: Children diagnosed with lower respiratory illness 
1
: 90% are children with diagnostic of asthma, 

one with viral-induced wheeze and two with bronchiolitis. 
2
: Period in months between last ALRI episode, 

at recruitment, and sample collection: 5.1 months ± 2 months.  
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Table 5.2 Characteristics of the study population for the IgG1 antibody binding assays 

 

Characteristic 

 

Cases,
1,2 

n=15 Controls n=15 

Mean age ± SD (y) 7.8 ± 3.7 7.5 ± 3.7 

Age range (y) 3.0 – 14.3 2.3 – 14.1 

Male, n (%) 5 (33) 5 (33) 

Atopic, n (%) 13 (90) 4 (30) 

RV positive, n (%) 10(66) 5 (33) 

RV-A, n 2 1 

RV-B, n 1 1 

RV-C, n 7 3 

 

5.2.3 Analysis of rhinovirus-specific T-cell response using flow cytometry  

Immunodominant synthetic peptides of the VP1 capsid protein of rhinoviruses A and C, 

identified as specific from and representative of each RV-A and RV-C species during 

the epitope mapping study (Chapter 3), were combined into two pools (Pool A and Pool 

C Table 5.3) and utilised as tools for the in vitro characterisation of RV-specific 

response to rhinovirus species A and C. As described in details in Chapter 4 (see 4.4.1), 

in order to characterise the adaptive immunity of children to RV-A and RV-C and to 

detect possible weak activated T cells that are not yet proliferating, we tracked each step 

of the T-cell activation process by evaluating three parameters of the CD4+ and CD8+ 

activation in the in vitro response to the RV peptide pools: (1) the co-expression of the 

T-cell activation markers CD25
hi

HLA-DR
hi

; (2) the expression of the co-stimulatory 

molecule ICOS-I
hi

 and (3) effective proliferation, measured by the dilution of  a cell-

proliferation dye (CellTrace
dim

) into daughter cells. Children that had at least one of the 

three parameters above background are defined as ‘responders’, and ‘non-responders’ 

(NR) are children that had all three parameters below the limit of detection, after 

subtraction of activation/proliferation background.  

Cases: Children diagnosed with lower respiratory illness 
1
: 14 were asthma-diagnosed and 1 diagnosed 

with virus induced wheeze. 
2
: Period in months between last ALRI episode, at recruitment, and sample 

collection: 4.9 months ± 2.2 months. 
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Table 5.3 Pools of RV-A (Pool A) and RV-C (Pool C) synthetic peptides of the VP1 protein 

 Peptide ID Sequence* 

Pool A 

RVA-23 R K F E M F T Y V R F D S E V  
RVA-24 F T Y V R F D S E V T L V P S  
RVA-25 F D S E V T L V P S I A A K G  
RVA-48 T T R V Y H K A K H V K T W C  
RVA-49 H K A K H V K T W C P R P P R  

Pool C 

RVC-7 P Q A L G A V E I G A T A D V  
RVC-16 L W A N L R L D Q G F R K W E  
RVC-32 P N S G F P R F T I P F T G L G  
RVC-40 L T N D M G T L C F R A L D G  
RVC-42 R A L D G T G A S D I K V F G  

 

The techniques utilised in this chapter and briefly described next, are the result of 

numerous optimization experiments, which are listed in Chapter 4 and summarised in 

the Materials and Methods section (see 2.2.5). 

 

 

5.2.3.1 PBMCs preparation: CellTrace
TM

 labelling  

Thawed PBMCs (see 2.2.2.4) of cases and control children were labelled with 

CellTrace
TM

 Violet proliferation kit following optimal conditions (see 2.2.5.1). 

 

5.2.3.2 In vitro stimulation of RV-A and RV-C-specific T cells 

 Labelled cells were seeded at 3x10
5
 cells per well (200 μl/well) in a round bottom 96-

well plate and then cultured without stimulus (negative control wells) or stimulated with 

either the pool of RV peptides (Pool A and Pool C) or the positive control antigen 

(SEB) for 6 days at 37°C in a 5% CO2 atmosphere. 

 

 

 

* All peptides presented a H- group at the N-termini and –OH group at the C-termini end. 
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5.2.3.3 Characterisation of recall of memory T-cell response to RVs 

At day 6, the six replicated wells were pooled together and cells were stained for 

viability (see 2.2.5.2) prior to staining with antibody cocktail (see 2.2.5.3) containing 

lineage and T-cell activation markers at optimal concentrations (see Table 2.6). 

Compensation control beads were acquired prior to running samples in the flow 

cytometer (see 2.2.5.4) and sample acquisition was conducted as described (see 2.2.5.5). 

ICOS-I readings are not available for 2 cases and 2 controls as there was a shortage of 

antibody markers due to supplier delays.  

 

Given the short duration of the in vitro peptide stimulation (6-day culture) in 

combination with the absence of added co-stimuli (i.e. exogenous cytokines) or 

enrichment of dendritic cells necessary for in vitro priming of naïve CD4+ cells 

(Calarota & Baldanti, 2013; Moser et al., 2010), the in vitro T-cell responses to RV-A 

and RV-C peptides measured in this study are a recall of memory T-cell response to 

rhinoviruses. In addition, the activation marker HLA-DR utilised in this assay is known 

to be expressed by memory and not naïve T cells (Mahnke et al., 2013).  

 

5.2.3.4 Data analysis   

Following cell population gating (Figure 4.9) the percentage of activated (CD25
hi

HLA-

DR
hi 

and ICOS-I
hi

) and proliferating (CellTrace
dim

) antigen-specific CD4+ and CD8+ 

cells was recorded for each condition. Approximately 100,000 CD3+ cells were 

obtained per stimulation condition, after exclusion of doublets and nonviable cells. 

Activated CD4+ or CD8+ cells were defined as [ % of CD25
hi

HLA-DR
hi

] = (% of 

CD25
hi

HLA-DR
hi

 cells among a pooled set of six antigen-stimulated wells) – (% of 

CD25
hi

HLA-DR
hi

 cells among a pool of six unstimulated control wells) and the same 
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analysis was repeated for the co-stimulatory marker ICOS-I
hi

. The antigen-specific 

proliferative response was given by the percentage of CD4+ and CD8+ cell proliferation 

above background, which was calculated as [ % of proliferating cells] = (% of 

CellTrace
dim

 cells among a pooled set of six antigen-stimulated wells) minus (% of 

CellTrace
dim

 cells among a pool of six unstimulated control wells). The threshold for 

proliferation and activation of 0.01% was used as detection limit of the assay for all 

antigens for both CD4+ and CD8+ cell subsets. The frequency of naturally occurring T 

regulatory cells (nTreg, CD4+CD25+CD127-) and induced Tregs (iTreg, 

CD4+CellTrace
dim

CD25+CD127-) were analysed in unstimulated and RV-stimulated 

cultures, respectively.  

 

5.2.4 Statistical methods 

Non-parametric RV-specific CD4+ and CD8+ T cell data was statistically analysed 

using independent samples Mann-Whitney U-tests when comparing between cases and 

controls, whilst all paired samples (comparison between RV-A and RV-C responses 

within cases or controls) were compared using related samples Wilcoxon signed rank 

tests. The association between non-parametric RV-specific T-cell proliferation, 

activated T-cell frequencies, log-transformed IgG1 values and age were assessed using 

linear regression. Associations between previous rhinovirus infection and frequency of 

RV-specific T-cell response was assessed using Fisher’s exact test. Differences and 

associations were considered significant (*) if the p value was less than 0.05, while non-

significant results are represented by “ns”. Statistical analyses were performed using the 

statistical packages Prism (GraphPad Software Inc., La Jolla, USA). 
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5.3 Results 

5.3.1 Degree of the recall T-cell response to rhinoviruses in children 

Using the pools of RV peptides as tools for the characterisation of the RV adaptive 

immunity, we first evaluated the degree of strength of the T-cell response to RV-A and 

RV-C by investigating the frequency of CD4+ and CD8+ expressing the intermediate to 

late activation and co-stimulatory markers CD25
hi

HLA-DR
hi

 and/or ICOS-I
hi

 and the 

frequency of cells progressing to proliferation (CellTrace
dim

) in response to the RV 

stimulus in the childhood cohort. Next, in order to define whether the proliferative 

response seen in vitro is of a functional and antigen-specific proliferation, we 

backtracked the proliferative portion of the CD4+ and CD8+ subpopulations by 

verifying whether the majority of the proliferating cells are also activated.  

 

5.3.1.1 Degree of strength of the response to RV-A and RV-C 

More than 70% of the LRI-children had RV-A and RV-C specific CD4+ activation and 

proliferation (Table 5.4), which was of similar frequency of RV-A and RV-C specific 

CD4+ activation and proliferation of control children (Table 5.4). The frequency of 

proliferating CD8+ was lower than the CD4+ for both groups, especially in response to 

the RV-C peptides. Regardless of the fact that 75% of the cases and controls showed 

CD8+ activated cells by the measurement of cell markers in response to RV-C, only 

50% of the children in both groups showed detectable C-specific proliferative responses 

given by the dye dilution assay (Table 5.4).  
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Table 5.4 Degree of strength of in vitro T-cell response to RV-A and RV-C, given by the 

frequency of RV-activated and proliferating T cells in LRI-case and control children. 

  RV-A  RV-C 

 Study Population Activated Proliferating  Activated Proliferating 
C

D
4

+
 

Cases, n (%) 21 (85) 21 (85)  19 (75) 17 (70) 

Controls, n (%) 20 (80) 19 (75)  18 (70) 18 (70) 

       

C
D

8
+

 

Cases, n (%) 18 (70) 18 (70)  19 (75) 12 (50) 

Controls, n (%) 17 (65) 16 (60)  19 (75) 13 (50) 

 

Representative dot plots of a control child (Control 15) are shown in Figure 5.1, 

illustrating CD4+ subset expressing the intermediate (CD25
hi

HLA-DR
hi

) and late 

(ICOS-I
hi

) activation/co-stimulatory markers and progressing to proliferation in 

response to RV-C, whilst weakly activated CD8+ cells failed to proliferate. 

 

 

Figure 5.1 Representative dot plots showing strong RV-C stimulation in CD4+ subset, 

resulting in proliferation and weaker stimulus on CD8+ subset, which failed to proliferate. 

Activated: CD25
hi

HLA-DR
hi 

and/or ICOS-I
hi

; Proliferating: CellTrace
dim
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5.3.1.2 Degree of functionality of the response to RV-A and RV-C 

The functionality of the proliferative response was, as exemplified in Figure 5.2 for the 

CD4+ response of a LRI-child (Case 03) to RV-A, assessed by determining the 

presence of activation markers of the proliferating cells. Most of the RV-specific CD4+ 

and CD8+ proliferating cells were highly activated for all subjects (Table 5.5). 

 

Figure 5.2 Representative dot plots illustrating the in vitro recall response of a LRI-child 

to RV-A. Functional proliferation, given by the high expression of activation markers on 

proliferating CD4+ is shown. 

Table 5.6 and Table 5.7 summarise the three parameters of in vitro CD4+ and CD8+ T-

cell response analysed, respectively, against RV-A and RV-C in the childhood cohort. 

Table 5.5 Degree of functionality of in vitro T-cell response to RV-A and RV-C, given by 

the mean percentage of activated cells (±SD) in the proliferating CD4+ and CD8+ subset.  

 Study  

Population 
RV-A  RV-C 

 CD25
hi

HLA-DR
hi

 ICOS-I
hi

  CD25
hi

HLA-DR
hi

 ICOS-I
hi

 

C
D

4
+

+ 

Cases 54 ± 27 72 ± 25  53 ± 31 73 ± 15 

Controls  63 ± 24 79 ± 19  62 ± 34 78 ± 22 

       

C
D

8
+ Cases 58 ± 12 52 ± 19  64 ± 29 53 ± 32 

Controls  56 ± 21 51 ± 15  50 ± 27 50 ± 22 
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Table 5.6 Measurement of CD25
hi

HLA-DR
hi

 (intermediate activation), ICOS-I
hi

 (late 

activation) and CellTrace
dim 

(proliferation) above background (∆ value) in CD4+ of LRI-

case and control children in the in vitro recall response to RV-A and RV-C epitopes. 

   RV-A  RV-C 
  CD25hiHLA-DRhi ICOS-Ihi CellTracedim  CD25hiHLA-DRhi ICOS-Ihi CellTracedim 

 Donor ID Interm Act Late Act Prolif  Interm Act Late Act Prolif 

L
R

I-
ch

il
d

re
n

 

 

Case 01*** 0.01 0.01 0.01  0.01 0.01 0.01 
Case 02* 0.01 0.01 0.01  0.64 0.42 0.01 
Case 03 1.57 2.08 2.13  0.01 0.11 0.09 
Case 04** 2.34 5.32 3.61  0.01 0.01 0.01 
Case 05** 0.38 0.44 0.11  0.01 0.01 0.01 
Case 06 0.04 0.01 0.01  0.27 0.54 0.09 
Case 07 0.32 - 0.17  8.38 - 7.69 
Case 08 0.32 - 0.13  0.19 - 0.01 
Case 09 0.01 0.18 0.08  0.76 2.03 0.22 
Case 10 0.39 0.06 0.20  0.97 0.80 0.61 
Case 11* 0.01 0.01 0.01  0.01 0.08 0.03 
Case 12 0.01 0.05 0.04  0.68 0.94 0.05 
Case 13** 0.49 0.56 2.35  0.01 0.01 0.01 
Case 14 0.17 0.17 0.20  0.16 0.38 0.09 
Case 15 0.44 0.35 0.33  0.96 0.62 0.52 
Case 16 0.42 0.12 0.12  0.80 0.54 0.25 
Case 17** 0.02 0.18 0.08  0.01 0.01 0.01 
Case 18 1.80 3.52 4.19  0.01 0.01 0.10 
Case 19 0.15 0.19 0.10  0.21 0.13 0.10 
Case 20 0.09 0.01 0.24  0.01 0.28 0.06 
Case 21 0.15 0.63 0.13  0.01 0.32 0.19 
Case 22 0.01 0.01 0.15  0.04 0.13 0.04 
Case 23 0.16 0.08 0.09  1.04 0.83 0.65 
Case 24 0.17 0.28 0.04  0.01 0.24 0.01 
Case 25 0.51 0.98 0.59  0.29 0.51 0.17 

C
o

n
tr

o
l 

C
h

il
d

re
n

 

 

Control 01 0.90 0.01 0.01  2.54 2.41 0.40 
Control 02*** 0.01 0.01 0.01  0.01 0.01 0.01 
Control 03*** 0.01 0.01 0.01  0.01 0.01 0.01 
Control 04** 0.71 0.95 1.45  0.01 0.01 0.01 
Control 05 0.36 0.33 0.29  0.49 0.77 0.25 
Control 06** 0.25 0.01 0.24  0.01 0.01 0.01 
Control 07 0.14 - 0.33  0.01 - 0.16 
Control 08 0.04 - 0.11  0.04 - 0.03 
Control 09 0.01 0.14 0.01  0.14 0.01 0.18 
Control 10** 0.32 0.39 0.26  0.01 0.01 0.01 
Control 11 0.31 2.07 1.54  0.27 0.55 0.11 
Control 12  0.01 0.67 0.33  1.00 2.03 0.85 
Control 13 0.69 1.47 2.04  0.10 0.01 0.07 
Control 14 0.07 0.01 0.16  0.11 0.02 0.08 
Control 15 0.01 0.01 0.02  0.21 0.49 0.17 
Control 16 0.04 0.17 0.25  1.20 1.92 1.62 
Control 17 0.56 0.94 0.77  0.91 1.21 0.63 
Control 18 0.15 0.01 0.54  0.58 0.87 0.31 
Control 19*** 0.01 0.01 0.01  0.01 0.01 0.01 
Control 20 0.32 0.46 0.52  0.52 0.68 0.23 
Control 21 1.44 2.89 0.43  0.45 1.09 0.09 
Control 22 0.85 0.01 0.91  0.01 0.01 0.05 
Control 23 0.03 0.01 0.01  0.02 0.01 0.01 
Control 24* 0.01 0.01 0.01  0.14 0.24 0.08 
Control 25 0.11 0.38 0.33  0.13 0.16 0.04 
Control 26  0.01 0.01 0.05  0.01 0.11 0.01 

*RV-A non-responder **RV-C non-responder *** RV-A and C non-responder – ICOS-I reading not available 
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Table 5.7 Measurement of CD25
hi

HLA-DR
hi

 (intermediate activation), ICOS-I
hi

 (late 

activation) and CellTrace
dim 

(proliferation) above background (∆ value) in CD8+ of LRI-

case and control children in the in vitro recall response to RV-A and RV-C epitopes.  

  RV-A  RV-C 
  CD25hiHLA-DRhi ICOS-Ihi CellTracedim  CD25hiHLA-DRhi ICOS-Ihi CellTracedim 

 Donor ID Interm Act Late Act Prolif  Interm Act Late Act Prolif 

L
R

I-
ch

il
d

re
n

 

 

Case 01*** 0.01 0.01 0.01  0.01 0.01 0.01 
Case 02 0.07 0.01 0.01  0.44 0.01 0.01 
Case 03 0.31 0.56 0.42  0.15 0.13 0.05 
Case 04 0.56 0.48 0.83  0.01 0.01 0.05 
Case 05** 0.30 0.16 0.09  0.01 0.01 0.01 
Case 06 0.01 0.01 0.02  0.10 0.06 0.08 
Case 07 0.10 - 0.04  3.87 - 4.14 
Case 08 0.13 - 0.01  0.02 - 0.01 
Case 09 0.14 0.28 0.01  0.14 0.07 0.01 
Case 10 0.49 0.34 0.04  0.66 0.06 0.26 
Case 11* 0.01 0.01 0.01  0.08 0.05 0.01 
Case 12 0.01 0.01 0.05  0.03 0.06 0.09 
Case 13 0.01 0.08 2.35  0.01 0.02 0.01 
Case 14 0.35 0.28 0.04  0.07 0.05 0.07 
Case 15 0.19 0.02 0.06  0.07 0.03 0.04 
Case 16 0.04 0.01 0.01  0.80 0.32 0.03 
Case 17* 0.01 0.01 0.01  0.01 0.03 0.01 
Case 18 0.01 0.32 0.55  0.01 0.11 0.01 
Case 19 0.02 0.01 0.04  0.07 0.01 0.03 
Case 20** 0.01 0.01 0.25  0.01 0.01 0.01 
Case 21** 0.10 0.01 0.10  0.01 0.01 0.01 
Case 22 0.01 0.01 0.06  0.04 0.01 0.01 
Case 23 0.15 0.04 0.06  1.44 0.44 0.84 
Case 24** 0.06 0.05 0.06  0.01 0.01 0.01 
Case 25 0.58 0.66 0.68  0.18 0.17 0.09 

C
o

n
tr

o
l 

C
h

il
d

re
n

 

 

Control 01 0.61 0.03 0.04  2.00 1.12 0.77 
Control 02*** 0.01 0.01 0.01  0.01 0.01 0.01 
Control 03*** 0.01 0.01 0.01  0.01 0.01 0.01 
Control 04 0.36 0.42 0.71  0.03 0.01 0.01 
Control 05 0.41 0.46 0.49  0.49 0.23 0.15 
Control 06 1.31 0.25 0.07  0.01 0.01 0.04 
Control 07 0.14 - 0.19  0.03 - 0.11 
Control 08 0.01 - 0.09  0.48 - 0.04 
Control 09 0.67 0.19 0.24  0.45 0.01 0.44 
Control 10** 0.11 0.01 0.24  0.01 0.01 0.01 
Control 11 0.15 0.42 0.07  0.01 0.12 0.01 
Control 12  0.68 0.62 0.14  0.53 0.17 0.02 
Control 13** 0.01 0.06 0.09  0.01 0.01 0.01 
Control 14 0.01 0.01 0.01  0.09 0.01 0.01 
Control 15 0.01 0.12 0.01  0.09 0.16 0.01 
Control 16 0.01 0.05 0.03  0.15 0.01 1.01 
Control 17 0.13 0.12 0.01  0.77 0.27 0.31 
Control 18 0.01 0.08 0.04  0.16 0.04 0.01 
Control 19* 0.01 0.01 0.01  0.02 0.01 0.01 
Control 20* 0.01 0.01 0.01  0.30 0.08 0.01 
Control 21 0.50 0.55 0.33  0.01 0.03 0.01 
Control 22 0.13 0.01 0.10  0.01 0.01 0.02 
Control 23*** 0.01 0.01 0.01  0.01 0.01 0.01 
Control 24* 0.01 0.01 0.01  0.11 0.01 0.05 
Control 25 0.02 0.01 0.01  0.12 0.02 0.01 
Control 26* 0.01 0.01 0.01  0.01 0.10 0.01 

*RV-A non-responder **RV-C non-responder *** RV-A and C non-responder – ICOS-I reading not available 
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As expected, the expression of the pair of the activation markers CD25
hi

HLA-DR
hi

 and 

ICOS-I
hi

 are shown to strongly correlate with proliferative responses for both case and 

control children, especially for the RV-specific CD4+ cell subset (Table 5.8). 

 

Table 5.8 Correlation between the expression of CD25
hi

HLA-DR
hi

 and ICOS-I
hi 

and CD4+ 

and CD8+ proliferation in the in vitro response to rhinovirus in the childhood cohort. 

 Study  

Population 
RV-A  RV-C 

 CD25
hi

HLA-DR
hi

 ICOS-I
hi

  CD25
hi

HLA-DR
hi

 ICOS-I
hi

 

C
D

4
+

 

Cases r=0.81, p<0.001 r=0.69, p<0.001  r=0.69, p<0.001 r=0.69, p<0.001 

Controls  r=0.68, p=0.001 r=0.71, p<0.001  r=0.90, p<0.001 r=0.85, p<0.001 

       

C
D

8
+

 

Cases r=0.24, p=0.25 r=0.55, p=0.007  r=0.64, p<0.001 r=0.57, p=0.004 

Controls  r=0.68, p<0.001 r=0.68, p<0.001  r=0.60, p=0.001 r=0.18, p=0.40 

 

 

5.3.2 Magnitude of the recall T-cell response to rhinoviruses in children 

The magnitude of the recall memory T-cell response of LRI-children and the controls 

were compared by analysing the extent of activated (CD25
hi

HLA-DR
hi

 and ICOS-I
hi

) 

and proliferating (CellTrace
dim

) CD4+ and CD8+ cells in the response to the RV-A and 

RV-C peptides. There were no significant differences between the magnitude of in vitro 

CD4+ and CD8+ response to rhinoviruses, at both activation and proliferation levels, 

between LRI- cases and controls, with cases tending to have a slightly higher magnitude 

of response (Figure 5.3). There were also no significant differences in the magnitude of 

responses between RV-A and RV-C for both case and control children. 

 

 

r = Spearman correlation 
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Figure 5.3 Magnitude of T-cell activation and proliferation in CD4+ and CD8+ responses against RV-A and RV-C, showing similar recall response in LRI-

case and control children to both RV species. Mean values and Mean ± SEM bars are displayed. 
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Figure 5.4 illustrates the characteristic recall response of LRI-children to rhinoviruses 

by showing the in vitro response from two asthmatic children, cases 04 and 23, to RV-A 

and RV-C peptides, respectively.  

 

Figure 5.4 Characteristic T-cell response to rhinoviruses species A and C in the in vitro 

recall response to synthetic peptides of the VP1 capsid protein of RV-A and RV-C in two 

LRI-children. 
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Figure 5.5 illustrates the characteristic recall response of healthy children to 

rhinoviruses by showing the in vitro response from two control children, control 13 and 

17, to RV-A and RV-C peptides, respectively.  

 

Figure 5.5 Characteristic T-cell response to rhinoviruses species A and C in the in vitro 

recall response to synthetic peptides of the VP1 capsid protein of RV-A and RV-C in two 

healthy control children. 
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5.3.2.1 CD4+ versus CD8+ RV-specific response 

Overall, the magnitude of the RV-A and RV-C-specific CD4+ response was 

significantly higher than the CD8+ response, at both activation and proliferation levels, 

in LRI-case and control children: CD4+ vs. CD8+ (mean±SD) of LRI-cases expressing 

CD25
hi

HLA-DR
hi

 in response to RV-A 0.40±0.6 vs. 0.15±0.2 and RV-C 0.62±1.7 vs. 

0.33±0.8; expressing ICOS-I
hi

 in response to RV-A 0.66±1.3 vs. 0.15±0.2 and RV-C 

0.39±0.5 vs. 0.07±0.1 and proliferating (CellTrace
dim

) in response to RV-A 0.60±1.2 vs. 

0.23±0.5 and RV-C 0.44±1.5 vs. 0.24±0.8 and of control-children expressing  

CD25
hi

HLA-DR
hi

 in response to RV-A 0.28±0.4 vs. 0.21±0.3 and RV-C 0.34±0.6 vs. 

0.23±0.4; expressing ICOS-I
hi

 in response to RV-A 0.46±0.7 vs. 0.15±0.2 and RV-C 

0.53±0.7 vs. 0.1±0.2 and proliferating (CellTrace
dim

) in response to RV-A 0.41±0.5 vs. 

0.11±0.2 and RV-C 0.21±0.3 vs. 0.12±0.2 (Figure 5.6). 

 

Although of significantly lower magnitude than the CD4+ cell population, as shown by 

the activation markers and the frequency of T-cell proliferation (Figure 5.6), especially 

in response to RV-C peptides (Table 5.4), the magnitude of the CD8+ proliferative 

response was significant compared with unstimulated cultures and was highly correlated 

to the magnitude of the CD4+ proliferation for both cases (RV-A, r=0.74, p<0.0001 and 

RV-C, r=0.61, p=0.0013) and controls (RV-A, r=0.43, p=0.0294 and RV-C, r=0.55, 

p=0.0033). 

 

 

 



 128 

 

 

 

 

 

Figure 5.6 Magnitude of CD4+ and CD8+ activation and proliferation in the in vitro 

response of LRI-case (left column) and control (right column) children to RVs, showing 

CD4+ as the main T-cell subset to response to RV-A and C peptides. 
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5.3.3 T regulatory cells in the recall T-cell response to rhinoviruses  

The CD4+ T cells were further analysed by subdividing the total (CD4+) and the 

proliferating (CD4+CellTrace
dim

) CD4+ subset into naturally occurring T regulatory 

cells (nTregs: CD4+CD25
hi

CD127
low

) and induced T regulatory cells (iTregs: 

CD4+CellTrace
dim

CD25
hi

CD127
low

), respectively (see Figure 4.9 for gating strategy). 

nTregs were calculated as a percentage of the total CD4+ population and were measured 

in unstimulated PBMCs, in order to compare the frequency of circulating Tregs in LRI-

case and control children. iTregs were calculated as a percentage of the proliferating 

CD4+ subset and were measured in RV-A and RV-C-stimulated cultures in order to 

compare the frequency of Tregs in the in vitro response of LRI-cases and controls 

against RV-A and RV-C.     

5.3.3.1 Naturally occurring Tregs (nTreg) in LRI-cases and controls 

In agreement with the literature for frequency of total circulating Tregs in peripheral 

blood of healthy children (Holcar et al., 2015) nTregs were found at a frequency of 

5.8% ±1.9 in the non-LRI control group; the frequency of nTregs in LRI-cases was 

significantly lower (4.4% ±2.1, p=0.002) (Figure 5.7). 

5.3.3.2 Induced Tregs (iTregs) in LRI-cases and controls  

As iTregs were measured in the proliferative subset of the CD4+ population, only 

children that had in vitro CD4+ proliferation above background 

(%CD4+CellTrace
dim

>0.01) in response to either RV-A (cases n=21, controls n=19) or 

RV-C (cases n=17, controls n=18) peptides were included in this analysis. Overall, 

iTregs comprised a third of the proliferating CD4+ subset responding to RV-A and RV-

C peptides. Although not statistically significant, LRI-children had lower levels of 

iTreg, in both RV-A and RV-C stimulated cultures than control children (RV-A: 33±17 
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vs. 40±13 and RV-C: 28±19 vs. 31±15) (Figure 5.8). Furthermore, the contribution of 

iTregs in response to RV-C tended to be lower than the contribution of iTregs in 

response to RV-A, in both cases (although statistically non-significant) and controls 

(p<0.02) (Figure 5.8). 

 

Figure 5.7 Naturally occurring Tregs (nTregs, CD4+CD25
hi

CD127
low

) calculated as a 

percentage of the total CD4+ population, measured in unstimulated PBMCs of case and 

control children. A) Representative dot plots of PBMCs from a LRI-child (Case 15) and 

control child (Control 02) showing fewer nTregs in the LRI-child. B) Frequency of nTregs 

in cases (n=25) and controls (n=26) showing significantly lower nTregs in LRI-children. 

LRI-Children Controls

5

10

15

0.01

C
D

4
+

C
D

2
5

h
i C

D
1

2
7

lo
w

 (
%

 o
f 
C

D
4

+
)

Frequency of Naturally Occurring Tregs (nTregs)

n=51
*

A

B



 

 131 

 

Figure 5.8 Percentage of inducible Tregs (iTregs, CD4+CellTrace
dim

CD25
hi

CD127
low

) 

calculated as a percentage of the proliferating CD4+ subset, measured in RV-A and RV-C 

stimulated PBMCs of the childhood cohort. A) Representative dot plots of PBMCs from 

two control children receiving RV-A (Control 17) and RV-C (Control 12) stimulus, 

showing fewer iTregs in the RV-C stimulated culture. B) Percentage of iTregs in 

responders showing lower percentage of iTregs in response to RV-C. 
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5.3.4 Association between clinical parameters and in vitro recall response 

to rhinovirus peptides 

5.3.4.1 T-cell response to rhinoviruses and age 

The magnitude of RV-specific CD4+ and CD8+ proliferation in cases and controls in 

the context of age showed, although not statistically significant, that LRI-children under 

the age of 5 tended to have a lower magnitude of response to both RV-A and RV-C, 

when compared to the control group of the same age (Figure 5.9).  

 

Figure 5.9 No association was found between rhinovirus responses and age, although  LRI-

children under the age of 5 tended to have a lower magnitude of in vitro CD4+ and CD8+ 

response to both RV-A and RV-C peptides. 

 

No significant associations were found between age and frequency of nTregs in cases 

(r=0.02, p=0.9) and controls (r= -0.25, p =0.2). Similarly, there was no association 

between iTregs in response to RV-A and RV-C peptides in this cohort. 
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5.3.4.2 T-cell response to rhinovirus and previous RV infections  

The assays here were designed to measure recall memory T-cell responses to previous 

rhinovirus infections (see methods section of this chapter in 5.2.3.3). Therefore, the 

frequency of the in vitro responses to the RV peptides of children who were recently (in 

the last six months) infected with rhinovirus A, B or C were compared to those from 

children who were not.  

From the three LRI-children developing no in vitro response to the RV-A peptides, two 

had a recent episode of RV-A infection and one of RV-C. From the five LRI-children 

that failed to respond to the in vitro stimulation with RV-C peptides, three had no recent 

previous RV infection while the other two had a recent episode of either RV-A and RV-

C (Table 5.9). Of interest, all control children that had no detectable in vitro response to 

RV-A and/or RV-C had no recent documented episode of rhinovirus A and C infection 

either. Fisher’s exact test shown no correlation between previous infection and the 

development of an in vitro response to either RV-A or RV-C. 

 

5.3.4.3 T-cell response to rhinovirus and circulating IgG1 levels to VP1 

The IgG1 antibody titres specific to the VP1 protein of RV-A and RV-C were analysed 

in a sample of the paediatric cohort (see Table 5.2) that had either responded or not to 

the in vitro stimulation with RV peptides.  

Similar to that found for the adult cohort (Chapter 3) the majority of the children lacked 

antibodies that were specific for the RV-C. No relationship was found between children, 

either cases or controls, that failed to respond to the in vitro stimulation with peptides of 

the VP1 protein of a genotype of RV-A and RV-C and the absence of antibodies 
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specific to the VP1 protein of the same two RV genotypes, respectively. For example, 

IgG1 antibodies specific to the VP1 of RV-A were detected in the two LRI-children that 

had no in vitro response to the RV-A peptides. Two LRI-children that had no response 

to the RV-C peptides in vitro had no IgG1 specific antibody titres to the VP1 of RV-C, 

although another six LRI-children, including a non-responder for the in vitro response 

to RV-C, also presented no specific antibody titres to RV-C (Table 5.10). 

 

Table 5.9 Occurrence of documented rhinovirus infections in the past six months and the 

in vitro recall response to RV-A and C peptides in LRI-case and control children. 

LRI-Cases  Controls 

 

Donor ID 

 

Non-responder Previous RV 

infection 

 
Donor ID 

Non-responder Previous RV 

infection RV-A RV-C  RV-A RV-C 

Case 01*** NR NR A  Control 01    

Case 02* NR  C  Control 02*** NR NR B 

Case 03   C  Control 03*** NR NR  

Case 04**  NR C  Control 04**  NR  

Case 05**  NR   Control 05   C 

Case 06     Control 06**  NR  

Case 07   C  Control 07    

Case 08   A  Control 08    

Case 09     Control 09    

Case 10   C  Control 10**  NR  

Case 11* NR  A  Control 11    

Case 12     Control 12    

Case 13**  NR   Control 13    

Case 14   C  Control 14   A 

Case 15   B  Control 15   C 

Case 16     Control 16   C 

Case 17**  NR   Control 17   B 

Case 18   C  Control 18    

Case 19   C  Control 19*** NR NR  

Case 20   C  Control 20   C 

Case 21     Control 21    

Case 22   C  Control 22    

Case 23   C  Control 23    

Case 24   A  Control 24* NR   

Case 25     Control 25    

     Control 26    

NR: non-responders are children that had no CD4+ activation and proliferation in response to the in vitro 

stimulation with RV-A (*), RV-C (**) or both RV-A and RV-C (***) peptides.  
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Table 5.10 Dissociation of the antibody and T-cell response. RV-A and RV-C total and 

specific antibody titres in relation to the successful in vitro response to RV peptides.  

 RV-A34 VP1  RV-C3 VP1 

 In vitro 

Resp 

Antibody titres (ng/mL)  In vitro 

Resp 

Antibody titres (ng/mL)   

Donor Total Specific  Total Specific 

Case 01*** NR 5457252  2488843   NR 1722134  33309  

Case 02* NR 7651657  235003   R 1972672  152204  

Case 05** R 15715557  10117174   NR 1518906  250  

Case 06 R 8798442  4763489   R 1579578  48194  

Case 07 R 1725360  166274   R 474965  27082  

Case 08 R 2873845  763760   R 305412  18787  

Case 13** R 8028106  6257232   NR 250  250  

Case 14 R 5493111  5719980   R 20708  250  

Case 15 R 7768965  228936   R 510933  250  

Case 16 R 5388426  4571347   R 621060  181775  

Case 18 R 4981893  445348   R 570075  216445  

Case 20 R 7589555  7119130   R 250  250  

Case 21 R 7071186  4563257   R 753621  250  

Case 22 R 2928640  1117272   R 235756  250  

Case 23 R 1553591  1586691   R 250  250  

        

Control 01 R 1912422  801411   R 952051  250  

Control 03*** NR 322817  250   NR 110053  250  

Control 04** R 5198678  624788   NR 1687840  309922  

Control 05 R 2379135  1605312   R 312778  250  

Control 06** R 1751856  181625   NR 442006  250  

Control 07 R 3523437  2745332   R 1284004  80139  

Control 11 R 4547849  3413288   R 1068759  250  

Control 13 R 5591530  3673405   R 39382  250  

Control 14 R 61629  250   R 58362  250  

Control 15 R 1959522  1708075   R 320451  250  

Control 16 R 288563  250   R 11921  250  

Control 17 R 5991875  4613253   R 1020703  250  

Control 18 R 153687  53172   R 250  250  

Control 20 R 1488528  136667   R 620098  250  

Control 21 R 3026752  631210   R 325701  94273  

Control 22 R 1912422  801411   R 952051  250  

        

 

R: responders are children that had either or both CD4+ activation and/or proliferation in response to the in 

vitro stimulation with RV-A or RV-C peptides.  

NR: non-responders are children that had no CD4+ activation and proliferation in response to the in 

vitro stimulation with RV-A (*), RV-C (**) or both RV-A and RV-C (***) peptides.  

Antibody titres below the limit of detection are highlighted in red. 
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5.4 Discussion 

Rhinoviruses are the etiological agent of the common cold and are now recognised as 

one of the main causes of exacerbations of asthma and other chronic lower respiratory 

illnesses (LRI) (Brownlee & Turner, 2008). Infections by species A and C are the most 

prevalent in school-aged children and are linked to more severe symptoms and higher 

rates of hospitalisation (Bizzintino et al., 2011; W. J. Chen et al., 2015; Mackay et al., 

2013; Principi et al., 2015). However, little is known about the adaptive immunity 

against RV infections and based on low specific IgG1 antibody titres reported to RV-C, 

in both adults (Iwasaki et al., 2013) and asthmatic children (Iwasaki et al., 2014), 

impaired immune response to RV-C have been suggested. In this study we used 

synthetic peptides targeted to the VP1 capsid protein of selected single genotypes of 

RV-A and RV-C, respectively, that are specific of and representative from each species 

(Chapter 3), as tools to characterise recall memory T-cell responses to rhinovirus in 

peripheral blood mononuclear cells of a childhood cohort, including children diagnosed 

with acute lower respiratory illness (LRI). This is the first study to characterise the 

adaptive immune response to RV-C in a LRI-paediatric cohort. Given that the majority 

of LRI-children in this cohort (90%) are doctor-diagnosed asthmatics, these results are 

of particular importance in understanding the RV-induced asthma pathology. Our 

findings indicate that, despite the low specific IgG1 antibody levels to RV-C, the 

majority of children, independent of their LRI status, have a competent CD4+ T cell 

recall response to RV-A and RV-C. However, we identified significantly lower numbers 

of naturally occurring T regulatory cells (nTregs), as well as RV-A and RV-C induced 

Tregs (iTregs) in LRI-children in comparison to their healthy counterparts. Our results 

suggest that the low number of nTregs and iTregs in LRI-children could be a possible 

mechanism for their inability to control immune responses to respiratory infections, 

such as rhinovirus.     
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5.4.1 Functional recall of memory CD4+ response to RV-A and RV-C in 

LRI-case and control children 

CD4+ T-cell responses are believed to be critical in determining the outcome of many 

viral infections, including of rhinovirus (Hogan et al., 2001; Keoshkerian et al., 2012; 

Parry et al., 2000; Wilkinson et al., 2012). In this study, CD4+ cells were the main T-

cell subset to respond to the RV peptides. Furthermore, the PBMCs of LRI-children had 

similar magnitude of CD4+ proliferation as those of the control children. In order to 

evaluate the degree of functionality of this response in both LRI-cases and controls, in 

addition to measurement of T-cell proliferation, three different markers of mid to late T-

cell activation in CD4+ and CD8+ cell populations were analysed: ICOS-I, CD25 and 

HLA-DR. ICOS-I is known to play a fundamental role in all stages of T-cell antigen-

depend responses, proving co-stimulatory signalling at T cell growth, differentiation 

and effector functions (L. Chen, 2013; Choi et al., 2011; Simpson et al., 2010). ICOS 

deficiency results in a reduced memory T cell compartment and defective recall of 

memory T-cell response (Simpson et al., 2010) making it particularly important in 

CD4+ and CD8+ memory formation, survival and reactivation. Similarly, HLA-DR and 

CD25 are highly expressed on activated effectors and memory T cells and participate on 

effector turnover and persistence of memory T cells (Mahnke et al., 2013). Similar 

levels of CD25, HLA-DR and ICOS-I expression in response to the two RV species 

were found in both cases and controls and together with the outcomes of CD4+ 

proliferation, the results suggest that children, independent of their clinical status, have 

a competent recall of CD4+ memory response to both RV-A and RV-C. Additional 

studies measuring cytokine production, such as IL-2, TNF- and IFN-, by RV-A and 

RV-C specific T cells and studies in transcriptome analysis exploring cellular gene-

pathways associated with recall antigenic responses to RVs would complement our 
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findings on effective and functional recall of memory T-cell response to both RV 

species.  

Of interest, although at a significant lower magnitude than the CD4+ activation and 

proliferation (Figure 5.6), CD8+ activated T cells were identified, in response to both 

RV-A and RV-C peptides, at a similar frequency as RV-activated CD4+ for each 

species; however, CD8+ proliferative response specific to RV-C was detected at a lower 

frequency than proliferating CD8+ in response to RV-A, in both cases and controls 

(Table 5.4). Perhaps RV-C epitopes present low immunogenicity to the CD8+ subset, 

just enough to activate cells, but not enough to promote proliferation (Caruso et al., 

1997). It has been suggested that central memory CD8+ cells exhibit an increased 

antigen threshold requirement for recall proliferation in comparison to naïve CD8+ 

subpopulation (Mehlhop-Williams & Bevan, 2014) and this could explain the low 

CD8+ proliferation observed in response to RV-C. 

 

5.4.2 Naturally occurring Tregs in LRI-children 

T regulatory cells (Tregs) comprise only 5-10% of the total CD4+ population but this 

small cell subset has critical importance in maintaining immune homeostasis and 

preventing inappropriate or exacerbated immune responses. Tregs are fundamental in 

regulating induction of de novo and memory effector immune responses to allergens 

and pathogens, all of which when in excess, can result in chronic inflammation and 

damage to epithelial tissue in the airways (Lloyd, 2009; Lund et al., 2008). This would 

be especially important in the upper and lower respiratory tracts, where a large surface 

area is constantly exposed to potential antigens.     

 

The study of Tregs is relatively new and although there are many cell markers of 

characterisation and little agreement in regards to nomenclature of the many different 
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Treg subsets, in this study we adopted the combination of the cell surface markers 

CD4+CD25
hi

CD127
low

 to identify frequency of circulating Tregs in peripheral blood 

(Holownia et al., 2015; W. Liu et al., 2006; Yu et al., 2012), which for simplicity, were 

defined as naturally occurring Tregs (nTregs) while the proliferating Tregs 

(CD4+CellTrace
dim

CD25
hi

CD127
low

), which were induced by in vitro stimulation with 

RV peptides, are defined here as induced Tregs (iTregs). 

 

In this study, significantly fewer nTregs were found for the LRI-children when 

compared to their healthy counterparts. The link between impaired immunoregulation 

and allergy has been previously reported; Adults diagnosed with allergic rhinitis 

presented significantly lower Tregs in peripheral blood, as well as in nasal tissue, when 

compared to healthy controls (Xu et al., 2007); In children, the atopic status was also 

associated with significantly lower circulating Tregs than in control children, and a 

further decrease in Treg levels was observed in children presenting symptoms of atopy 

when compared to non-atopic/asymptomatic children (Stelmaszczyk-Emmel et al., 

2013). Atopy and chronic respiratory diseases are intrinsically related (Grainge & 

Howarth, 2011; Pomes et al., 2016; Sheehan & Phipatanakul, 2016) and lower Tregs 

have also been found in children with allergic rhinitis accompanying bronchial asthma 

(J. H. Lee et al., 2007; Tao et al., 2015), in asthma-diagnosed children (Baatjes et al., 

2015) and in COPD patients (Hou et al., 2013) Similarly, the decrease of Tregs levels 

are associated with increased symptoms of asthma (Shi et al., 2004), and it has been 

suggested that the mechanisms by which inhaled corticosteroids help control 

exacerbations of asthma is due to the fact that corticosteroids have been found to 

increase the frequency of Treg cells in peripheral blood of asthmatic children (Singh et 

al., 2013). Treg cell-based immunotherapy has been suggested as a novel and promising 

treatment for asthma, as the ability to enhance regulatory function in affected 
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individuals may represent an effective disease management strategy (Lloyd, 2009; Ray 

et al., 2010; Thorburn & Hansbro, 2010).           

 

5.4.3 Induced Tregs in the immune response to RV-C  

Immune tolerance is built in the early stages of life and is fundamental for the 

development of protection against autoimmune and chronic inflammatory diseases, such 

as allergic asthma. However, this immune predisposition to immune regulation is 

believed to render infants at risk of infections, such as by rhinovirus and respiratory 

syncytial virus infections (Levy, 2007). In fact, recurrent lower respiratory infections 

early in life are known to induce the development of asthma later in childhood (Sly et 

al., 2010; Wu et al., 2008) and it has been suggested that the mechanism by which viral 

infections increase susceptibility to allergic asthma is that recurrent viral infections can 

affect the functionality of T regulatory cells (Krishnamoorthy et al., 2012). 

 

A recent study utilising class II tetramers to track primary and recall of influenza-

specific memory T-cell response, showed rapid accumulation of antigen-specific Tregs 

in the lungs and associated lymph nodes when compared to the primary infection. 

Furthermore, high CD8+ response and pulmonary inflammation was observed after 

influenza-specific memory Treg depletion prior to re-infection (Brincks et al., 2013) 

demonstrating the importance of Tregs in controlling immune response and associated 

inflammation to respiratory viral infections. 

 

In addition to lower nTregs in LRI-children when compared to controls, we are 

reporting for the first time lower iTregs in response to RV-C when compared to RV-A, 

in both LRI-children and controls. Furthermore, we have confirmed the presence of 

lower IgG1 antibody titres specific to the VP1 protein of RV-C when compared to the 
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IgG1 titres to the VP1 of RV-A in this paediatric cohort, which is in agreement with 

previous reports in adults (Iwasaki et al., 2013) and asthma-diagnosed paediatric cohorts 

(Gaido et al., 2016; Iwasaki et al., 2014). Altogether, these findings indicate an impaired 

Treg response to RV-C which could explain the increased susceptibility of LRI-children 

to RV-induced immunopathology, given by their inability to suppress viral 

inflammatory responses, resulting in more severe symptoms of asthma exacerbations.  
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5.5 Chapter Summary 

In this chapter, we characterised the adaptive response of a paediatric cohort against 

rhinovirus species A and C by analysing the recall of memory T-cell response to RV-

peptide antigens in vitro using peripheral blood cells of this cohort. We found that 

children diagnosed with lower respiratory illness (LRI) have a similar magnitude of 

CD4+ response to RV-A and RV-C when compared to their healthy counterparts. 

However, we found fewer circulating and induced T regulatory cells in LRI-children, 

which could explain their inability to control excessive inflammation and 

immunopathology induced by RV infections, resulting in severe symptoms of infection 

and asthma exacerbation.  
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CHAPTER 6 GENERAL DISCUSSION & CONCLUSIONS 

6.1 General Discussion 

Research in the clinical field of virology has increasingly shown that rhinoviruses (RVs) 

play a fundamental role in chronic lower respiratory illnesses (LRIs). However, the 

mechanisms by which RV infections influence the inception and exacerbation of 

respiratory diseases are still far from being understood. Efforts to elucidate these 

mechanisms have mainly focused on host innate immunity with suggestions that 

impaired cytokine and interferon production are possible causes of airway hyper-

responsiveness, high viral load and clinical severity of RV infections in LRI-patients 

(Bugin et al., 2013; Tang et al., 2015; Zhu et al., 2014). Despite the increased evidence 

of the role of T cells, especially of CD4+, in viral clearance (Chiu & Openshaw, 2015; 

Swain et al., 2012) only a few studies have focused on characterizing the adaptive 

immune response to rhinoviruses (Muehling et al., 2016; Steinke et al., 2015). Although 

shedding some light onto the importance of sentinel CD4+ memory T cells in 

maintaining responses against RVs, these studies were conducted in healthy subjects so 

the anti-RV T-cell immunity of LRI-patients, especially asthmatic children, remains 

unknown. A significant factor limiting studies on the immune response against RVs is 

the lack of tools that permit experimental examination of the immune responses to 

infection. Furthermore, studies characterising immunodominant regions in the RV 

capsid protein that can target the immune response to RVs, have focused on RV-A and 

RV-B species and not RV-C (Gern et al., 1997; Graham et al., 1993; Hastings et al., 

1993; Hastings et al., 1991; Muehling et al., 2016).  

 

In Chapter 3 epitope mapping of selected single genotypes of RV-A and RV-C were 

conducted utilising overlapping synthetic peptides covering the entire VP1 capsid 
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protein of both genotypes. Immunodominant T-cell epitopes were identified in 

distinctive regions of the viral protein of each genotype, which upon phylogenetic 

analysis were found to be specific for and representative of each species. This is the first 

study to map the entire VP1 capsid protein of a rhinovirus and the first to report 

experimental findings regarding immunodominant T-cell epitopes for the more recently 

identified RV-C. These findings reflect the predictions, made on the basis of 

computational modelling and sequence comparisons, that RV-C has immunodominant 

features that are unique to species C and are likely to be conserved within the species 

(Basta et al., 2014; Lau et al., 2007). The immunodominant regions found in the VP1 of 

the genotype RV-A34 analysed in this study are in agreement with the 

immunodominant regions found for other RV-A genotypes (RV-A1A, RV-A39, RV-

A16) reported in the literature (Hastings et al., 1993; Muehling et al., 2016), providing 

experimental evidence that these epitopes are indeed cross-reactive within species A. 

Additional studies that directly compare responses to peptides representing the 

immunodominant regions of different RV-A and RV-C genotypes would strengthen 

these findings. The recent study by Muehling and collaborators (Muehling et al., 2016) 

has suggested, based on amino acid comparison, that one of the immunodominant 

regions of RV-A (region A1) has the potential to promote cross-reaction with other 

species, including RV-C; however, the experimental findings presented here have 

shown that the relative region in the RV-C genotype (described in Chapter 3 as A1*) 

had little propensity to stimulate memory T-cell responses in vitro. This is likely to be 

due to a single amino acid substitution that is unique to species C (Figure 3.4) (Lau et 

al., 2007). Interestingly, the regions of the VP1 protein that were fully conserved 

between the three species have low immunogenicity, indicating that the most 

immunogenic epitopes are species-specific, which was particularly evident for the 

unique species C. Therefore, future studies in immune response against the different RV 
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species should take in consideration the species-specific singularities and utilise 

representative tools to characterise specific immune responses that are targeted to each 

RV species. HLA-typing analysis of all the participants of the epitope mapping cohort 

has indicated that the immunodominant RV epitopes described in this study are likely to 

be recognised by most HLA haplotypes and therefore, able to elicit T-cell responses in 

most subjects. Although the number of donors in the adult cohort resulted in low 

numbers of donors in each HLA haplotype subgroup and did not allow for sufficient 

power of analysis associated with the different HLA haplotypes, and although no HLA 

analysis were conducted in the childhood cohort, the heterogeneity of the adult 

responders in the different HLA subgroups and the high success rate of in vitro response 

to the pool of synthetic peptides in the paediatric cohort, reinforces the idea that there 

appears to be immune recognition of RV-A and RV-C epitopes by diverse HLA 

haplotypes. HLA-restricted recognition, therefore, does not appear to account for the 

GWAS associations previously described in the literature (Lasky-Su et al., 2012; 

Moffatt et al., 2010).  

 

Following the epitope mapping study, two pools of synthetic peptides containing the 

immunodominant RV epitopes of each species were used as tools to characterise the in 

vitro T-cell responses to RV-A and RV-C in a paediatric cohort, including children that 

had been hospitalised with an acute exacerbation of chronic lower respiratory illness 

(LRI), mostly due to lower respiratory tract infections caused by rhinoviruses. 

Investigation of recall memory T cell responses to rhinovirus infections following in 

vitro stimulation with RV peptides that are representative of each species has allowed, 

for the first time, a comparison of the adaptive T-cell immunity of a childhood clinical 

cohort against RV-A and RV-C infections. In Chapter 4 a flow cytometry assay 

sensitive enough to detect rare RV-specific memory CD4+ and CD8+ cells in human 
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peripheral blood was developed. In addition, this assay allowed for the detection of 

naturally occurring T regulatory cells (nTregs) in non-stimulated peripheral blood cells, 

as well as RV-induced Tregs (iTregs) in response to the in vitro stimulus with the pools 

of RV peptides. The combination of markers of memory T cell activation with the 

quantification of effective T-cell proliferation allowed for the detection of frequencies 

and functional capacities of lymphocyte subpopulations, providing an estimation of the 

specific immune status of each individual. The ability to assess the functional state of 

lymphocyte subsets in vitro is important as it reflects the ability of the immune system 

to mount an effective response to rhinovirus infections, providing a broad understanding 

of these mechanisms of protective immunity or immunopathology in vivo. 

 

During the study in the clinical paediatric cohort in Chapter 5, it was found that CD4+ 

was the main T-cell subset to respond in the in vitro recall of memory T cell responses 

to RV-A and RV-C. This is in agreement with results from the flow experiments 

conducted in a sample of the adult cohort in Chapter 3 that also indicated CD4+ as the 

main T cell subset to respond to the RV peptides in adults. Furthermore, there were no 

significant differences in the functionality, given by the expression of effector memory 

activation markers, and magnitude, given by the proliferative capacity, of the CD4+ 

responses between LRI-children and their healthy counterparts to both RV-A and RV-

C. Activated memory RV-A and RV-C specific CD8+ T cells were also identified, 

although the frequency of CD8+ proliferative response specific to RV-C was lower than 

the CD8+ proliferation observed in response to RV-A for both cases and controls. This 

could indicate that RV-C has lower immunogenicity to the CD8+ subset when 

compared to RV-A, providing just enough stimulus to activate the cells, but not enough 

to promote CD8+ proliferation. The most striking findings were found in the CD4+ 

subpopulation of regulatory T cells. In agreement with recent studies (Baatjes et al., 
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2015; Tao et al., 2015) significantly fewer nTregs were found in the peripheral blood 

cells of LRI-children than in their healthy counterparts. In addition, lower iTregs 

responses were found in response to RV-C when compared to RV-A in both cases and 

controls, with accentuated decrease in the LRI-group. This is the first study to measure 

iTreg to RVs and the first to report low iTreg to RV-C. Therefore, although mounting a 

functional CD4+ recall response against both RV-A and RV-C, with similar magnitudes 

as the ones observed in healthy children, LRI-children have an impaired number of 

circulating nTregs, and an even lower number of iTregs in response to RV-C. The 

balance between antiviral and inflammatory responses following an acute respiratory 

viral infection is likely to determine the clinical outcome of the infection 

(Singanayagam et al., 2012). While an effective antiviral response rapidly controls viral 

replication with minimal inflammatory symptoms and limited clinical illness, an 

inadequate or poorly regulated response is likely to result in uncontrolled viral 

replication, greater inflammatory response and more severe clinical illness. It is 

hypothesised here that fewer circulating and RV-specific induced Tregs in LRI-children 

could result in poor control of RV-C infections and increased immunopathology during 

a RV-induced exacerbation of LRI. This hypothesis is supported by the fact that a 

decline in Treg levels is associated with increased symptoms of asthma (Shi et al., 

2004) and that the use of corticosteroids has been found to increase the frequency of 

Treg cells in peripheral blood of asthmatic children and control symptoms of 

exacerbation (Singh et al., 2013). As a result of these findings, Treg-targeted 

immunotherapy has been suggested as a promising treatment for lower respiratory 

illnesses exacerbations, as the ability to enhance regulatory function in affected 

individuals has the potential to provide an effective disease management strategy 

(Lloyd, 2009; Ray et al., 2010; Thorburn & Hansbro, 2010). Therefore, it is 

hypothesised here that corticosteroid therapy in LRI-patients hospitalised with acute 
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exacerbations due to RV infections could help ameliorate symptoms of RV-induced 

illnesses. Recent studies in dietary vitamin D have indicated that sufficient levels of 

vitamin D are necessary for optimal lung health (Roggenbuck et al., 2016) and that 

vitamin D was found to increase the percentage and function of Treg cells in murine 

blood and lymph nodes (Gorman et al., 2016). Future studies evaluating the use of 

dietary vitamin D in LRI-patients could identify a promising target for prevention or 

treatment of LRI-exacerbations.  

  

Based on the comparison of specific antibody titres to each of the three rhinovirus 

species, it has been suggested that the increased severity of RV-C infections in young 

asthmatic children could be the result of a less efficient immune response to species C 

(Iwasaki et al., 2014). In agreement with these reports, the results here also show low 

IgG1 antibody titres specific to RV-C in the adult (Chapter 3) and paediatric cohorts, 

including LRI-children recently infected with RV-C (Chapter 5). However, the results 

in T cells show effective formation of recall of memory CD4+ response to RV-C in both 

adults and children, indicating that the low level of IgG1 antibodies specific to RV-C is 

not associated with low T-cell responses, at least not at the memory CD4+ T cell level. 

One possible explanation previously suggested for the impaired humoral response to 

RV-C was a phenomenon known as original antigenic sin, which was first described for 

influenza viruses (J. H. Kim et al., 2009) and then extended to rhinoviruses (Iwasaki et 

al., 2014); This theory proposes that preceding responses to RV-A could dictate the 

specificity of the immune response and shift the antibody repertoire toward RV-A even 

when challenged by a RV-C infection. The findings on the specific T-cell response to 

RV-C rule out the idea of impaired immune response to species C and reinforce the 

suggestion of the original antigenic sin-like response as an explanation for the low 

specific RV-C antibody levels and possible increased clinical importance of species C. 
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Recent results on experimental RV-infections show antiviral response starting as fast as 

4 days post viral challenge, well before the induction of neutralizing antibodies 

(Muehling et al., 2016). This rapid response was found to be mediated by pre-existing 

memory CD4+ T cells targeted to other RV genotypes, indicating that the recall of 

memory T-cell response to rhinoviruses is cross-reactive to different RV genotypes and 

that a previous RV infection could indeed dictate the outcomes of the humoral 

immunity of a newly acquired infection. The reasons why this response is shifted 

towards RV-A and away from RV-C are still to be clarified. Additional studies utilising 

different clinical designs, such as longitudinal cohorts of patients having repeated RV 

infections or studies in neonates and infants developing RV immunity to RV-A and RV-

C for the first time could help elucidate this question.  

 

Future studies in transcriptome analysis, looking at cellular gene-pathways of 

differentiation between asthmatics and healthy controls and between RV-A and RV-C 

infections, could identify associated differences, if any, in the recall antigenic response 

to RV-C at the genomic level, and provide avenues to either upregulate or modify the 

immune response to infections caused by the species C.  

 

Finally, the species-specific and representative T-cell epitopes of RV-A and RV-C 

identified in this study provide not only a tool for the in vitro study of the immune 

response against the different RV species, but are also promising candidates for future 

vaccine studies. Currently, the majority of vaccines against viral infections are targeted 

to either inactivated or live attenuated viruses. In both scenarios, the induced immune 

response is generally strain-specific, due to viral hypervariability, as observed for the 

influenza viruses (Wiersma et al., 2015). Furthermore, the difficulty of growing RV-C 

in vitro renders limitations in developing live/attenuated vaccine able to cross-protect 
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against all RV species (S. Lee et al., 2016). Peptide-base vaccines present many 

advantages: peptides are easily and largely produced in a cost-effective manner, are 

safer than vaccines that use live attenuated viruses, which often cause symptoms of 

infection, and do not require viral growth, which presents a major advantage, especially 

for the rhinovirus C species that cannot be easily propagated in vitro. This technology is 

currently being used in the development of new vaccines such as papilloma virus 

vaccine (K. S. Kim et al., 2014), influenza virus vaccine (Wilkinson et al., 2012) and 

vaccines against common allergens (Kwon et al., 2005). Although there are more than 

170 currently described RV genotypes, the use of a peptide cocktail containing multiple 

species-specific peptides that are tightly conserved within RV species could help 

overcome the challenge of promoting an effective broad spectrum of response to the 

majority of the RV genotypes (Edlmayr et al., 2011; Tan et al., 2011). While a vaccine 

targeted to T-cell stimulation might not prevent reinfection, as suggested for the 

preventative-type vaccine candidates targeted to neutralizing antibodies, it does have the 

potential to work as a therapeutic vaccine by helping redirect the immune response 

towards the species-specific RV infection and avoiding the antigenic sin-like 

phenomenon while increasing the efficiency of viral clearance.  
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6.2 Conclusions 

This study identified T-cell epitopes in the VP1 capsid protein of rhinoviruses species A 

and C that are specific for and representative of each species. Used as tools for the in 

vitro characterisation of the adaptive response against rhinoviruses it was identified that 

CD4+ is the main T cell subset to respond in the recall memory response to RV-A and 

RV-C in both adult and paediatric cohorts. The CD4+ response was, from the 

expression of activation markers and measurement of proliferative responses, of similar 

magnitude and functionality between children with severe lower respiratory illnesses 

(LRI) and their healthy counterparts. This is in contrast with the low IgG1 antibody 

titres specific for RV-C described here and previously by others. There is thus a 

dissociation between humoral and T-cell responses to rhinoviruses. In addition, LRI-

children were found to have low naturally occurring Tregs as well as RV-induced Tregs 

in response to RV-C when compared to healthy controls. This study suggests an original 

antigen sin-like phenomenon in combination with impaired T regulatory response as 

possible avenues to explain the impaired humoral response against RV-C and the 

increased inflammation and immunopathology observed in RV-C induced illnesses in 

LRI-children hospitalised due to an exacerbation of asthma.  
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APPENDIX A CHAPTER 2: MATERIALS & METHODS 

Table App A.1. List of synthetic rhinovirus (RV) peptides at mid purity range and 

corresponding amino acid sequence from genotypes RV-A34 and RV-C3. Sequence is in 

standard single letter code; amino terminus is on the left. 

 

 

 

REGION PEPTIDE*ID NTerm SEQUENCE CTerm MWt PURITY*(%) REGION PEPTIDE*ID NTerm SEQUENCE CTerm MWt PURITY*(%)

RVC:1 H" NPVEEFVEHTLKEVL #"OH 1783.0 ~70 RVA:1 H" NPVENYI DEVLNEVL #"OH 1759.9 ~70

RVC:2 H" FVEHTLKEVLVVPDT #"OH 1726.0 ~70 RVA:2 H" YI DEVLNEVLVVPNI #"OH 1729.0 ~70

RVC:3 H" LKEVLVVPDTQASGP #"OH 1552.8 ~70 RVA:3 H" LNEVLVVPNI KESQA #"OH 1652.9 ~70

RVC:4 H" VVPDTQASGPVHTTK #"OH 1536.7 ~70 RVA:4 H" VVPNI KESQATTSNS #"OH 1574.7 ~70

RVC:5 H" QASGPVHTTKPQALG #"OH 1491.7 ~70 RVA:5 H" KESQATTSNSAPALD #"OH 1519.6 ~70

RVC:6 H" VHTTKPQALGAVEI G #"OH 1520.8 ~70 RVA:6 H" TTSNSAPALDAAETG #"OH 1405.4 ~70

C1 RVC:7 H" PQALGAVEI GATADV #"OH 1411.6 ~70 RVA:7 H" APALDAAETGHTSSV #"OH 1426.5 ~70

RVC:8 H" AVEI GATADVGPETL #"OH 1442.6 ~70 RVA:8 H" AAETGHTSSVQPEDM #"OH 1559.6 ~70

RVC:9 H" ATADVGPETLI ETRY #"OH 1635.8 ~70 RVA:9 H" HTSSVQPEDMI ETRY #"OH 1793.0 ~70

RVC:10 H" GPETLI ETRYVMNDN #"OH 1751.9 ~70 RVA:10 H" QPEDMI ETRYVQTSQ #"OH 1825.0 ~70

RVC:11 H" I ETRYVMNDNTNAEA #"OH 1740.9 ~70 RVA:11 H" I ETRYVQTSQTRDEM #"OH 1857.0 ~70

RVC:12 H" VMNDNTNAEAAVENF #"OH 1638.7 ~70 RVA:12 H" VQTSQTRDEMSI ESF #"OH 1757.9 ~70

RVC:13 H" TNAEAAVENFLGRSA #"OH 1549.7 ~70 RVA:13 H" TRDEMSI ESFLGRSG #"OH 1684.9 ~70

RVC:14 H" AVENFLGRSALWANL #"OH 1660.9 ~70 RVA:14 H" SI ESFLGRSGCI HMS #"OH 1623.9 ~70

RVC:15 H" LGRSALWANLRLDQG #"OH 1669.9 ~70 RVA:15 H" LGRSGCI HMSKLVVD #"OH 1615.0 ~70

C2 RVC:16 H" LWANLRLDQGFRKWE #"OH 1932.2 ~70 RVA:16 H" CI HMSKLVVDYENYN #"OH 1828.1 ~70

RVC:17 H" RLDQGFRKWEI NFQE #"OH 1966.2 ~70 RVA:17 H" KLVVDYENYNAKTKN #"OH 1799.0 ~70

RVC:18 H" FRKWEI NFQEHAQVR #"OH 1988.2 ~70 RVA:18 H" YENYNAKTKNFMTWQ #"OH 1938.2 ~70

RVC:19 H" I NFQEHAQVRKKFEM #"OH 1905.2 ~70 RVA:19 H" AKTKNFMTWQI NLQE #"OH 1852.2 ~70

RVC:20 H" HAQVRKKFEMFTYVR #"OH 1940.3 ~70 RVA:20 H" FMTWQI NLQEMAQI R #"OH 1909.3 ~70

RVC:21 H" KKFEMFTYVRFDLEI #"OH 1966.3 ~70 RVA:21 H" I NLQEMAQI RRKFEM #"OH 1907.3 ~70

RVC:22 H" FTYVRFDLEI TI VTN #"OH 1831.1 ~70 RVA:22 H" MAQI RRKFEMFTYVR #"OH 1976.4 ~70

RVC:23 H" FDLEI TI VTNNKGLM #"OH 1708.0 ~70 RVA:23 H" RKFEMFTYVRFDSEV #"OH 1954.2 ~70

RVC:24 H" TI VTNNKGLMQI MFV #"OH 1709.1 ~70 RVA:24 H" FTYVRFDSEVTLVPS #"OH 1760.0 ~70

RVC:25 H" NKGLMQI MFVPPGI T #"OH 1646.1 ~70 RVA:25 H" FDSEVTLVPSI AAKG #"OH 1533.7 ~70

RVC:26 H" QI MFVPPGI TPPGGK #"OH 1538.9 ~70 RVA:26 H" TLVPSI AAKGDDI GH #"OH 1493.7 ~70

RVC:27 H" PPGI TPPGGKDGREW #"OH 1563.7 ~70 RVA:27 H" I AAKGDDI GHVVMQY #"OH 1616.9 ~70

RVC:28 H" PPGGKDGREWDTASN #"OH 1586.6 ~70 RVA:28 H" DDI GHVVMQYMYVPP #"OH 1764.1 ~70

RVC:29 H" DGREWDTASNPSVFF #"OH 1727.8 ~70 RVA:29 H" VVMQYMYVPPGAPI P #"OH 1662.1 ~70

RVC:30 H" DTASNPSVFFQPNSG #"OH 1567.6 ~70 RVA:30 H" MYVPPGAPI PKTRDD #"OH 1656.9 ~70

RVC:31 H" PSVFFQPNSGFPRFT #"OH 1727.9 ~70 RVA:31 H" GAPI PKTRDDFAWQS #"OH 1688.9 ~70

C3 RVC:32 H" QPNSGFPRFTI PFTG #"OH 1665.9 ~70 RVA:32 H" KTRDDFAWQSGTNAS #"OH 1683.8 ~70

RVC:33 H" FPRFTI PFTGLGSAY #"OH 1673.9 ~70 RVA:33 H" FAWQSGTNASI FWQH #"OH 1779.9 ~70

RVC:34 H" I PFTGLGSAYYMFYD #"OH 1745.0 ~70 RVA:34 H" GTNASI FWQHGQTYP #"OH 1706.8 ~70

RVC:35 H" LGSAYYMFYDGYDGT #"OH 1722.9 ~70 RVA:35 H" I FWQHGQTYPRFSLP #"OH 1877.1 ~70

RVC:36 H" YMFYDGYDGTDDANI #"OH 1759.8 ~70 RVA:36 H" GQTYPRFSLPFLSI A #"OH 1697.0 ~70

RVC:37 H" GYDGTDDANI NYGI S #"OH 1574.6 ~70 RVA:37 H" RFSLPFLSI ASAYYM #"OH 1766.1 ~70

RVC:38 H" DDANI NYGI SLTNDM #"OH 1655.8 ~70 RVA:38 H" FLSI ASAYYMFYDGY #"OH 1811.1 ~70

RVC:39 H" NYGI SLTNDMGTLCF #"OH 1648.9 ~70 RVA:39 H" SAYYMFYDGYDGDQH #"OH 1831.9 ~70

RVC:40 H" LTNDMGTLCFRALDG #"OH 1626.9 ~70 RVA:40 H" FYDGYDGDQHDSRYG #"OH 1794.8 ~70

RVC:41 H" GTLCFRALDGTGASD #"OH 1483.6 ~70 RVA:41 H" DGDQHDSRYGTVVTN #"OH 1663.7 ~70

RVC:42 H" RALDGTGASDI KVFG #"OH 1506.7 ~70 RVA:42 H" DSRYGTVVTNDMGTL #"OH 1628.8 ~70

RVC:43 H" TGASDI KVFGKPKHI #"OH 1597.9 ~70 RVA:43 H" TVVTNDMGTLCSRI V #"OH 1608.9 ~70

RVC:44 H" I KVFGKPKHI TAWI P #"OH 1735.2 ~70 RVA:44 H" DMGTLCSRI VTDEHQ #"OH 1704.9 ~70

RVC:45 H" KPKHI TAWI PRPPRA #"OH 1768.1 ~70 RVA:45 H" CSRI VTDEHQNRVEI #"OH 1799.0 ~70

RVC:46 H" TAWI PRPPRATQYLH #"OH 1807.1 ~70 RVA:46 H" TDEHQNRVEI TTRVY #"OH 1861.0 ~70

RVC:47 H" RPPRATQYLHKFSTN #"OH 1816.1 ~70 RVA:47 H" NRVEI TTRVYHKAKH #"OH 1852.1 ~70

RVC:48 H" TQYLHKFSTNYNKPK #"OH 1869.1 ~70 RVA:48 H" TTRVYHKAKHVKTWC #"OH 1858.2 ~70

RVC:49 H" KFSTNYNKPKTSGST #"OH 1659.8 ~70 RVA:49 H" HKAKHVKTWCPRPPR #"OH 1841.2 ~70

RVC:50 H" YNKPKTSGSTELEPK #"OH 1678.9 ~70 RVA:50 H" VKTWCPRPPRAVEYT #"OH 1803.1 ~70

RVC:51 H" TSGSTELEPKHFFKY #"OH 1771.0 ~70 RVA:51 H" PRPPRAVEYTHTHVT #"OH 1761.0 ~70

RVC:52 H" ELEPKHFFKYRQDI T #"OH 1951.2 ~70 RVA:52 H" AVEYTHTHVTNYKVR #"OH 1818.0 ~70

RVC:53 H" HFFKYRQDI TSI TNL #"OH 1883.1 ~70 RVA:53 H" HTHVTNYKVRGKTEK #"OH 1798.0 ~70

RVA:54 H" NYKVRGKTEKTAI KH #"OH 1773.1 ~70

RVA:55 H" GKTEKTAI KHRAKI T #"OH 1682.0 ~70

RVA:56 H" TAI KHRAKI TMA #"OH 1340.7 ~70

RVA:57 H" TEKTAI KHRAKI TMA #"OH 1699.1 ~70

C4

A1

A2
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Table App A.2. List of selected synthetic rhinovirus (RV) peptides at high purity range 

and corresponding amino acid sequence from genotypes RV-A34 and RV-C3. Sequence is 

in standard single letter code; amino terminus is on the left. 

 

 

Table App A.3. List of selected synthetic rhinovirus (RV) peptides at mid purity range and 

corresponding amino acid sequence from genotypes RV-A34 and RV-C3. The amino acid 

change made to RVC-32 peptide is highlighted in red. Sequence is in standard single letter 

code; amino terminus is on the left. The amino acid sequences of the irrelevant antigen 

PhoMal are also described.  
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Figure App A.1 Certificate of analysis of final Pepset
®
 containing rhinovirus peptides and 

the irrelevant antigen PhoMal at ~70% purity range. Peptide control 96 corresponds to 

RV-C16. 

 

PepSets
TM

Order Number: 26449 Page 2

Quality Control:
Plots Supplied:

Peptide Sequence HPLC Plot MS Plot MS Purity

95 IKDFHVYFRESRDAG 2644902 2644902.# 72%

96 LWANLRLDQGFRKWE 2644903 2644903.# 71%

The second control sequence corresponds to peptide 7
Amino Acid Analysis:

Amino acid analysis indicates that the estimated average peptide yield per tube is 1.4 µmole.  This result is based
on the control peptides which were 15 residues in length.  For the control peptides this represents a mass of 2.7 
mg.  The mass yield per tube will depend on the molecular weight of each peptide in the set.

Signed
G. Tribbick, Quality Assurance Department
2-September-2015

Mimotopes Pty Ltd ABN 90 090 841 286

11 Duerdin Street
Clayton Victoria 3168
Australia
Tel +61 3 9565 1111
Fax +61 3 9565 1199
mimotopes@mimotopes.com
www.mimotopes.com

Products are provided for research purposes only, not for human use.

The Peptide Company
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Figure App A.2 Mass spectrometry of final Pepset
®
 containing rhinovirus peptides and the 

irrelevant antigen PhoMal at ~70% purity range. Peptide displayed corresponds to RV-

C16. 
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Figure App A.3 The University of Western Australia Human Research Ethics Office 

recognition of ethics approval from the Princess Margaret Hospital Human Ethics 

Committee. 

 
 

  

  

Winthrop Professor Peter Le Souef 
School of Paediatrics & Child Health 
MBDP: M561 
 
 
Dear Professor Le Souef 
 

HUMAN RESEARCH ETHICS OFFICE – RECOGNITION OF ETHICS APPROVAL FROM ANOTHER HUMAN 
RESEARCH ETHICS COMMITTEE 

 

 

Research Ethics and Biosafety Office 

Research Services 

Phone: 

Fax: 

email: 

MBDP:   

+61 6 6488 1610 

+61 8 6488 8775 

hreo-research@uwa.edu.au 

M459 

Our Ref: RA/4/1/6210 27 May 2013 

Project:  Mechanisms of acute viral respiratory infection in children (MAVRIC) 

Thank you for your correspondence enclosing the necessary documents to facilitate recognition of the ethics approval for the above 
project granted by an external Human Research Ethics Committee (HREC) registered with the National Health and Medical 
Research Council (NHMRC). 

It is noted that you have ethics approval from Princess Margaret Hospital, approval number 1761 / EP. 

The UWA students and researchers identified as working on this project are: 

UWA Researchers:    

 

Student(s):   Cibele Gaido, Stephen Oo, Cassandra Robertson, Leesa Harris 

Although The University of Western Australia reserves the right to subject any research involving its staff and students to its own 
ethics review process, in this case, the Human Research Ethics Office has recognised the existing approval of the external HREC. 
The project is exempt from ethics review at UWA and the involvement of the above-listed researchers has been authorised. Any 
conditions for the recognition of the external HREC's existing approval are listed below: 

Special Conditions 

None specified 

You are reminded that it will be the responsibility of the approving HREC to ensure compliance with all ethics requirements and to 
monitor and report on the project. However, should any relevant ethics issues arise during the course of the project; you should 
inform the Human Research Ethics Office of The University of Western Australia. 

If you have any queries, please contact the HREO at hreo-research@uwa.edu.au. 

Please ensure that you quote the file reference – RA/4/1/6210  – and the associated project title in all future correspondence. 

Yours sincerely 

Name Faculty / School Role

Winthrop Professor Peter Le Souef  School of Paediatrics & Child Health  Chief Investigator

Mrs Joelene Bizzintino  School of Paediatrics & Child Health  Co-Investigator

Dr Guicheng Zhang  School of Paediatrics & Child Health  Co-Investigator

Assistant Professor Ingrid Laing  School of Paediatrics & Child Health  Co-Investigator

Ms Siew-Kim Khoo  School of Paediatrics & Child Health  Co-Investigator
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APPENDIX B CHAPTER 3: RV EPITOPE MAPPING 

Table App B.1. HLA MHC class I (HLA-A, HLA-B, HLA-C) typing of 20 adult donors from the epitope mapping cohort.  

 MHC class I 

 
HLA-A HLA-B HLA-C 

HD ID Serotype Allele 1 Allele 2 Serotype Allele 1 Allele 2 Serotype Allele 1 Allele 2 

HD1 29 68 29:02:01G 68:02:01G 14 44 14:02:01 44:03:01G 8 16 08:02:01G 16:01:01G 
HD2 3 11 03:01:01G 11:01:01G 35 41 35:01:01G 41:01:01 4 17 04:01:01G 17:01:01G 
HD3 3 32 03:01:01G 32:01:01G 27 27 27:02:01 27:05:02G 2 2 02:02:02G 02:02:02G 
HD4 2 11 02:07:01G 11:01:01G 15 40 15:02:01G 40:01:01G 7 8 07:02:01G 08:01:01G 
HD5 11 31 11:01:01G 31:01:02G 15 40 15:01:01G 40:01:01G 3 4 03:04:01G 04:01:01G 

HD6 2 26 02:01:01G 26:01:01G 8 44 08:01:01G 44:02:01G 5 7 05:01:01G 07:01:01G 
HD7 3 24 03:01:01G 24:02:01G 7 44 07:02:01G 44:02:01G 5 7 05:01:01G 07:02:01G 
HD8 2 3 02:22:01G 03:01:01G 27 35 27:05:02G 35:03:01G 1 4 01:02:01G 04:01:01G 
HD9 2 68 02:01:01G 68:01:01G 18 40 18:01:01G 40:01:01G 3 12 03:04:01G 12:03:01G 
HD10 23 68 23:01:01G 68:01:01G 7 27 07:02:01G 27:02:01 2 7 02:02:02G 07:02:01G 
HD11 1 23 01:01:01G 23:01:01G 35 38 35:01:01G 38:01:01 4 4 04:01:01G 04:01:01G 
HD12 2 3 02:01:01G 03:01:01G 7 51 07:02:01G 51:01:01G 7 12 07:02:01G 12:03:01G 
HD13 2 31 02:01:01G 31:01:02G 8 40 08:01:01G 40:01:01G 3 7 03:04:01G 07:01:01G 

HD14 3 24 03:02:01 24:02:01G 41 44 41:02:01 44:02:01G 16 17 16:04:01 17:01:01G 
HD15 2 68 02:01:01G 68:01:01G 35 44 35:03:01G 44:02:01G 4 5 04:01:01G 05:01:01G 
HD16 1 32 01:01:01G 32:01:01G 8 44 08:01:01G 44:02:01G 5 7 05:01:01G 07:01:01G 
HD17 3 23 03:01:01G 23:01:01G 7 44 07:02:01G 44:03:01G 4 7 04:01:01G 07:02:01G 
HD18 11 33 11:01:01G 33:03:01G 15 35 15:02:01G 35:03:01G 8 12 08:01:01G 12:03:01G 
HD19 11 29 11:02:01G 29:02:01G 44 46 44:03:01G 46:01:01G 1 16 01:02:01G 16:01:01G 

HD20 1 24 01:01:01G 24:02:01G 13 39 13:02:01G 39:06:02 6 7 06:02:01G 07:02:01G 



 

 173 

Table App B.2. HLA MHC class II (HLA-DR, HLA-DQ, HLA-DP) typing of 20 adult donors from the epitope mapping cohort. 

 
 

 MHC class II 

 
HLA-DR HLA-DQ HLA-DP 

 
Serotype 

DRB1 DRB3/4/5 
Serotype 

DQB1 
Serotype 

DPB1 

HD ID Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 

HD1 7 13 07:01:01G 13:38 B4*01:01:01G   2 3 02:02:01 03:01:01:01 4 6 04:01:01G 06:01 
HD2 4 4 04:01:01 04:04:01 B4*01:01:01G B4*01:01:01G 3 4 03:02:01 04:02:01 2 3 02:01:02G 03:01:01G 
HD3 11 16 11:01:01G 16:01:01 B5*02:02:01G   3 5 03:01:01:01 05:02:01 3 4 03:01:01G 04:02:01G 
HD4 8 12 08:03:02 12:02:01 B3*03:01:01G   3 6 03:01:01:01 06:01:01 14 21 14:01 21:01 
HD5 4 8 04:06:01G 08:03:02 B4*01:01:01G   3 6 03:02:01 06:01:01 2 5 02:01:02G 05:01:01G 
HD6 1 14 01:01:01G 14:01:01G B3*02:02:01G   5 5 05:01:01:01 05:03:01:01 4 9 04:02:01G 09:01:01 
HD7 3 4 03:01:01G 04:01:01 B4*01:01:01G   2 3 02:01:01 03:01:01:01 1 16 01:01:01 16:01:01 

HD8 1 11 01:01:01G 11:04:01 B3*02:02:01G   3 5 03:01:01:01 05:01:01:01 4 4 04:01:01G 04:02:01G 
HD9 15 16 15:01:01G 16:01:01 B5*01:01:01 B5*01:01:01 3 6 03:01:01:01 06:02:01 4 23 04:01:01G 23:01:01G 

HD10 11 15 11:01:01G 15:01:01G B5*01:01:01   3 6 03:01:01:01 06:02:01 4 4 04:01:01G 04:01:01G 
HD11 3 4 03:01:01G 04:07:01G B4*01:01:01G   2 3 02:01:01 03:01:01:01 3 4 03:01:01G 04:01:01G 
HD12 4 13 04:01:01 13:01:01G B4*01:01:01G   3 6 03:02:01 06:03:01 2 4 02:01:02G 04:01:01G 
HD13 3 4 03:01:01G 04:04:01 B4*01:01:01G   2 3 02:01:01 03:02:01 1 6 01:01:01 06:01 
HD14 4 13 04:02:01 13:03:01 B4*01:01:01G   3 3 03:01:01:01 03:02:01 2 4 02:01:02G 04:02:01G 
HD15 4 8 04:01:01 08:01:01G B4*01:01:01G   3 4 03:01:01:01 04:02:01 3 4 03:01:01G 04:01:01G 

HD16 1 3 01:01:01G 03:01:01G B3*01:01:02G   2 5 02:01:01 05:01:01:01 3 4 03:01:01G 04:01:01G 
HD17 7 15 07:01:01G 15:01:01G B5*01:01:01   2 6 02:02:01 06:02:01 4 4 04:01:01G 04:02:01G 
HD18 12 15 12:02:01 15:01:01G B5*01:01:01   3 5 03:01:01:01 05:02:01 5 5 05:01:01G 05:01:01G 
HD19 7 9 07:01:01G 09:01:02G B4*01:01:01G B4*01:01:01G 2 3 02:02:01 03:03:02:01 4 5 04:01:01G 05:01:01G 

HD20 10 16 10:01:01 16:01:01 B5*02:02:01G   5 5 05:01:01:01 05:02:01 2 10 02:01:02G 10:01 
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Table App B.3. Genbank accession numbers of the RV-A and RV-C genotypes used in the 

intra and inter-species sequence analyses. 

 

Rhinovirus Genotype Genbank Accession Number 

RV-A12 JF781511 
RV-A19 JQ747746 
RV-A21  JN837693 
RV-A23 JN621244 
RV-A33 JN815250 
RV-A34 FJ445189.1 
RV-A40 JX074051 
RV-A43 JN815237 
RV-A44 JN815252 
RV-A47 JN837692 
RV-A53 JN798587 
RV-A55            JQ837718 
RV-A58 JX025558 
RV-A60 JN798590 
RV-A61  JN798560 
RV-A65 JQ245966 
RV-A66 JN621246 
RV-A67 JN621245 
RV-A68  JN798578 
RV-A89  JQ837719 
RV-A103 JQ747749 
RV-C02 JX025557 
RV-C03 EF186077 
RV-C04 JF781509 
RV-C05 JN837691 
RV-C06 JN990702 
RV-C07 JX025556 
RV-C08 JQ245973 
RV-C15 JN837688 
RV-C17 JQ837720 
RV-C22 JN621242 
RV-C25 JN837685 
RV-C26 JX193796 
RV-C28 JN798569 
RV-C32 JQ994498 
RV-C36 JN541267 
RV-C40 JF781505 
RV-C41 JN798565 
RV-C42 JQ994500 
RV-C43 JN837687 
RV-C45 JN837686 
RV-C49 JN798568 
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Figure App B.1 Phylogenetic tree of the VP1 capsid protein of all RV-A genotypes found 

in Genbank database. Tree generated by method Neighbor Joining best tree in 

MacVector. The twenty RV-A genotypes selected as species representatives are 

highlighted. Genbank accesses numbers provided in Table App B.3.  
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Figure App B.2 Phylogenetic tree of the VP1 capsid protein of all RV-C genotypes found 

in Genbank database. Tree generated by method Neighbor Joining best tree in 

MacVector. The twenty RV-C genotypes selected as species representatives are 

highlighted. Genbank accesses numbers provided in Table App B.3.  
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Table App B.4. Epitope mapping of RV-A genotype 34 full results: Mean Reactive Score (RS) of the triplicate wells stimulated with each individual RV-A 

peptide (n= 57) in a cohort of 20 adult donors. 

AMINO ACID 
SEQUENCE 

PEPTIDE 
ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

NPVEN YIDEV LNEVL RVA-1 1.52 1.60 3.66 0.91 2.56 3.23 1.08 1.66 1.15 2.61 3.56 0.55 1.24 1.97 0.81 1.13 1.84 1.02 1.30 1.22 

YIDEV LNEVL VVPNI RVA-2 3.18 1.11 1.70 1.45 2.20 0.85 0.67 1.36 2.79 2.48 0.91 0.36 2.84 4.16 1.42 2.69 2.86 1.62 2.27 1.59 

LNEVL VVPNI KESQA RVA-3 1.69 2.19 1.61 1.62 1.39 1.15 1.15 1.34 1.59 2.70 0.83 0.75 1.38 2.28 0.94 0.84 0.81 1.26 1.27 1.94 

VVPNI KESQA TTSNS RVA-4 2.12 1.93 4.70 1.42 1.41 1.05 0.73 1.30 1.18 1.47 1.63 0.70 0.87 1.34 1.08 0.87 0.63 1.73 1.51 1.03 

KESQA TTSNS APALD RVA-5 2.92 1.95 0.94 2.00 2.38 1.62 0.93 1.63 1.55 2.37 0.90 1.34 0.63 1.65 0.76 1.40 1.69 1.27 1.47 1.10 

TTSNS APALD AAETG RVA-6 1.77 0.77 1.28 1.70 1.93 1.20 0.72 2.85 1.88 2.52 1.61 1.66 1.17 1.39 1.96 2.18 1.32 1.58 1.72 1.49 

APALD AAETG HTSSV RVA-7 1.75 1.60 1.44 1.63 1.50 0.82 1.00 1.36 1.96 1.21 1.14 1.45 1.27 1.06 1.05 1.04 0.91 1.15 1.03 1.32 

AAETG HTSSV QPEDM RVA-8 2.23 1.69 1.11 1.46 1.27 1.36 0.79 1.53 1.58 1.19 0.67 1.05 0.91 0.85 1.01 0.97 0.88 0.77 1.17 0.89 

HTSSV QPEDM IETRY RVA-9 2.30 1.92 2.74 1.37 1.33 1.51 0.70 1.90 2.03 1.38 1.52 1.23 0.80 1.26 0.82 1.08 1.16 0.90 1.30 0.95 

QPEDM IETRY VQTSQ RVA-10 1.81 1.36 3.58 1.47 1.53 2.54 0.58 1.09 1.08 1.87 1.59 0.94 0.87 1.74 0.82 0.97 1.19 1.43 1.18 2.11 

IETRY VQTSQ TRDEM RVA-11 2.17 2.11 4.16 1.86 1.71 1.35 0.77 1.15 2.20 1.53 0.99 0.56 0.78 3.88 1.22 0.51 1.03 1.39 1.07 1.13 

VQTSQ TRDEM SIESF RVA-12 2.06 1.97 2.81 1.31 1.70 1.03 1.26 2.34 1.39 1.61 0.53 0.45 3.93 1.33 0.59 0.63 1.27 1.02 5.30 0.77 

TRDEM SIESF LGRSG RVA-13 2.09 2.02 3.04 1.20 2.74 1.34 0.97 1.72 1.70 2.58 1.05 0.62 0.86 2.63 1.13 1.36 1.12 1.80 4.44 2.92 

SIESF LGRSG CIHMS RVA-14 1.76 1.73 0.92 1.39 2.35 1.21 0.74 1.88 4.60 8.82 0.76 0.71 1.50 1.80 0.84 0.55 1.74 0.81 2.91 4.41 

LGRSG CIHMS KLVVD RVA-15 1.52 0.36 0.62 2.14 1.58 2.06 0.63 0.99 0.98 3.66 0.26 0.73 0.62 0.82 0.41 0.96 0.57 4.41 2.93 1.72 

CIHMS KLVVD YENYN RVA-16 1.23 0.54 1.32 1.40 1.09 0.36 0.68 1.44 5.96 4.85 0.22 0.48 0.73 2.68 1.02 5.22 2.52 2.64 2.76 1.19 

KLVVD YENYN AKTKN RVA-17 2.08 1.32 2.08 0.97 1.05 2.51 1.38 1.36 3.85 2.25 1.00 0.87 0.79 1.39 0.78 1.94 0.78 7.81 1.15 1.25 

YENYN AKTKN FMTWQ RVA-18 1.06 0.87 1.95 0.99 0.76 0.68 0.63 1.48 1.96 1.90 0.95 0.75 0.55 2.15 0.76 1.16 0.61 0.78 1.27 1.56 

AKTKN FMTWQ INLQE RVA-19 0.49 0.11 0.38 0.28 0.75 0.10 0.39 0.58 1.01 0.34 0.09 0.12 0.43 0.60 0.85 1.11 0.47 1.00 2.26 1.09 

FMTWQ INLQE MAQIR RVA-20 0.62 1.52 0.64 0.54 0.70 2.09 0.90 0.66 0.75 0.66 0.63 0.23 3.10 0.96 0.30 2.43 0.43 2.80 1.32 0.83 

INLQE MAQIR RKFEM RVA-21 0.58 0.28 0.35 0.74 1.16 1.54 1.20 0.36 1.28 4.60 1.20 0.24 1.88 0.75 0.47 2.82 2.13 4.36 2.54 1.09 

MAQIR RKFEM FTYVR RVA-22 0.66 0.57 0.94 1.13 1.65 0.47 1.93 0.56 0.88 1.30 0.26 0.19 1.22 0.86 0.42 1.70 0.51 0.77 4.55 0.63 

RKFEM FTYVR FDSEV RVA-23 2.64 0.86 0.77 0.98 2.27 0.67 1.11 0.86 2.48 1.92 0.70 0.59 1.87 2.98 2.83 2.40 2.22 2.45 4.61 2.13 

FTYVR FDSEV TLVPS RVA-24 1.19 1.17 0.86 1.67 7.63 1.54 2.58 1.26 3.71 5.15 0.87 0.97 3.24 2.71 0.61 5.00 4.99 2.59 3.82 1.28 

FDSEV TLVPS IAAKG RVA-25 1.56 2.27 1.83 1.39 5.37 1.28 1.57 1.00 3.25 4.15 1.50 1.52 8.04 3.45 1.25 2.76 4.88 3.11 3.71 2.58 

TLVPS IAAKG DDIGH RVA-26 1.10 1.97 2.71 1.77 2.70 1.75 1.86 1.13 1.89 1.53 1.12 1.54 0.99 2.15 1.01 0.79 1.06 0.93 1.15 2.44 

IAAKG DDIGH VVMQY RVA-27 0.93 2.30 1.42 1.02 1.28 2.20 1.65 1.10 1.19 2.58 1.50 1.56 1.09 1.47 0.63 0.81 1.17 0.73 1.55 1.01 

DDIGH VVMQY MYVPP RVA-28 0.95 0.86 1.04 0.92 1.35 0.80 1.79 0.76 1.54 2.14 0.63 0.61 2.73 3.37 1.36 3.72 3.65 4.07 5.85 2.23 

VVMQY MYVPP GAPIP RVA-29 1.30 3.27 2.90 1.06 0.75 2.32 1.61 1.17 1.44 1.65 0.79 0.91 4.29 1.84 0.82 1.20 0.84 1.19 1.96 1.29 

MYVPP GAPIP KTRDD RVA-30 1.41 2.77 1.38 1.67 1.50 2.90 1.56 1.03 1.24 1.38 1.55 1.84 1.09 1.04 0.96 0.84 1.22 1.37 0.71 1.39 

Continues on the next page Continues on the next page 
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AMINO ACID 
SEQUENCE 

PEPTIDE 
ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

GAPIP KTRDD FAWQS RVA-31 2.70 3.00 2.65 1.46 4.11 2.16 0.88 0.67 1.70 1.34 0.66 1.72 5.01 1.41 0.55 0.81 0.75 0.68 1.20 0.80 

KTRDD FAWQS GTNAS RVA-32 1.66 2.73 1.45 1.56 2.76 3.22 1.10 1.27 0.79 0.97 1.46 1.86 1.25 1.36 0.80 1.22 1.36 1.13 0.91 1.37 

FAWQS GTNAS IFWQH RVA-33 1.82 1.13 0.98 0.92 0.64 1.17 0.78 0.54 0.89 3.56 0.52 0.41 1.04 1.13 0.53 0.87 0.65 1.71 1.02 1.20 

GTNAS IFWQH GQTYP RVA-34 1.06 0.53 1.23 1.41 7.28 1.74 0.89 0.86 1.21 6.09 1.13 1.35 3.89 1.15 0.54 0.71 1.03 2.86 4.60 0.89 

IFWQH GQTYP RFSLP RVA-35 2.02 1.57 0.97 1.01 1.70 2.58 1.39 0.95 2.05 1.63 0.92 2.05 2.02 1.60 1.00 1.33 1.08 1.17 1.19 2.11 

GQTYP RFSLP FLSIA RVA-36 4.53 1.71 1.29 0.74 1.96 2.29 1.27 0.68 1.56 6.75 1.96 0.81 2.53 1.79 0.44 0.92 1.19 1.08 3.13 1.58 

RFSLP FLSIA SAYYM RVA-37 0.94 1.05 0.46 0.84 1.25 0.78 2.77 0.84 1.86 0.77 0.36 0.30 1.56 1.42 0.48 0.94 0.93 0.59 1.86 0.84 

FLSIA SAYYM FYDGY RVA-38 2.98 2.00 2.10 1.01 2.83 1.49 1.21 1.18 1.07 1.85 0.90 0.90 1.29 2.80 1.14 1.24 1.18 1.74 1.63 1.61 

SAYYM FYDGY DGDQH RVA-39 2.34 0.92 1.62 0.89 0.98 1.49 0.98 0.92 1.99 0.62 1.32 1.80 1.24 1.75 0.61 1.05 1.16 1.82 1.88 1.19 

FYDGY DGDQH DSRYG RVA-40 2.29 2.23 2.42 1.19 0.78 0.97 1.10 1.02 0.68 0.66 1.03 1.28 1.46 1.53 0.89 2.23 1.19 1.79 1.38 1.67 

DGDQH DSRYG TVVTN RVA-41 2.34 2.01 2.12 1.42 1.13 1.20 0.93 0.92 0.82 0.69 1.01 1.11 1.04 1.08 1.04 1.60 1.48 1.74 2.63 1.24 

DSRYG TVVTN DMGTL RVA-42 2.73 1.90 1.22 1.35 1.08 2.29 1.32 1.23 0.80 1.13 2.54 1.30 0.95 1.91 1.06 1.14 2.30 2.41 3.63 1.57 

TVVTN DMGTL CSRIV RVA-43 2.32 3.27 1.08 1.65 1.22 2.50 3.35 0.78 0.51 1.69 2.55 1.16 2.93 1.38 0.70 1.43 2.15 3.37 3.67 1.57 

DMGTL CSRIV TDEHQ RVA-44 3.01 1.95 1.33 1.29 1.29 2.28 1.73 0.74 0.76 0.59 1.01 1.01 0.86 7.26 0.80 1.23 1.01 1.63 1.52 1.31 

CSRIV TDEHQ NRVEI RVA-45 4.79 1.61 1.72 1.64 1.14 1.80 0.89 0.92 0.62 1.10 1.63 0.94 0.94 1.61 0.48 1.05 0.99 1.40 2.07 1.62 

TDEHQ NRVEI TTRVY RVA-46 0.96 0.86 1.22 1.04 0.67 1.71 0.69 0.91 0.45 0.67 1.27 0.70 0.65 1.07 0.48 0.86 1.04 0.97 0.95 1.13 

NRVEI TTRVY HKAKH RVA-47 4.04 0.83 2.53 4.09 0.67 2.54 1.23 0.75 0.60 2.79 0.57 0.39 2.50 1.06 0.52 0.82 0.57 0.95 1.75 4.73 

TTRVY HKAKH VKTWC RVA-48 12.3 1.63 4.34 4.66 2.66 3.53 0.79 0.47 1.23 8.59 2.49 1.27 1.67 0.77 0.70 1.04 1.90 1.66 1.48 10.9 

HKAKH VKTWC PRPPR RVA-49 3.40 1.70 4.23 1.90 2.84 3.02 1.60 0.86 3.34 2.60 2.39 1.90 1.45 3.06 1.57 0.97 1.98 4.83 1.37 1.73 

VKTWC PRPPR AVEYT RVA-50 2.62 1.59 1.59 1.16 1.91 1.82 1.52 0.82 0.89 1.32 1.26 1.41 0.92 1.32 1.20 0.99 1.23 1.78 1.15 1.23 

PRPPR AVEYT HTHVT RVA-51 2.12 1.21 1.95 1.10 1.12 1.70 0.87 0.63 3.19 0.98 1.22 1.16 1.14 1.32 0.85 1.16 3.08 1.21 1.44 1.70 

AVEYT HTHVT NYKVR RVA-52 1.64 0.57 0.40 0.55 0.32 0.28 0.56 0.72 0.38 1.31 0.79 0.80 0.45 1.01 0.56 1.51 0.84 1.17 1.13 1.41 

HTHVT NYKVR GKTEK RVA-53 3.59 2.04 1.20 1.24 1.30 1.22 1.30 0.80 0.89 0.81 1.37 1.19 0.69 1.17 0.62 1.48 1.41 1.32 0.84 1.54 

NYKVR GKTEK TAIKH RVA-54 2.64 1.88 2.02 1.79 1.68 2.56 2.16 0.93 1.81 1.18 0.95 1.45 0.57 1.17 0.95 1.03 1.44 2.49 0.99 1.63 

GKTEK TAIKH RAKIT RVA-55 1.97 1.04 1.88 1.13 2.97 3.04 0.92 0.87 0.53 1.21 1.63 0.98 0.68 1.77 0.54 1.08 0.94 1.34 0.87 1.35 

TAIKH RAKIT MA RVA-56 1.49 1.48 1.15 2.17 0.92 1.81 1.41 0.82 1.12 0.98 1.29 1.49 0.90 1.06 0.78 1.28 0.50 1.68 1.49 1.31 

TEKTA IKHRA KITMA RVA-57 2.87 1.54 0.96 1.86 3.00 2.04 1.13 0.79 1.82 1.40 1.68 1.22 1.05 1.13 0.81 1.33 1.30 1.41 1.33 1.42 
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Table App B.5. Epitope mapping of RV-C genotype 3 full results: Mean Reactive Score (RS) of the triplicate wells stimulated with each individual RV-C 

peptide (n= 53) in a cohort of 20 adult donors. 

AMINO ACID 
SEQUENCE 

PEPTIDE 
ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

NPVEE FVEHT LKEVL RVC-1 1.31 1.17 2.31 1.17 4.56 3.22 0.91 0.88 0.76 2.22 3.44 0.57 0.81 1.78 0.75 0.91 0.93 1.22 1.53 0.75 

FVEHT LKEVL VVPDT RVC-2 2.54 1.30 2.26 1.39 1.72 3.76 1.08 1.05 1.20 1.44 1.05 1.06 0.87 1.91 0.81 1.64 0.83 0.98 1.31 1.13 

LKEVL VVPDT QASGP RVC-3 1.85 1.54 2.27 1.45 1.53 1.85 0.93 1.36 2.01 1.63 1.38 1.90 2.52 1.91 1.19 1.09 1.16 1.59 1.61 0.96 

VVPDT QASGP VHTTK RVC-4 2.51 1.53 3.73 1.58 2.77 2.11 2.07 1.23 1.38 2.34 1.71 1.98 1.03 2.02 1.01 1.03 1.28 3.45 1.26 0.99 

QASGP VHTTK PQALG RVC-5 1.58 1.80 3.19 1.66 1.52 2.25 1.23 1.33 2.13 2.59 1.28 2.17 1.07 2.49 0.99 1.64 1.05 1.44 2.12 1.14 

VHTTK PQALG AVEIG RVC-6 1.82 1.25 2.73 1.47 2.38 1.34 1.35 1.21 1.19 2.06 3.67 1.48 2.24 2.97 0.93 1.71 2.56 2.54 3.87 1.10 

PQALG AVEIG ATADV RVC-7 3.38 1.20 5.03 1.69 5.76 4.45 4.59 1.06 2.24 4.91 10.58 2.42 5.25 1.85 0.93 3.72 1.09 3.37 3.65 0.87 

AVEIG ATADV GPETL RVC-8 2.59 1.71 2.79 1.57 4.13 1.64 2.13 1.95 1.56 1.96 4.52 1.69 1.51 3.02 0.99 1.41 1.72 1.76 3.17 0.91 

ATADV GPETL IETRY RVC-9 1.17 1.93 2.16 1.34 1.93 1.60 0.99 1.19 1.33 2.05 1.64 1.92 1.19 1.62 0.69 0.88 1.31 2.26 1.23 0.79 

GPETL IETRY VMNDN RVC-10 1.33 1.56 2.00 1.34 1.66 2.38 0.74 3.88 1.27 3.54 1.96 0.61 1.76 1.54 0.71 0.87 0.78 1.57 0.89 0.65 

IETRY VMNDN TNAEA RVC-11 1.43 1.61 2.15 1.37 1.51 3.08 0.79 1.56 1.16 2.35 1.51 0.81 3.00 2.12 0.76 0.92 0.92 0.80 0.88 0.83 

VMNDN TNAEA AVENF RVC-12 2.60 1.65 2.55 1.15 1.70 1.96 0.80 0.96 0.75 2.18 1.78 0.95 1.21 1.87 0.75 1.13 1.18 1.12 2.30 1.66 

TNAEA AVENF LGRSA RVC-13 2.64 1.33 7.64 1.32 1.64 2.86 1.39 2.32 1.93 4.16 1.29 1.19 0.87 2.09 0.83 1.36 1.91 3.08 2.11 0.73 

AVENF LGRSA LWANL RVC-14 2.87 0.99 2.52 0.90 3.16 4.47 0.80 1.37 1.70 3.51 1.94 1.10 1.39 2.70 0.89 1.46 1.54 4.21 1.38 0.75 

LGRSA LWANL RLDQG RVC-15 1.31 1.08 2.43 1.27 1.16 2.98 1.04 0.86 0.94 0.75 0.68 0.94 0.69 1.41 0.58 1.20 0.67 0.95 1.32 0.83 
LWANL RLDQG 
FRKWE RVC-16 1.67 0.58 4.47 1.24 3.70 2.32 1.64 1.62 2.71 4.34 1.80 2.01 2.02 2.22 1.03 2.39 1.67 2.50 1.76 0.91 

RLDQG FRKWE INFQE RVC-17 1.19 1.21 3.20 1.34 2.30 2.95 0.81 1.14 1.31 1.59 1.16 1.39 0.88 1.39 0.63 1.33 0.55 1.14 1.58 0.63 

FRKWE INFQE HAQVR RVC-18 0.74 0.51 1.69 0.90 0.69 5.25 0.56 0.74 0.66 1.03 0.58 0.30 0.80 1.53 0.49 0.64 0.32 0.71 0.87 0.53 

INFQE HAQVR KKFEM RVC-19 0.96 0.19 0.97 0.56 0.80 0.38 0.52 0.54 0.84 0.94 0.53 0.40 2.34 1.35 0.58 0.80 0.60 1.93 2.15 0.95 

HAQVR KKFEM FTYVR RVC-20 0.96 0.42 0.98 0.62 0.47 0.45 1.13 0.54 0.53 0.63 0.90 0.34 1.39 1.44 0.62 0.57 0.33 0.70 7.98 0.67 

KKFEM FTYVR FDLEI RVC-21 1.60 0.61 1.25 0.48 0.89 0.22 0.58 0.50 1.00 0.98 0.76 0.45 2.23 1.42 0.72 1.36 1.20 1.32 3.63 1.19 

FTYVR FDLEI TIVTN RVC-22 2.63 1.22 3.07 0.62 1.56 0.88 0.91 1.20 1.35 1.55 1.31 0.98 2.23 1.47 1.14 1.80 1.67 1.80 3.12 1.60 

FDLEI TIVTN NKGLM RVC-23 1.37 0.48 0.82 0.60 0.57 0.31 0.69 0.98 0.69 0.70 0.61 0.36 2.16 1.18 0.68 1.69 0.84 1.54 2.15 0.87 

TIVTN NKGLM QIMFV RVC-24 0.66 0.28 0.61 0.43 0.40 0.14 0.29 0.41 0.63 0.47 0.37 0.30 1.13 0.83 0.47 0.92 0.50 1.12 2.20 0.81 

NKGLM QIMFV PPGIT RVC-25 0.87 1.30 1.51 0.80 0.63 0.51 0.69 0.88 0.84 1.08 1.30 1.25 2.39 1.73 0.58 0.81 0.58 3.84 3.03 0.94 

QIMFV PPGIT PPGGK RVC-26 1.85 1.56 1.87 0.88 1.67 1.81 1.03 0.76 1.04 1.36 1.63 3.05 2.91 1.49 0.87 0.98 0.93 1.17 1.49 1.06 

PPGIT PPGGK DGREW RVC-27 1.59 1.14 2.04 0.97 1.25 1.48 0.79 0.78 1.69 1.50 1.79 2.00 2.43 1.60 1.12 1.19 1.67 1.81 1.37 0.80 
PPGGK DGREW 
DTASN RVC-28 1.44 1.13 1.70 1.43 1.13 1.01 1.19 1.15 1.36 1.29 2.18 2.18 2.78 1.34 0.97 1.22 1.89 1.18 1.94 0.81 

DGREW DTASN PSVFF RVC-29 2.03 1.70 2.16 0.92 1.49 1.45 1.07 0.65 0.93 1.38 3.14 0.99 2.28 1.01 0.62 1.04 1.48 1.96 1.18 1.49 
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AMINO ACID 
SEQUENCE 

PEPTIDE 
ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

DTASN PSVFF QPNSG RVC-30 1.74 1.71 2.71 1.01 2.01 0.87 0.94 0.75 0.91 1.64 2.12 1.38 1.78 0.97 1.35 1.09 1.64 1.65 1.08 0.99 

PSVFF QPNSG FPRFT RVC-31 1.84 1.53 4.19 1.02 1.05 2.06 0.87 0.83 1.05 1.55 3.10 1.50 2.11 1.67 0.84 1.41 1.25 1.56 2.72 1.71 

QPNSG FPRFT IPFTG RVC-32 2.45 2.84 2.54 0.92 2.23 1.31 0.82 0.95 2.52 2.68 5.23 2.05 4.15 1.31 0.92 1.61 1.80 4.78 1.44 1.12 

FPRFT IPFTG LGSAY RVC-33 1.59 2.61 2.94 0.89 4.04 1.41 0.79 1.23 1.36 2.17 2.04 1.63 4.68 1.73 0.89 1.32 1.78 1.62 1.52 1.22 

IPFTG LGSAY YMFYD RVC-34 2.10 1.23 2.11 0.75 1.43 0.90 0.60 0.93 1.02 1.04 1.30 1.07 2.74 1.59 0.73 1.07 0.76 1.14 1.52 0.79 

LGSAY YMFYD GYDGT RVC-35 1.45 0.47 2.06 0.65 0.80 0.33 1.07 0.72 0.90 0.95 0.78 0.55 1.80 1.81 0.94 1.59 1.27 2.38 1.96 1.14 

YMFYD GYDGT DDANI RVC-36 2.06 1.59 1.90 1.21 1.72 1.39 1.48 3.23 1.10 1.36 1.26 2.62 2.64 1.68 1.08 1.63 1.11 1.26 1.12 0.82 

GYDGT DDANI NYGIS RVC-37 1.68 1.62 2.28 1.05 1.69 1.35 0.57 0.86 1.11 1.58 1.67 1.82 1.99 1.48 0.78 1.05 1.37 1.48 1.24 0.72 

DDANI NYGIS LTNDM RVC-38 1.11 1.04 1.55 0.47 0.71 0.66 1.42 0.72 0.40 0.95 2.22 0.75 1.36 1.50 0.53 1.09 1.15 1.06 1.02 0.99 

NYGIS LTNDM GTLCF RVC-39 1.30 0.92 1.92 0.45 0.54 0.76 0.58 1.26 0.53 1.46 1.55 0.53 1.41 2.76 0.71 0.90 1.49 0.92 1.71 1.38 

LTNDM GTLCF RALDG RVC-40 2.90 2.61 3.29 0.89 0.94 1.77 0.74 1.02 1.10 4.42 4.71 1.12 2.12 2.26 1.10 1.26 4.33 1.73 2.17 1.02 

GTLCF RALDG TGASD RVC-41 1.57 1.19 1.45 0.64 1.58 1.14 0.66 0.75 0.72 4.54 2.17 1.03 2.15 1.19 0.45 0.91 2.71 1.61 1.84 1.76 

RALDG TGASD IKVFG RVC-42 2.09 1.83 3.20 0.83 2.55 1.08 1.10 1.49 1.11 2.42 3.34 1.20 1.65 2.12 0.88 2.15 2.34 2.01 3.03 1.87 

TGASD IKVFG KPKHI RVC-43 2.67 2.51 4.16 0.77 2.63 2.49 0.84 1.10 1.27 3.52 2.79 1.12 1.16 1.86 0.67 1.25 1.50 2.71 4.09 1.88 

IKVFG KPKHI TAWIP RVC-44 2.66 1.65 5.36 0.74 1.88 1.49 0.89 1.24 1.03 3.35 4.03 1.84 1.09 2.24 0.91 1.20 1.60 2.12 1.76 1.21 

KPKHI TAWIP RPPRA RVC-45 2.35 2.52 2.46 0.77 1.71 2.76 0.62 1.68 1.26 2.95 2.97 1.59 2.49 1.83 0.90 0.88 3.26 1.26 1.88 1.15 

TAWIP RPPRA TQYLH RVC-46 1.67 1.81 2.24 0.84 1.02 1.64 1.12 0.89 0.65 1.57 2.27 1.17 1.52 1.52 0.86 1.30 1.83 2.05 1.50 1.10 

RPPRA TQYLH KFSTN RVC-47 1.95 1.28 2.80 0.86 1.11 1.68 0.90 0.88 0.63 4.58 2.10 1.57 1.01 1.35 0.76 1.06 2.01 0.89 1.27 1.19 

TQYLH KFSTN YNKPK RVC-48 2.03 1.49 2.13 0.94 5.46 2.64 1.68 1.47 0.74 1.74 2.48 1.82 1.02 1.82 0.63 1.25 1.89 0.89 1.38 1.06 

KFSTN YNKPK TSGST RVC-49 2.38 2.31 1.57 1.11 0.97 1.64 0.85 1.04 0.88 2.93 1.23 1.60 1.44 1.45 0.71 1.61 1.31 2.43 1.53 1.07 

YNKPK TSGST ELEPK RVC-50 2.12 1.82 2.02 1.02 1.24 1.25 1.28 1.06 1.00 2.06 2.93 1.87 1.92 1.54 0.90 1.33 2.90 1.55 1.23 1.07 

TSGST ELEPK HFFKY RVC-51 2.70 2.02 1.81 1.14 0.99 2.57 0.82 1.53 1.05 2.56 2.50 1.53 2.00 2.93 0.71 0.90 1.75 1.08 1.27 1.16 

ELEPK HFFKY RQDIT RVC-52 2.16 2.05 2.74 1.40 4.55 2.00 1.08 1.18 0.96 2.79 2.56 1.38 1.80 2.33 0.91 1.32 2.49 1.55 3.17 1.00 

HFFKY RQDIT SITNL RVC-53 0.97 0.37 1.00 0.56 0.56 0.17 0.96 0.78 0.42 0.90 0.68 0.18 1.26 1.21 0.47 0.76 0.54 0.71 1.68 1.11 
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