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Abstract 

 
Respiratory syncytial virus (RSV) is a major cause of infant bronchiolitis and the leading 

cause of their hospitalization worldwide. It is also linked to airway hyper-responsiveness. 

Mast cells are essential in allergies and the immune response to pathogens, and can 

produce various mediators that influence vascularity, bronchoconstriction, and immune 

cell recruitment to sites of infection. Since mast cells are abundant in the airways at the 

site of RSV infection, we examined the human mast cell response to RSV in vitro and the 

role type I interferons, major antiviral cytokines, play in such a response. 

Our data show that human mast cells responded to restricted RSV infection by producing 

pro-inflammatory chemokines and cytokines some of which were dependent on type I 

IFN response (CXCL10 and CCL4), while others were not (CCL5 and VEGF-A). Mast 

cell production of these mediators may enhance inflammation and effector cell 

recruitment during RSV disease. 
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Chapter 1 – Introduction 

 

1.1 Thesis Scope 

Respiratory illnesses have variable clinical presentations depending on the anatomical 

location inviolved and the host-pathogen interactions. A substantial number of respiratory 

infections is related to viruses. Of these viruses, respiratory syncytial virus (RSV) is one 

of the major respiratory pathogens that imposes significant risk on vulnerable populations 

like young children and the elderly (Tregoning and Schwarze, 2010). However, 

knowledge around RSV is ever growing and changing due to the complex pathology of 

RSV disease and the difficulties in obtaining accurate knowledge on the molecular 

mechanisms of human RSV disease.  

 

Mast cells are increasingly recognized as sentinel cells in host defense against mucosal 

pathogens, including viruses. Their stratigic location around  the vasculature and at the 

interface with the environment implies an important role in rapid response to pathogens. 

Nevertheless, the human mast cell’s role in RSV disease is not defined. This thesis 

expands upon the M.Sc thesis work done previously (Al-Afif, 2012) and focuses around 

better understanding of human mast cell-RSV interactions. 

  

1.2 Respiratory Syncytial Virus 

In 1955, a virus that caused upper respiratory tract disease in chimpanzees was isolated 

and called chimpanzee coryza agent (CCA) (Blount et al., 1956). Soon after CCA was 

discovered, a related virus was isolated from infants with lower respiratory tract illness, 

and that was the first report of  respiratory syncytial virus (RSV) in humans (Chanock et 

al., 1957). RSV was noticed to induce the formation of syncytia in infected cells in vitro, 

and hence the derivation of its name (Chanock et al., 1957).  

 

Since its discovery, RSV continues to be associated with  a significant global health and 

economic burden highlighted by the efforts directed towards developing a successful 

RSV vaccine. The advances in molecular and genetic analysis have enabled the scientifc 
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community to finally unravel important knowledge around the structure and genomic 

organization of RSV in the 1980s (Collins et al., 2013). Nevertheless, more 

understanding of RSV pathology in its primary host, humans, is needed to help in the 

development of  a safe and effective vaccine and improved therapies. 

 

1.3 RSV Epidemiology, Disease, and Link to Airway Hyperreactivity 

By the age of two years, almost all people have been infected with RSV, and 20-30% of 

these had lower respiratory tract infection (LRTI) such as bronchiolitis or pneumonia. As 

well, one to three percent of infants under one year of age require hospitlization from 

RSV LRTI (Langley and Anderson, 2011). In fact, RSV is the leading cause of lower 

respiratory tract infection in young children, and the major cause for infant 

hospitalization. In 2005, there were around 33 million RSV LRTIs in children younger 

than five years old,  10% required hospitalization, and significant mortality was reported 

mainly in developing countries (Nair et al., 2010, Lozano et al., 2012). On the other hand, 

adults as well are affected with RSV disease. Almost 40% of adults in families with 

young children are infected with RSV, and of those adults, 40% missed work (Hall et al., 

1976, O'Shea et al., 2005). The cost for infant and elderly hospitalization from RSV 

disease, in the United States  alone, is around 4 billion dollars annually (Leader and 

Kohlhase, 2003, Falsey et al., 2005). Therefore, RSV disease is considered a huge health 

and economic burden globally. 

 

RSV has two highly divergent antigenic subtypes: A and B (Mufson et al., 1985), and 

both are spread globally. In a temperate climate, RSV outbreaks peak generally in cold 

weather in the winter, spring and fall, while in a near tropical climate the disease occurs 

throughout the year associated with rain fall (Mullins et al., 2003, Omer et al., 2008). 

 

The severity of RSV respiratory disease is largely related to the health status and living 

conditions of the host. The premature infants, those of very young or old age,  with 

primary exposure to RSV, immunocomprimised status or cardiopulmonary disease, and 

male sex are at greater risk of severe disease (Langley and Anderson, 2011, Sommer et 

al., 2011). The mortality rate in immunocompromised patients infected with RSV 
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approaches 80% (Ison, 2009). Secondary RSV infection is common but usually milder. 

Nevertheless, elderly patients present for treatment usually with exacerbation of an 

underlying chronic condition (Falsey and Walsh, 2000, Falsey et al., 2005).  

 

RSV disease in infants is characterized by the onset of URTI symptoms including low 

grade fever, nasal congestion, and cough that could  develop into LRTI with assosicated 

persistent coughing, wheezing, tachypnea, laboured breathing, apnea as well as findings 

of pulmonary collapse. This might impact the patient’s oxygenation and fluid intake and 

can lead to hypoxemia and dehydration. The acute disease lasts five to ten days with peak 

of symptoms after the third day. However, the cough may persist for several weeks. RSV 

disease can be complicated by secondary bacterial infection, and 30-50% of children 

hospitalized with RSV disease will have recurrent wheeze. Older children and adults 

present with a prolonged course of URTI, that could be complicated with a sinusitis or 

otitis media. However, one fourth of healthy adults with RSV URTI presents with 

wheeze (Hall et al., 2013).  

 

In addition to the immediate clinical presentation of RSV infection, exposure to RSV at a 

young age and the severity of RSV at that age have been linked to the development of 

airway hyperreactivity (Stein et al., 1999, Sigurs et al., 2010). It is likely that patients 

with a higher baseline risk for asthma are more likely to have persistent wheeze into late 

adolescence after RSV disease (Chawes et al., 2012, Lotz et al., 2013). 

 

1.4 RSV Morphology, and Replication Cycle 

Human RSV is a single-stranded, negative-sense RNA virus from the genus  

pneumvirinae and the family paramyxoviridae. The virion helical structure is composed 

of a lipid envelope with spike-like glycoproteins. This envelope packages a matrix 

protein and a nucleocapsid core that carries the large polymerase protien along with a 

nucleoprotein and phosphoprotein (Collins et al., 2013).  

 

The mechanism of fusion of the virus to the host cell membrane and its subsequent entry 

are not fully understood. However, it likely involves the binding of the fusion protein 
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with the receptor nucleolin and the interaction with a co-receptor or co-factor, like the 

adhesion molecule ICAM or the negatively charged matrix carbohydrate, by the viral 

attachment protein (Mastrangelo and Hegele, 2013, Tayyari et al., 2011). This fusion 

process is also dependent on the cell cytoskeleton proteins.  

 

After the virus envelope fuses with the host cell membrane, it releases the nucleocapsid 

and the matrix protein into the cytosol to start primary transcription of the viral genes 

followed by secondary transcription and RNA replication. The 3’ end of the genome has 

the conserved, single promoter sequence that is essential for both genomic replication and 

transcription. The viral polymerase enters the viral RNA from the 3’ end to transcribe the 

genes into the corresponding messenger RNA (mRNA) in a polar gradient fashion, where 

the level of the gene transcription is reduced along the genes’ order, or to replicate the 

genome into the complementary antigenome positive-sense strand. The genome and anti-

genome are not 5’ capped or 3’ polyadenylated, while the viral mRNAs are 

polyadenylated by polymerase stuttering action. Throughout RNA replication, the 

genome and anti-genome are stabilized and protected from degradation and cellular 

recogniton by the nucelocapsid protein. Both trancription and replication for RSV can 

happen at the same time, early the infection. Viral mRNAs are detected as early as 4-6 

hours after infection and peaks at 15-20 hours, after which the transcription is 

downregulated for RNA replication and packaging of viral progeny that could be released 

as early as 10-12 hours post infection (Collins et al., 2013) (Figure 1).  

 

RSV infected cells contains large inclusion bodies that are believed to contain the viral 

RNA replication machinery but might function, as well, to entrap some cellular viral 

sensors. RSV assembly takes place at the apical surface of the plasma membrane in a 

polarized cell and preferably at a lipid raft (lipid microdomain). RSV might hijack the 

cellular endocytic pathway to bud out of the cell. During budding, RSV obtain its lipid 

envelope from the host cell membrane. Actually, selective lipid microdomain proteins as 

well as cellular cytoskeleton proteins are incorporated into the budding viral progeny. 

The resultant virus contains mainly the genomic RNA but could  also contain the double-

sranded RNA form. However, only the nucleocapsid without the polymerase along with 
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the matrix and fusion proteins are required for infectious viral particle formation (Shaikh 

and Crowe, 2013).  

 

In vitro, RSV exists mainly in a long filamentous, or less commonly, a spherical form 

(Jeffree et al., 2003). The cellular cytoskeleton protein actin is found at the base of these 

filaments but not incorporated in them (Shaikh and Crowe, 2013).  In cell lines, but less 

in primary cultures, the virus infected cells fuse to form syncytia. The majority of the 

virus in culture is associated with the cell surface. Therefore cell lysis is required to 

release the viral progenies. However, the viral particles become unstable which reduces 

the virus titre. For this reason, RSV extracellularly should be stored in excepients like 

magnesium sulphate or sucrose to prevent the virus from aggregating and losing 

infectivity (Ausar et al., 2007). 

 

The phenotypic and kinetic features of RSV infection in epithelial cells were first 

described based on the infection of continuous epithelial cell lines like HEp-2 and A549. 

However, RSV infection of primary human airway epithelium (HAE) in vitro showed 

focal infection with minimal cytopathic effect and lower viral titres than observed in cell 

lines (Wright et al., 2005) where the whole monolayer becomes infected and the 

cytopathic effect e.g. cell elongation, giant cell formation and syncytia is much more 

prevalent. An ex vivo/ in vitro RSV model of well-differentiated primary bronchial 

epithelial cells (WD-PBECs), might better represent human RSV infection (Villenave et 

al., 2012). This model showed that RSV infection was non-contiguous, involved mainly 

apical and ciliated epithelial cells, resulting in apoptosis and sloughing of these cells with 

goblet cell hyperplasia and mucus hypersecretion. These new primary epithelial cell 

cultures are increasingly utilized in the study of RSV interactions with cells (Pickles, 

2013). 

 

1.5 RSV RNA and Proteins 

RSV RNA is non-segmented genome carrying ten genes that encode eleven different 

monocistronic mRNA and proteins. It has nine highly divergent intergenic regions that 

generally have no impact on the viral replication. The 3’ end has a conserved extragenic 
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leader region and the 5’ end has a moderately conserved trailer sequence, while each 

gene has gene-start (GS) and gene-end (GE) conserved peripheral signals. The M2 gene 

has two open reading frames (ORF) that encode two different proteins and overlap with 

the ORF for the following L polymerase gene. The viral RNA polymerase has a 10% 

“error” in reading the frame that leads to the transcription of a full length L mRNA. 

Otherwise, the polymerase reads through intergenic regions looking for GS sequences 

and never dissociates even at the GE signal (Collins et al., 2013).  

 

1.5.1 Envelope Glycoproteins: F, G, SH 

F and G are surface transmembrane proteins that are mainly responsible for viral entry 

into the cells but not required for viral replication. The fusion protein F is 574-amino 

acids and is found in the precursor form F0, which is cleaved by cellular endoproteases to 

give rise to the F form. This protein is heavily sialylated and guides virus-cell fusion and 

syncytium formation (McLellan et al., 2013). However, it also binds TLR-4 on host cells 

leading to possible immune activation (Haynes et al., 2001).  

 

The large glycoprotein G variability gives rise to the antigenic subtypes of RSV. It is 

involved in viral attachment. It is composed of 298 amino acids and it has a small 

transmembrane anchor with large ectodomain composed of two highly divergent units 

and a central conserved region. This glycoprotein has been implicated in RSV host 

immune evasion.  For example, the ectodomain contains variable lengths of O- and N-

linked sugars that might render it similar to host matrix sugars and is rich in the amino 

acids proline, threonine and serine, which resembles the mucin structure (McLellan et al., 

2013). Also, the central region contains a cysteine residue with two disulfide bonds 

which mimics the CX3C chemokine (fraktalkine), hence it could bind to immune cells 

carrying the fraktalkine receptor reducing their recruitment to infection sites and 

thereafter recognition of virus-infected cells as was shown in in a mouse lung (Tripp et 

al., 2001). G protein could also act as a decoy receptor for tumor necrosis factor (TNF) 

(Langedijk et al., 1998), as well as inhibit TLR (e.g. TLR-4) and alter human dendritic 

cell antigen presentation (Polack et al., 2005, Johnson et al., 2012). Almost 80% of G 

protein is secreted in a form that lacks the small anchor region, and this form is thought to 
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neutralize antibodies as well as FC receptors on immune cells, preventing viral 

recognition by the immune system (Bukreyev et al., 2008).  

On the other hand the small or short hydrophobic protein (SH), 64 amino acids, is not 

known to contribute to viral entry and its role is not clearly understood. It is believed to 

be a viroporin that alters cell permeability and affects viral budding. It has also a small 

inhibitory effect on apoptosis, and might inhibit TNF action on cells (Fuentes et al., 

2007). RSV lacking SH is slightly attenuated in vivo, but replicates well in vitro (Collins 

et al., 2013, McLellan et al., 2013). 

  

1.5.2 Nucleocapsid/Polymearse Proteins: N, P, L, M2-1  

The N protein is a 391-amino acid and the genomic and anti-genomic packaging protein. 

It has a flexible structure to allow for the polymerase entry disturbing the nucleocapsid 

stability and RNA synthesis (Collins et al., 2013). It also inhibits the protein kinase PKR 

directly, preventing the phosphorylation of the cellular translation initiation factor eIF-

2. Therefore, cellular protein synthesis is maintained (Groskreutz et al., 2010). 

 

The P protein is 241-amino acids long, and is phosphorylated. It is an essential co-factor 

for the polymerase activity, and it is an adaptor molecule that links the rest of the 

nucleocapsid components together. It seemingly promotes the dissociation of the M 

protein from the nucleocapsid early in the infection, and it binds the free N protein to 

prevent its aggregation and guides it, as well as M2-1 protein, to the RNA synthesis site 

(Collins et al., 2013). 

 

The L is a large protein with 2,165 amino acids. It carries specific conserved sequences, 

and it is important for the all viral transcription and RNA synthesis (Collins et al., 2013). 

The M2-1 is 1 194-amino acid protein and a processivity factor (Fearns and Collins, 

1999). In its absence viral gene transcription terminates prematurely. It is guided to site 

of viral RNA synthesis by the P protein and itself bind the M protein to transport it to 

inclusion bodies (Collins et al., 2013). It has an essential zinc finger motif similar in 

structure to that of the cellular zinc finger protein tristetraprolin (TTP) (Hardy and Wertz, 

2000). This cellular protein is known to affect the stability of host response mRNA 
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including many cytokine mRNAs and it is involved in regulation of translation under 

stress conditions, but M2-1 is not yet known to specifically contribute to this regulation 

(Fricke et al., 2013). 

 

1.5.3 Other Viral Proteins 

Regulatory Protein M2-2, 88-90 amino acids, is another RNA synthesis factor required 

for the timely down-regulation of viral RNA transcription in favor of viral RNA 

synthesis, and it might be required for viral packaging. RSV lacking M2-2 has increased 

runaway transcription and delayed viral replication in vitro (Bermingham and Collins, 

1999) and reduced viral titers in vivo (Teng et al., 2000). This protein is normally found 

in low levels in infected cells (Collins et al., 2013). 

 

Matrix Protein M is a 256-amino acid, positively charged protein, located on the inner 

side of RSV envelope. It is found throughout the viral replication cycle with different 

function. Early in the infection, it inhibits the cellular RNA synthesis in the nucleus 

(Ghildyal et al., 2006). Later, it is found in the viral-induced inclusion bodies to inhibit 

viral RNA synthesis and signal RNA packaging into virions, then further transport to the 

plasma membrane. In its absence, infectious viral precursors or viral filaments are 

immature (Mitra et al., 2012). 

 

Non –structural NS1 and NS2 proteins are less evident in the packaged virus, but they are 

found mainly in virus-infected (Evans et al., 1996). They are  139- and 124-amino acid 

proteins respectively, and they are important for inhibiting interferon responses and 

apoptosis of the infected cells, which eventually promote viral replication. NS1 and NS2 

can work in synergy by a poorly understood mechanism (Swedan et al., 2011). They 

possibly play a negative feedback role on viral dsRNA formation by inhibiting viral RNA 

replication and transcription to prevent the activation of the cellular innate immune 

sensors. RSV lacking non-structural proteins is more susceptible to interferon and 

apoptosis, and replicates less efficiently in vitro and in vivo (Whitehead et al., 1999, Teng 

et al., 2000). 
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1.6 RSV Disease Prevention: Vaccine and Passive Prophylaxis  

RSV is transmitted through respiratory secretions (large particle droplets) and fomites. 

The virus lasts for six hours on surfaces and for half an hour on hands. Therefore good 

hygiene practice is essential to reduce the viral transmission, at least in health care 

settings (Hall et al., 1980, Lindsley et al., 2010). However, control of the infection in the 

community is more complicated and reinforces the need for an effective RSV vaccine. 

Immunity against RSV is usually inadequate at the levels of  both innate and adaptive 

immunity. RSV neutralizing antibodies are present in 50-75% of infants younger than 6 

months of age and RSV antibodies decline rapidly over time (Brandenburg et al., 1997, 

Walsh and Falsey, 2004). Hence, reinfection is common (Varga and Braciale, 2013). 

Passively transferred maternal antibodies are associated with reduction in the severity and 

incidence of RSV disease in the first 3 months but are not fully protective (Kimman and 

Westenbrink, 1990). Additionally, the ability to mount a rapid secondary mucosal IgA 

response but not baseline level of IgA seems to be beneficial for protection in bovine 

RSV. There is some evidence for a correlation between protection from RSV pathology 

and the serum titer of neutralizing antibodies in adults but conflicting data are present for 

the elderly (Varga and Braciale, 2013, Falsey and Walsh, 1998, Falsey et al., 1990, Hall 

et al., 1991). Generally, there is compelling evidence that a high content of RSV-

neutralizing antibodies in  an immunoglobulin preparation given to high risk patients 

were significantly protective against severe RSV disease –as reported by the PREVENT 

Study Group- (1997). RSV affects mainly infants who already have immature immune 

system which further complicates development of effective immune protection. 

 

Trials for an RSV vaccine started in the 1960s with the use of  a formalin-inactivated 

RSV vaccine that led to morbidities and some deaths in the RSV-naive children. Infants 

who were not previously exposed to RSV developed enhanced RSV disease upon 

subsequent viral challenge. The disease was characterized by severe pulmonary Th2 

cytokine response and eosinophilia. Currently, experimental RSV vaccines include live-

attenuated RSV, replicative chimeric RSV, gene-based vaccine with a defective vector 

aiming to modulate T cell responses to RSV, and subunit proteins with adjuvants. In RSV 

naïve patients, protein-based vaccine (inactivated whole virus or purified viral protein) 
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are avoided because in experimental studies they were associated with enhanced disease 

(Karron et al., 2013, Morrison and Walsh, 2013, Anderson et al., 2013) 

 

A monoclonal antibody against the RSV-F protein which was initially developed in 1989, 

Palivizumab reduced pulmonary RSV titre in cotton rats by >99% (Johnson et al., 1997). 

Palivizumab was approved for clinical use in the US in 1998. Patients with high risk for 

RSV severe disease are recommended to receive prophylactic palivizumab, starting 

before RSV season according to suggested protocols. These patients include preterm 

infants less than 32 weeks gestation or preterm 32-35 week gestation with specific risk 

factors, and patients with chronic lung disease, or congenital heart disease with 

hemodynamic instability. As well, patients with neuromuscular diseases, congenital 

diaphragmatic hernia, Downs Syndrome and cystic fibrosis might benefit from 

palivizumab prophylaxis. In randomized clinical trials, palivizumab reduced infant 

hospitalization by 43-55% depending on their disease category. However, the use of 

palivizumab in general population does not confer better clinical outcomes and therefore 

is not recommended (Lanari et al., 2013). 

 

In addition to palivizumab, multiple monoclonal antibodies that target the F, the pre-F 

(the predominant form of neutralizing antibodies), or the shed G proteins are under 

development for clinical use (Chu and Englund, 2013). Blocking the soluble form of G 

protein in animals led to reduction of RSV infection and inflammation (Choi et al., 2012).   

As well, a hyperimmune immunoglobulin preparation is to be used in phase II clinical 

trial to assess prevention of LRTI development in immunocomprimised individuals 

(Empey et al., 2010) 

 

1.7 RSV Disease Management 

The management of RSV disease is generally supportive and depends on the severity of 

the clinical presentation. Patients with lower respiratory tract disease might need oxygen 

supplementation, and nutritional support to meet the increased respiratory effort (Chu and 

Englund, 2013). Hypertonic saline to relieve airway edema could help reduce the length 

of hospital stay and severity of bronchiolits from any viral cause (Zhang et al., 2008). 
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Also, bronchodilator might be benificial in a subset of patients with airway obstruction 

(Hammer et al., 1995). 

 

The use of nonspecific anti-viral  agents that interfere with viral transcription, such as 

ribavirin, is restricted to immunocomprimised patients, and not without significant side 

effects. In this population, ribavirin is used alone, or more recently in combination ,with 

palivizumab and or  intravenous immunoglobulin (IVIg), and corticosteroids to treat or 

prevent disease progression. There is no known beneficial effect of using these antivirals 

in otherwise healthy patients admitted with RSV disease. Fusion inhibitors targeting RSV 

F protein, molecules neutralizing G and L protein or blocking the nucleolin receptor, 

small interfering RNA (siRNA) drugs that prevent the coding for specific genes by viral 

mRNA (Zhang et al., 2005), as well as the antibodies under development against F and G 

proteins are potential new therapies that could also be used for prevention in special cases 

and are under investigation (Chu and Englund, 2013). 

 

1.8 RSV Disease Pathogenesis  

Data on the mechanisms and biological impact of human RSV disease are limited due to 

the invasiveness of the procedures required to retrieve the necessary samples. In addition, 

RSV LRTI presents in two heterogeneous groups; the very young and the old, which 

complicates the description of RSV pathology, not to mention that experimental animal 

models might be difficult to interpret since animals are generally semi-permissive for 

human RSV (Bem et al., 2011).  

 

RSV spreads down the respiratory tract either through cell to cell transmission or through 

direct inoculation by swallowing of respiratory secretions (Domachowske and 

Rosenberg, 1999). Johnson et al. (Johnson et al., 2007) described the histological features 

of non-fatal RSV bronchiolitis in a 15 months old patient who died in a motor vehicle 

accident on the third day of the disease and compared it to another three archived cases 

who died from severe RSV bronchiolitis in the pre-intensive care era. RSV antigen was 

detected throughout the superficial epithelium with patchier distribution on the larger 

airways and more circumferential staining as the airway becomes smaller, but sparing the 
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basal layers of the epithelium. RSV was detected as well in the alveolar pneumocytes and 

in the sloughed cells or intra-cytoplasmic in macrophages. Syncytia formation, which is 

hallmark of RSV infection in epithelial cell lines, was not observed in most patients 

similar to what was observed in primary cell culture infection; however, there were RSV-

positive papillary projections of the superficial epithelium. Some of the infected cells 

were definitely ciliated and there was some in vitro evidence suggesting that ciliated cells 

might be better infected but not restrictively. Nevertheless, the circumferential staining of 

the airway for RSV antigen in vivo indicates that other non-ciliated cells might be 

involved depending on the anatomical location. As well, in vitro RSV can infect multiple 

different cell lines from different organs, which indicates that there are several factors 

that control RSV tropism in vivo other than the cell type and polarity or epithelial to 

mesenchymal transtion state, although budding is preferrable at polarized surfaces 

(Collins et al., 2013, Zhang et al., 2002) 

 

Airway narrowing and blockage observed in  human RSV infection is attributed mainly 

to mixed cellular debris from shed superficial epithelial cells and inflammatory cells, and 

fibrin and mucus plugging, as well as submucosal edema and follicular lymphoid 

agregates. Airway arteries, arterioles and capillaries were prominently congested and 

leaking inflammatory cells and fibrin down to the terminal airways/alveoli. Inflammatory 

infiltrate followed the vascular distribution, and was mainly localized to the submucosa, 

deeper to the muscularis layer of the airway, but still many inflammatory cells extended 

to the the epithelium and lumen. Pleural edema and lymphatic dilatation was also evident 

(Johnson et al., 2007). This autopsy report might be the most detailed and representative 

of the general cohort of RSV patients. Another post-mortem report by Welliver et al.  

(Welliver et al., 2007) decribed the pathological features in a fatal RSV bronchiolitis in 9 

patients less than 1 year of age (median age 3 months, all but one were not ventilated, on  

median day 4 of their illness) and was compared to fatal influenza LRTI. In that report, 

more epithelial cell apoptosis as marked by caspase 3 positive cells, more sloughing, 

airway blockage giant cell formation, and more viral antigen were observed in RSV 

patients than in influenza patients. Consequently, severe RSV disease could result from 

exaggerated initial epithelial cell involvement and immediate immune response, or 
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alternatively, it could be due to lack of the ability to control the viral disease or regulate 

inflammation due to deficiency in some elements of the innate or adaptive immune 

system. Indeed, severe and prolonged RSV bronchilitis is associated with human T-cell 

deficiency. 

 

We could speculate that early in the infection epithelial cells and other resident cells of 

the airway, including mast cells, initiate a sequence of inflammatory responses that are 

characterized by production of multiple mediators and inflammatory cellular infilitrate, 

and that this initial response is crucial for determining the subsequent long term response. 

In almost all the studies reviewed in the following section, the total cell and inflammatory 

mediator content of the RSV patient respiratory secretion correlate with RSV severity. At 

some point of the disease, one might expect that the recruitment of adaptive immune cells 

to the airways would help in establishing long term specfic immunity. However, as we 

mentioned, RSV evades immune system ability to efficiently present viral antigens in 

order to achieve protective long lasting immunity (Varga and Braciale, 2013).  

 

1.8.1 Immune Cells  

Immune responses to RSV include an early non-specific, innate immune response by 

epithelial cells and resident immune cells like macrophages, dendritic cells, and mast 

cells, as well as the early recruited leukocytes including neutrophils and monocytes, and 

possibly NK or NKT cells, and in some cases eosinophils. Following initial innate 

responses, specific, adaptive immune cells including T- and B-lymphocytes play a role in 

impacting long term immunity in most viral infections. 

 

Johnson et al. (Johnson et al., 2007) reported in the case described above, a majority of 

mononuclear cellular infilitrate in the airway and interstitium consisting mainly of 

macrophages and few small or transformed lymphocytes, and in the lung parynchema 

consistent of CD68+ monocytes. Lymphoid aggregates were present intraluminally and 

peribronchial and composed mainly of CD20+ B lymphocytes. T lymphocytes were 

relatively abundant especially in the space between the vessels and the small airways, and 

were composed of uncharacterized CD3+ double-negative T cells (which could represent 
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NKT cells, intraepithelial lymphoid cells, or -T cells), and CD8+ T cells. There was a 

minority of neutrophils (10-25% from total inflammatory cells) between the airway and 

the bronchial arteries, but were occasionally they seen in the luminal surface or traversing 

the muscularis layer of the airways. Eosinophils were infrequently observed in the 

peribronchilar areas, and dendritic cells (DCs) were not frequently detected in the patient 

lung but they might have migrated to the draining lymph nodes after maturation to 

present RSV antigen to naïve T-lymphocytes. In the previous Welliver et al. (Welliver et 

al., 2007) report of fatal RSV, T lymphcytes were almost not detected but CD16
+
 cells 

(macrophages and neutrophils) were prevalent throughout the airways and interstitium.  

 

In an older study (Everard et al., 1994) examining the broncheoalveolar lavage (BAL) 

from young infants intubated with RSV bronchiolitis and comparing it to nasal aspirates 

for non-intubated RSV-infected infants, neutrophils were prevalant in both groups (76% 

and 93%, respiectively), monocytes were (10% and 2%) and lymphocytes were (9% and 

5%). However, eosinophils were occasionally present in few patients BAL (less than 

1%). Again, the double-negative CD3
+
 T cells were the majority of the lymphocytes 

observed, but was not found to be -T cells. On the other hand, CD8
+
 T cells were found 

in a lesser ration to CD4
+
 T cells. 

 

Another study comparing the BAL of RSV-bronchiolitis patients to asthmatic and control 

BAL, showed prominent macrophage (55%) and neutrophilic component (37.5%), and 

some lymphocytes (Kim et al., 2003, McNamara et al., 2003). There was a subset with 

very few eosinophils but most RSV-bronchiolitis patient BAL had none, compared to 

asthmatic patients who had 3% eosinophils.  

 

To put the observed histopathology together with the BAL findings, it should be noted 

that neutrophils can rapidly migrate to the airway lumen, and therefore are better detected 

in the respiratory secretions, as well BAL. Nasal aspirates could be selective for the cell 

types retrieved and do not necessarily reflect the  inflammation within the lung 

parenchyma. In addition, different BAL techniques could result in differences in the 

percentages of the population observed frequently in the studies, along with patient 
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factors. Interestingly, a lot of similarities exist between the cell population in patients 

requiring intubation and the ones who did not. Taken together with Welliver et al.  

(Welliver et al., 2007) observation of  the absence of T-lymphocytes and granzyme-

positive cells in patients who died from severe RSV and the observation of higher CD8+ 

T-cells in the blood of RSV-infants who had milder disease (Isaacs et al., 1987), we 

might conclude that some subtypes of T-lymphocytes are important for viral clearance 

and control in human disease, while neutrophils with their high content of protein 

degrading enzymes could induce lung tissue damage that results in patient symptoms. 

Monocytes, as well, seem to play both a role in viral clearance and could potentially 

participate in patient symptoms. As Everard et al. suggested older children and adults 

with RSV had more alveolar macrophages in their BAL than neutrophils, which could 

relate to their milder symptoms. 

 

There is, however, still a considerable gap in our understanding of human RSV disease in 

the very early stage of the disease (first two days), and the resolution phase, since 

multiple different events could dominate in these phases that are even less well 

understood than in the acute symptomatic stage. 

 

Other than the indirect immune function of leukocytes in RSV disease, there are in vitro 

reports of direct RSV infection of primary human DC and human alveolar macrophages. 

Human lungs contain multiple types of DCs including conventional DCs (cDC), 

plasmacytoid DCs (pDC), and some myeloid-origin DCs (mDCs) that could be 

additionally recruited to the lung during infection (Plantinga et al., 2010, McDermott et 

al., 2011). DCs are varied in their ability to be infected by RSV, depending on their 

subset. For example, monocytic derived DCs (moDCs) expressed RSV antigen in 30% of 

7-days infected cultures and produced infectious viral particles at 5-9x10
4
 pfu/mL (Jones 

et al., 2006). Johnson et al. (Johnson et al., 2011) showed that primary human mDCs and 

pDCs were infected with RSV maximally at 24 hours post-infection (6.8% and 0.9%, 

respectively). McDermott et al. (McDermott et al., 2011) reviewed all the in vitro studies 

of RSV infection of human DCs, and concluded that RSV infects 4% of DCs which can 

be increased to 25% in a multiplicity of infection ≥20, and this infection leads to the 
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production of less infectious viral particles than in epithelial cells. RSV-infected DCs 

mature and induce the maturation of the neighboring DCs. They up-regulate their 

expression of major histocompatibility complex molecules (MHC class I and II) and the 

co-stimulatory molecules CD83 and CD86. Nevertheless, despite the observation that 

these DCs produced multiple antiviral mediators, they lack the capacity to stimulate and 

induce the proliferation of naïve but not memory T-cells. This could be due to soluble 

factors produced by infected DCs and impaired synapse formation between DC and T-

cells. 

 

Human alveolar macrophages in vitro were productively infected by RSV up to 25 days 

post-infection, and the maximum infection was at 24 hours (around 6x10
3 

pfu/mL at MOI 

of 3) (Panuska et al., 1990). However, Cirino et al. (Cirino et al., 1993) showed that this 

infection was restricted to about 38% of freshly isolated alveolar macrophages that 

express MHC class II and that differentiation of the cells for 24-48 hours reduced the 

infection significantly. It should be noted that infection of murine alveolar macrophages 

is abortive (Franke-Ullmann et al., 1995).  

 

Eventually, these in vitro reports concluded that the RSV infection of either human DCs 

or macrophages could be slow and less productive than in epithelial cells, and although 

RSV antigen was detected inside human lung macrophages in RSV bronchiolitis 

(Johnson et al., 2007), it was thought to represent mainly the phagocytic activity of the 

cell rather than infection.  

 

1.8.2 Mediators produced during RSV infection  

Multiple mediators are found in the respiratory secretions of patients with RSV disease. 

They include cytokines that regulate inflammation, chemokines that recruit different cells 

down a concentration gradient, proteolytic and matrix remodeling enzymes that could be 

released by granulocytes and monocytes among other cells, and even lipid mediators that 

result from arachidonic acid degradation in immune cells.  
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Kim et al. (Kim et al., 2005) showed that CXCL8 (IL-8), a chemoattractant for 

neutrophils and NK cells that binds  to CXCR1 and CXCR2, was increased in BAL of 

RSV patients compared to asthmatics or control, while eosinophil chemotactic protein 

(ECP) was not significantly different from controls, consistent with the finding of the  

predominantly neutrophilic and monocytic cellular infiltrates mentioned above. As well 

Kim et al. reported that increased BAL IL-5, an eosinophil growth and survival factor, 

was only observed in asthmatic subjects and the subset of bronchiolitis patients with 

eosinophils (Kim et al., 2003). There was no difference between the IFN- concentrations 

in the BAL all the groups. However, Semple et al. showed that higher IFN- in nasal 

lavage in infants admitted with RSV bronchiolitis was protective (Semple et al., 2007). 

As well, Bennett et al. (Bennett et al., 2007) found increased levels of IFN-, IL-6, TNF, 

and IL-1, but conversely there was an inverse correlation between duration of oxygen 

supplementation and IFN-γ as well as IL-6, CXCL8 and IL-10. This controversy among 

the studies regarding IFN-, which is a signature cytokine for NK, NKT, T cytotoxic 

lymphocytes and T helper 1, might be related to the different methods for the lavage, or 

that patient who had higher IFN- had more severe RSV disease associated with a general 

increase in all mediators. On the other hand, patients who were intubated had even worse 

disease severity possibly because they were not able to recruit sufficient T-cells to clear 

the infection (Kim et al., 2003). As Welliver et al. reported that Th2 cytokines (IL-4, 5, 

and 13) were inconsistently present in RSV patient’s nasal lavage samples (Welliver et 

al., 2007). 

 

Bennett et al. in (Bennett et al., 2007) reported chemokines (and neutrophil and 

macrophage growth factors) GM-CSF, G-CSF were also increased in patients’ nasal 

lavage as well as CCL4, the monocytes, T-cells and NK cells chemoattractant (Maurer 

and von Stebut, 2004). 

 

Harrison et al. (Harrison et al., 1999) also observed increased CXCL8, CCL3 –a similar 

chemokine to CCL4-, and CCL5 in RSV infected HEp-2 as well as the BAL from 10 

intubated RSV bronchiolitis infants. Interestingly, CXCL8 and CCL5 production from 

the epithelial cell line was independent from viral activity, while CCL3 production 
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required replicating virus, indicating different mechanisms for chemokine induction in 

this epithelial cell line. CCL5 is a T-cell, monocyte and eosinophil chemotactic factor 

(Teran, 2000) that binds to CCR5, 3 and 1 (Sharma, 2010) and was reported to inhibit 

RSV replication in vitro (Elliott et al., 2004) but might be associated with the 

development of airway hyperreactivity in RSV patients (Chung and Kim, 2002, Zeng et 

al., 2011). Harrison et al. in (Harrison et al., 1999) also reported increased eosinophil 

cationic protein (ECP) and eosinophil-derived neurotoxin, both are eosinophil 

ribonucleases, in the BAL. However, ECP could be stored and utilized by neutrophils as 

well (Kim et al., 2005). Another human respiratory epithelial cell line, A549, upregulated 

CCL5 and IL-6 expression in response to two RSV strains of the subtype B infection, but 

interestingly the amount IL-6 production was different between the 2 strains, independent 

of viral titer (Levitz et al., 2012). This could indicate some differences in the level of 

mediator and therefore the severity of RSV disease caused by different RSV strains. 

 

Infection of well-differentiated primary bronchial epithelial cells (WD-PBECs) with 

different strains of RSV induced significant production of IL-6, the chemokines CXCL8, 

CCL5 and CXCL10, as well as TRAIL, the death ligand. CXCL10, binds CXCR3, is also 

called interferon-induced protein 10 (IP10) because it reflects type I and/or II IFN 

activity. CXCL10 produced by moDCs in response to IFN-2a has a role in enhancing 

dendritic cell recruitment of CD8+ T-cells and macrophages (Muller et al., 2010, 

Padovan et al., 2002). As well, CXCL10 induced NK cell recruitment to clear Coxsackie 

B-3 myocarditis in mice (Yuan et al., 2009). Also CXCL10 with VCAM-1 (Vascular cell 

adhesion protein 1) contact allows human macrophages to induce B-cell differentiation 

into plasma cells in vitro and in mice. This CXCL10 from macrophages was induced by 

IL-6 from B-cells and dependent on STAT-3 phosphorylation (Xu et al., 2012). More 

importantly, CXCL10/CXCR3 interaction in RSV disease in mice modulates DC 

activation and recruitment of CD8
+
 T-cells, and blocking this access leads to more severe 

disease (Lindell et al., 2008). 

 

One of the observations of RSV pathology is submucosal edema and vascular congestion 

(Johnson et al., 2007). As Lee et al. observed this edema could be induced by local 
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cellular injury and cytotoxicity, contraction of the endothelium at post-capillary venules, 

or the action of vasoactive substances. RSV-induced edema could be mediated by several 

mechanisms one of which that could be amenable to modulation is the production of 

soluble factors from epithelial and immune cells (Lee et al., 2000). Lee et al. suggested 

vascular endothelial growth factor/vascular permeability factor (VEGF/VPF) from 

epithelial cells to contribute to the increased vascular permeability and edema in RSV 

disease. VEGF is a glycoprotein which alters the vascular permeability through 

increasing endothelial fenestration, and also induces monocytes chemotaxis, angiogenesis 

and tissue remodeling in wound healing and in pathological conditions such as tumors, 

chronic inflammatory diseases and fibrosis (Ferrara et al., 2003). Lee et al. found higher 

VEGF/VPF concentrations in the nasal aspirates of patients with RSV than control and 

influenza patients. VEGF was also increased as early as 2 hours post-infection in the 

supernatants of RSV-infected A549 and normal human bronchial epithelium (NHBE) 

than baseline, however, the mRNA was not increased. In HIV, VEGF-A found in excess 

in the serum of patients and from infected T-lymphocytes in vitro. It was suggested to be 

implicated in the AIDS-associated vasculopathy and increased vascular permeability 

leading vascular leakage (Ascherl et al., 1999, Sporer et al., 2004). 

 

Different subsets of the in vitro differentiated human DCs respond with different 

mediator profiles to RSV infection. For example, pDCs produce more IFN-α and CXCL8 

than mDCs. Infection of moDCs leads to the upregulation of many pro-inflammatory 

cytokines including IL-1β, TNF, IL-6, IL-12 and IFN-γ, as well as the chemokines 

CCL2,CCL3, CCL4, CCL5, CXCL8, CXCL10 (McDermott et al., 2011). In addition, 

matrix metalloprotease MMP-9 and TIMP-1 and 2 were produced by mDC and pDC 

infected with RSV in vitro (Johnson et al., 2011). 

 

There are some studies looking at the mediator profile of infected human macrophages. 

For example, human alveolar macrophages released the pro-inflammatory cytokines TNF 

in response to live RSV and IL-6, and CXCL8 in response to live and inactivated RSV 

(Panuska et al., 1990, Becker et al., 1991), as well as the anti-inflammatory cytokine IL-

10 after live RSV infection (Panuska et al., 1995). Purified human macrophage-
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monocytes also produced IL-1 “inhibitors” – recognized later as IL-1R antagonist or IL-

1Ra- in response to RSV infection (McCarthy et al., 1989). Human macrophage 

production of these two soluble anti-inflammatory cytokines was postulated to inhibit 

further inflammatory responses to RSV in vivo. 

 

1.8.3 Innate Immune Responses to RSV 

The innate immune system is the first line of defense against pathogens including viruses 

since it is both loosely specific and rapidly activated. It is not only composed of resident 

innate immune cells (dendritic cells, mast cells and macrophages) and various recruited 

granulocytes and monocytes but  includes anatomical and physiological barriers (e.g. 

surfactant proteins in lung alveoli and the complement system) as well as epithelial and 

endothelial cell responses. These structural cells can produce signals upon their infection 

or death that activate neighbouring immune cells. In addition, a pathogen is likely to be 

recognized rapidly through detecting certain conserved pathogen associated molecular 

patterns (PAMPs) by the innate immune pattern recognition receptors (PRRs) in 

structural and immune cells. Once the immune system is activated, an inflammatory 

cascade is initated to help contain the threat (for example induction of apoptosis of 

infected cell) or recruit other effector cells (e.g. neutrophil or NK cells) to enhance 

immune response and to establish a long term, highly specific immune response (adaptive 

immunity) through recruitment of lymphocytes. It is noticeable that immune cells have 

more PRR than structural cells (Blander and Sander, 2012). As well, agonists of these 

receptors can be utilized in vaccine production to enhance the immunity to the vaccine 

(Higgins and Mills, 2010). 

 

Here I briefly review selected aspects of RSV interaction with the innate immune system 

in human and in mice, specifcally the PRRs.  

 

1.9 Pattern Recognition Receptors (PRRs) and Downstream Signalling  

Multiple components of an RSV particle can be detected by PRRs including envelope 

glycoproteins, single-stranded RNA (ssRNA), or the double-stranded RNA (dsRNA) 

structure formed during RSV replication cycle. The binding of these structures to their 
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respective “sensors” signals the initiation of the downstream activation of various 

transcription factors and genes to upregulate multiple antiviral effectors (mediators and 

intracellular proteins) as well as regulatory molecules. On the other hand, viruses -

including RSV- have evolved different mechanisms to avoid the innate immune system 

recognition and the rapid halting of the viral replication and spread (Zeng et al., 2012). 

 

1.9.1 Toll-Like Receptors (TLRs) 

TLRs are type I transmembrane glycoproteins that are found in the plasma membrane 

(e.g. TLR1, 2, 4-6, and 10) or in the endoplasmic membranes like (TLR3, 7,8, 9). Ten 

TLRs have been identified in humans and twelve in mice. They all signal through 

myeloid differentiation primary-response protein 88 (MYD88) except for TLR3. TLR3 

signals via Toll/IL‑1R (TIR)-domain-containing adaptor protein inducing IFNβ (TRIF) , 

while TLR4 signals through MYD88 and TRIF. TLR2 binds to bacterial lipoproteins or 

lipopeptides, TLR3 binds dsRNA, TLR4 to lipopolysaccharide (LPS), and TLR7 to 

ssRNA (Blander and Sander, 2012).  

 

TLR2 was implicated in RSV infection of mice as a co-receptor to RSV. In conjuction 

wih TLR6 it also induced chemokines and cytokines production, neutrophil chemotaxis, 

DC activation, and controlled viral replication (Murawski et al., 2009). TLR3 is 

important in the induction of IFN-, CCL5 and CXCL10 from epithelial cells but had no 

direct effect on viral clearance in vitro or in vivo (Rudd et al., 2005), and leads a Th1 

prevalent immune response in mice versus an eosinophilic inflammation with mucus 

overproduction and increased IL-5 and IL-13 in TLR3 absence (Rudd et al., 2006). RSV 

infection of epithelial cells also upregulates TLR3, which could increase epithelial cell 

responsiveness to subsquent dsRNA challenges and produce CXCL8 through NFkB-

dependent mechanism (Groskreutz et al., 2006). 

 

TLR4’s role in RSV disease is controversal with studies suggesting a significant role for 

TLR4 in human and mouse immunity and others showing no significance. Part of this 

controversy, in mouse studies at least, could be related to differences in the mouse model 

used. For example, TLR4 gene polymorphism has been linked with the development of 
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severe RSV disease  requiring hospitalization in human (Tal et al., 2004), yet the role of 

human polymorphism in TLR4 gene was also rejected in another study (Douville et al., 

2010). Upregulated TLR4 on circulating blood monocytes in infants was associated with 

increased disease severity (Gagro et al., 2004), which could be related to specific 

upregulation of TLR4 in immune cells and their ability to recognize and response to the 

virus in severe disease, since another study found that TLR4 is required for infant innate 

immunity against RSV (Awomoyi et al., 2007). TLR4 and CD-14 as a co-receptor 

interact with RSV F protein. Subsequently it was found that C57BL/6 mice lack TLR4, 

had reduced NK function and chemotaxis to the lung, lower IL-12 levels, and delayed 

viral clearance (Kurt-Jones et al., 2000, Haynes et al., 2001). However, these findings are 

not found in BALB/c mice deficient in TLR4 (Ehl et al., 2004). 

 

TLR7 deficiency in mice led to the development of Th17 environment in the lung with 

airway hyperreactivity, and increased mucus production along with the cytokines IL-13, 

IL-4 and IL-17, while type I IFN was not affected. DCs from these animals produced IL-

23 preferential to IL-12. Blocking IL-17 resulted in reduced mucus production (Lukacs et 

al., 2010). 

 

1.9.2 Retinoic Acid-Inducible Gene (RIG-I)-Like RNA Helicases (RLH) or RLR 

These are cytosolic RNA sensors which include: retinoic acid-inducible gene I (RIG‑I) 

which likely binds ssRNA, melanoma differentiation associated gene 5 (MDA5) which 

binds dsRNA, and LGP2, the later is a regulator for the former two. RIG-I and MDA-5 

contains caspase-recruitment domain (CARD) that interact wih IFNB-promoter 

stimulator 1 (IPS1, MAVS, or VISA) at the mitochondria to induce type I IFN production 

(Blander and Sander, 2012).  

 

RSV leads to the upregulation of RIG-I mRNA proportionate to viral load in RSV 

infected patient nasal washes (Scagnolari et al., 2009). In epithelial cells, RSV infection 

leads to the upregulation of NF-B activity and interferon-regulatory factor-3 (IRF3) and 

the production of IFN-, CXCL10 and CCL5, and knockdown of RIG-I causes the 

downregulation of these mediators (Liu et al., 2007). However, NS1 and NS2 proteins of 
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RSV interfere with RIG-I interaction with MAVS leading to the reduced type I IFN 

production observed in RSV disease compared to other viruses (Ling et al., 2009). 

 

1.9.3 Nucleotide-Binding Oligomerization Domain (NOD)-Like Receptors (NLR) 

These are cytosolic receptors that recognize bacterial peptidoglycan and activate NF‑B 

signalling. Several NLRs form multimeric complexes called inflammasomes for the 

activation of caspase 1 and the release of IL‑1β and IL‑18. However, they were recently 

found to play a role in type I IFN production as well (Blander and Sander, 2012).NOD2 

was upregulated within 2 hours post ssRNA (RSV) exposure and interacted with MAVS 

at the mitochondria where it  activated IRF3 and NF-B. NOD2 deficient mce had more 

weight loss and viral lung pathology as well as pro-inflammatory mediator content 

(Sabbah et al., 2009, Vissers et al., 2012). 

 

1.9.4 Type I interferons (Type I IFN)   

There are three classes of interferon distinguished by the receptors they engage with; type 

I IFN including 13 human IFNα subtypes, IFNβ, IFNκ, IFNε, IFNο, IFNτ and IFNδ, and 

they all bind IFNAR (IFNα receptor) complex formed of IFNAR1 and IFNAR2. Type II 

IFN or IFN-g, and type III IFN that include three IFNλ subtypes (Sadler and Williams, 

2008). Type I IFN are known to be potent antiviral cytokines, and also has apoptotic, 

antiproliferative and immunmodulatory effects. Type I IFN for example are important in 

the survival of memory T-cells and differentiation as well as the activation of NK cells 

(Malmgaard, 2004). When type I IFN bind their receptor, they activate more than 300 

interferon-stimulated genes (ISG)s some of which are antiviral in nature like ISG15 (IFN-

stimulated protein of 15 kDa), the GTPase Mx1 (myxovirus resistance 1), ribonuclease L 

(RNaseL) and protein kinase R (PKR). These antiviral molecules modulate cell 

cytoskeleton, cause cell apoptosis and modify cellular post-transcriptional and 

translational events. Some ISGs are PRRs that detect intracellular viral molecules, and 

others are transcription factors that amplify the type I IFN signaling (Noppert et al., 

2007).  
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The classical pathway leading to type I IFN induction includes the RIG-I/MAVS co-

localization and the recruitment of the adapter family TRAF. TRAF3 activates 

the NEMO-TANK-TBK1/IKK kinase complex that phosphorylates IRF3 

and IRF7, and TRAF2/TRAF6 complex  activates thre kinases; IKK, p38, and JNK, 

upregulating the  transcription factors, NF-B, ATF-2 and c-Jun, respectively. These 

activated elements, bind to the IFN-stimulated response element (ISRE) sequence at the 

type I IFN promoters and induce IFN- and IFN- (Fensterl and Sen, 2009, Belgnaoui et 

al., 2011). IFNs released from the infected cells induce an antiviral state in the 

neighboring uninfected cells (bystander effect) (Sen and Sarkar, 2007, Aaronson and 

Horvath, 2002).  

 

Downstream of type I IFN receptors signaling is the activation of the Janus-activated 

kinase (JAK)/signal transducer and activator of transcription (STAT) pathway. ISGF3 

complex composed of IRF-9, STAT1, and STAT2 translocates to the nucleus, binds to 

the ISRE and induces transcription of ISGs (Fensterl and Sen, 2009). RSV infected mice 

and A549 cells induce the IFIT (IFN-induced protein with tetratricopeptide repeat/TPR) 

family of ISGs. These include IFIT1 (ISG56), IFIT2 (ISG54) and IFIT3 (ISG60) (Hastie 

et al., 2012, Janssen et al., 2007). These IFIT  can be directly induced by viral molecules 

without IFN effect, and could inhibit some viruses (Fensterl and Sen, 2011). Their role in 

RSV disease warrants attention since RSV is known to target several steps of type I IFN 

induction. RSV targets type I IFN production through NS1 and NS2 actions. RSV non-

structural proteins prevent the RIG-I association with MAVS (Ling et al., 2009), 

degrades TRAF3 (Swedan et al., 2009, Swedan et al., 2011), sequester IRF3 (Ren et al., 

2011), as well as it prevents the nuclear translocation of IRF3 (Bossert et al., 2003, Spann 

et al., 2005). They can also degrade STAT-2 downstream from type I IFN signaling 

therefore blocking some type I IFN responses (Swedan et al., 2009, Swedan et al., 2011). 

 

On the other hand, it is worth pointing out that the recently described type III IFN might 

have a role in limiting the spread from the nasal mucosa down to the lower airways, since 

they were produced from nasasl epithelium more than type I IFN indicating some 

different location for the type I and type III IFN function (Okabayashi et al., 2011).  
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1.10 RSV Disease models in Mice: Viral and Mouse Strains  

There are multiple lab animal models for RSV disease including chimpanzees, 

cattle, sheep, cotton rats, and mice. In addition, pneumonia virus of mice and bovine RSV 

in their respective host have been used as an approximation to hRSV in human. 

Nevertheless, all of these models have limited generalizablity to human and are not 

significantly affected with hRSV or respond differently than in human disease (Bem et 

al., 2011). Mice in particular are important to utilize in the study of RSV disease despite 

their limitations, since our knowledge of their immune system, the relatively wide 

availability of knockout strains, the lower cost, and the ethical convenience facilitate 

mouse use in various investigations (Bem et al., 2011). For example, the research that 

enabled the use of palivizumab in RSV prophylaxis was established in mice and cotton 

rats, as well as studies of RSV vaccine-enhanced disease (Openshaw, 2013).  

 

However, modelling RSV disease in mice is compounded by many factors including 

differences in the immune response in mice from humans, reduced permissiveness to 

hRSV in mice, and the different anatomy of the respiratory tract between the two species. 

The most permissive mouse strain to hRSV is the BALB/c mouse (Bem et al., 2011). 

Unfortunately, this means that certain immune deficiencies established in other strains 

like C57BL/6 need to be crossed to BALB/c specifically to ensure the closest 

representation of the human disease. Therefore, considerable heterogenity might present 

in the hRSV mouse disease literature based on the mouse strain used in the study. 

 

Mouse strain is not the only variable in altering the severity of clinical disease and 

pathology in mice but also there are RSV-strain specific differences (Stokes et al., 2011)  

For example, RSV-line 19 is a strain that was adapted from RSV-A2 strain through 

repeated intracranial injection in mice (Cavallaro and Maassab, 1966). It was found that 

RSV-A2 and long strains induced Th1 like responses in BALB/c mice with less airway 

hyperreactivity, compared to RSV-line 19 which presnted with goblet hyperplasia, IL-13 

mediated airway hyperreactivity (Lukacs et al., 2006, Moore and Peebles, 2006). A 

recent study has also compared six strains of RSV including clinical isolates, and found 
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that RSV-line 19 (adapted experimental isolate) and RSV 2-20 (clinical isolate) were 

higher in neutrophilic infilitrateof the BAL, weight loss, airway hyperreactivity  and 

mucus upregulation (Stokes et al., 2011).  

 

1.11 Mast Cells  

 Mast cells are highly granular innate immune cells that are prevalent in tissues at the 

interface between the host and the environment as in the skin, gut and the airways. Mast 

cells are well known in the development of allergic diseases. However, they play an 

important role in the host defense against certain pathogens like bacteria and parasites. 

Recently, the involvement of mast cells in viral diseases has drawn more attention. 

Classical mast cell activation in allergic disease includes the cross-linkage of specialized 

IgE FC receptors (FCRI), after binding of two or more IgE molecules,  leading to mast 

cell degranulation and release of various mediators causing symptoms of allergy. 

However, further study of mast cell biology and function revealed multiple mechanisms 

for mast cell activation. Mast cells can not only be activated by allergic stimuli but also  

by cytokines, complement components, antibody light chains, neuropeptides, hormones 

and bacterial and viral components (Moon et al., 2010). In fact, mast cells can even 

respond to danger signals coming from structural cells (like IL-33 or alarmin from 

necrotic epithelial cells) (Enoksson et al., 2011). Additionally, mast cells could respond 

differently or more vigirously to different combinations of these stimuli (Theoharides et 

al., 2007).  Mast cells could respond rapidly by the release of a wide range of preformed 

mediators or synthesize new ones. As well, they secrete exoxomes that contain shuttle 

RNAs (mRNA and microRNA) which were found to differentiate DCs in vivo and might 

affect B and T lymphocyte function as well (Moon et al., 2010). Mast cells could 

participate in immunity against pathogens either directly through destruction via 

phagocytosis and free radical formation or antimicrobial peptides, or indirectly through 

action on structural, innate and adaptive immune cells (Urb and Sheppard, 2012). This 

eventually enables mast cells to participate in many physiological and pathological 

processes from wound healing to autoimmune disorders and infections. 
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1.11.1 Mast Cell Localization and Development 

Mast cells are granulocytes that arise from mast cell committed progenitors which 

originate in the bone marrow from multipotent hematopoietic progenitor cells. In 

humans, these immature mast cell progenitors circulate in the blood expressing the 

markers CD13, CD33, CD38, CD34 and most importantly CD117 or c-Kit. In mice, mast 

cells can also differentiate from granulocyte/monocyte progenitor into  a mast cell-

basophil common progenitor that can be found in spleen or a monopotent progenitor in 

the bone marrow or intestine (Okayama and Kawakami, 2006, Moon et al., 2010). 

 

Mast cells finally reside in various tissues to mature where they downregulate their CD34 

expression but retain CD117 (c-Kit) expression (Kumar and Sharma, 2010). In mice, 

these cells differentiate from either the resident committed progenitors like in the 

intestine, or more likely from the circulating progenitors as in the lung (Okayama and 

Kawakami, 2006, Moon et al., 2010). 

 

Mast cell progenitors home to their final destination under the effect of various 

constitutive, homeostatic or induced factors including several chemokines and their 

receptors, growth factors, and adhesion molecules. Stem cell factor (SCF or Kit ligand), 

the membrane-bound or the soluble isoform, has been shown to be  one chemotactic  

signal. Integrins support the process of migration for developing mast cells. Mast cell 

progenitors also respond to the ligands for CCR3, CCR5, CXCR2 and CXCR4 in vitro. 

In patients with asthma, CXCR3 expression is selectively dominant in the airway smooth 

muscle resident mast cell, likely responding to the high expression of its ligand CXCL10 

in the airway smooth muscles (Okayama and Kawakami, 2006). As well, mast cell 

localization into specific tissues relys in part on the selective interaction between mast 

cell receptors and various adhesion molecules in the tissues. For example, recruitment of 

mast cells to the mouse lung during antigen-induced inflammation is dependent on 

vascular cell adhesion molecule-1 (VCAM-1) interaction with 41 and 47 integrins 

(Moon et al., 2010). Mast cells bearing specific IgE can be also recruited by different 

antigens (Okayama and Kawakami, 2006). Also, complement components C3a and C5a 

are chemotactic for mast cells (Dawicki and Marshall, 2007). 
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Human mast cells are rich in granules that contain multiple serine proteases, including 

typtase (, , or ) and chymase. According to their protease content, mature human mast 

cells are divided into MTC (trypase and chymase), MT (tryptase), and Mc (chymase). 

Mouse-mast cells on the other hand  were originally described to have two different 

subtypes (mucosal versus connective tissue mast cells) with protease content homologous 

to that in humans but have more recently been recognised to have a more complex 

protease profile. Specifically, MT shares some characteristics with mucosal murine mast 

cells, while MTC are somewhat similar to mouse connective tissue mast cells. Human 

tissues are likely to have mixed populations of different mast cell subtypes (Moon et al., 

2010), but for example, alveolar septa in the lung have more MT while MTC are more 

abundant in skin and submucosa of small intestine (Kumar and Sharma, 2010).  

Mast cells are very heterogenous, for example, in the same culture individual mast cells 

can respond differently to the same stimulus, and in different microenvironments, the 

same mast cells could switch phenotypes (Moon et al., 2010).  

 

The microenvironment is critical to the nature of mast cell development. Generally, SCF 

enhances anti-apoptotic protein expression and hence is crucial for survival of murine 

mast cells and in the growth, development and proliferation of human mast cells. SCF 

binding to Kit on the surface of mast cells activates the Kit tyorisne kinase cytoplasmic 

tail which then phosphorylates multiple proteins that further recruit multiple transcription 

factors to regulate the experession of microenvironment-specific mast cell characteristics. 

Mast cells activated via IgE also maintain their survival (Okayama and Kawakami, 

2006). SCF combined with other cytokines can differentiate mast cells in vitro into 

distinct phenotypes more than with SCF alone. For example, human mast cells exposed 

to IL-4 reduce c-Kit expression and upregulates FCRI and chymase. As well, cord blood 

progenitors treated with IL-6 have increased cell size, histamine level and proportion of 

chymase-containing cells, while those treated IL-33 have accelerated tryptase expression. 

IL-9 was also reported to enhance cell size and number with SCF in mast cell derived 

from human mast cell progenitors. IFN-γ induces the expression of FCRI on human 

peripheral blood-derived mast cell (Okayama and Kawakami, 2006, Moon et al., 2010). 
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Therefore, we can infer that altering the microenvironment of mast cells could serve to 

change their phenotypes and their function. 

 

1.11.2 Mast Cell Models In Vitro  

HMC-1 cells were the first  recognised human mast cell line, introduced in 1988 

(Butterfield et al., 1988). They were isolated from a patient with mast cell leukemia. 

However, HMC-1 cells are immature with less-formed granules and lack some mast cell 

characteristics. Their growth is independent of SCF, they lack IgE receptors and other 

mast cell surface markers, yet they maintain a tryptase activity (Butterfield et al., 1988, 

Moon et al., 2010). Another cell line that resembles more the tissue mast cells is called 

LAD2 (Kirshenbaum et al., 2003). LAD2 was developed from the bone marrow of a 

patient with mast cell sarcoma/leukemia and they are dependent on SCF as well as 

respond to IgE activation with degranulation (Kirshenbaum et al., 2003, Moon et al., 

2010). There are also several mouse and rat mast cell lines like mouse MC/9 and rat 

basophilic leukemia cells (Dawicki and Marshall, 2007). 

 

Primary cultures of mast cells are more difficult to maintain but preferred to cell lines 

because they maintain most if not all mast cell characteristics. Yet they are still 

incompletely representative of in vivo mast cell phenotypes due to the different 

microenvironment from that of tissues (Moon et al., 2010). Human mast cells can be 

derived from stem cells in human cord blood (CBMC), fetal liver, peripheral blood 

CD34+ progenitors or bone marrow (Moon et al., 2010, Dawicki and Marshall, 2007). 

Human mast cell could also be retrieved from tissues like lung, skin, uterus and intestine. 

However, this process yields low numbers of mast cells and the isolation process leads to 

disruption of mast cell phenotype (Moon et al., 2010). Mast cells derived from mouse 

bone marrow (mBMMC) or from the mouse peritoneal cavity are not difficult to obtain, 

but results from these can be complex to interpret for human disease. Mouse BMMCs 

(mBMMC) can be cultured in different media to develop mucosal or connective tissue 

mast cell similarities (Moon et al., 2010).  
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Culturing of human mast cells in different cytokines could also improve the yield and 

phenotype of the derived cells. IL-6 in particular (enhanced by PGE2) in the presence of 

SCF was found to enhance mast cell development from cord mononuclear cells or 

CD34+ cells. These cells were able to mature, secreted multiple mast cell mediators, and 

responded to IgE stimulation (Saito et al., 1996). IFN- and TNF or LPS can also induce 

expression of MHCII on HMC-1 and mBMMC (Moon et al., 2010). 

 

1.11.3 Mast Cell Deficient Mice 

Mast cell deficiency in mice was first observed in mice with a spontaneous mutation in 

the SCF receptor gene (c-Kit gene). Kit signaling is crucial for mast cell development 

form progenitors. Kit
W/Wv

 mice have a deficiency in c-Kit function, however, they are 

anemic, sterile and have reduced numbers of neutrophils in blood and bone marrow 

(Moon et al., 2010, Katz and Austen, 2011).  A similar phenotype is observed in mice 

deficient in production of  SCF (the SLD mouse). Kit
W-sh/W-sh

 C57Bl6 mice were 

described by Grimbaldeston et al. (Grimbaldeston et al., 2005) and since then have been 

used in the study of mast cell roles in various disease. These mice have an inversion 

mutation in the gene encoding Kit, but have relatively normal c-kit function during early 

development. They are fertile and not anemic, and can be crossed on BALB/c 

background with success. However, they were recently found to have increased myeloid-

derived suppressor cells (MDSC) and neutrophilia of blood, bone marrow and spleen, 

specifically after 10 weeks of life (Michel et al., 2013). Therefore,  selective 

reconstitution of these mice with BMMC from wild type are crucial to better understand 

the contribution of mast cell deficiency , specifically, rather than other defects to the 

experimental findings. Nevertheless, aberrant distribution of mast cells following 

reconstitution could develop (Katz and Austen, 2011).  

 

Other than mutations in Kit, Dudeck et al. (Dudeck et al., 2011) has described mast cell 

protease (MCP)-5-Cre- inducible diphtheria toxin receptor transgenic mice, in which 

mast cells can be ablated without affecting other bone marrow lineages. However, due to 

restriction in MCP-5 distribution in mast cells, some mucosal tissues are not completely 

depleted of mast cells like in the stomach (Katz and Austen, 2011). Finally, mast cell 
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depletion was detected in carboxypeptidase A3-Cre+ mice (Cpa
Cre/+

), with only some 

reduction on spleen basophils (Feyerabend et al. 2011). This last model seems to be the 

most reliable current representation of mast cell deficiency (Katz and Austen, 2011). 

  

1.12 Mast Cell Mediators  

Mast cells can respond to a wide range of stimuli with varying intensity, from the release 

of selected mediators (differential release, intagranular activation or piecemeal 

degranulation) to extensive degranulation, the latter is more seen in allergic conditions 

rather than in inflammatory or autoimmune disorders (Moon et al., 2010, Theoharides et 

al., 2007). Mast cell differential release of  preformed mediators involves ultrastructural 

changes that leads to segregation of selected mediators into vesicular compartments and 

their further release independent from extracellular calcium. This process is different 

from the classical degranulation process of mast cells that involves the calcium dependent 

exocytosis of secretory granules. This is not surprising since the downstream signaling 

leading to degranulation  is different from that leading to piecemeal degranulation. 

(Theoharides et al., 2007). However, even the classical triggers for degranulation could 

be modified to induce selective release of mediators in the presence of certain adaptor 

molecules that uncouple certain component of the down stream signaling pathway of 

degranulation, for example in the case of  preformed IL-6 and TNF release in response to 

FCRI stimulation without eicosanoid (e.g. leukotrienes and prostaglandins) production 

(Rivera, 2006). 

 

In addition, mast cell newly generated mediators responses to a specific stimulus can be 

further modified under the effect of the microenvironment. For example, mast cells 

primed with IL-4 in the presence of SCF are more likely to produce Th2 cytokines like 

IL-13, while mast cells primed with IL-5 secrete higher pro-inflammatory cytokines and 

chemokines like TNF, GM-CSF and CCL3. (Theoharides et al., 2007). Generally, mast 

cell mediators can be divided into preformed, pre-stored mediators that can be released 

from the granules immediately after activation, and newly (de novo) synthesized 

mediators produced upon activation. 
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1.12.1 Pre-stored, Granule-Associated Mediators 

Mast cell preformed mediators include: proteoglycans like heparin, multiple enzymes like 

chymase, tryptase, metalloproteinases and phospholipases, biogenic amines (e.g. 

histamine), polypeptides like corticotropin-releasing hormon (CRH), vascular endothelial 

growth factor (VEGF) and antibacterial peptides like cathelicidin, as well as the 

chemokines CXCL8 and CCL5 (Theoharides et al., 2007). 

 

Proteoglycans are part of the extracellular matrix (ECM) and the glycocalyx of cells. The 

glycosaminoglycan (GAG) portion of the proteoglycan bind chemokines to stabilize them 

in the desired tissues. Therefore GAGs provide the required anchorage for a chemotactic 

gradient that prevents the chemokines (e.g. CCL3, CCL4, CCL5) from escaping into the 

blood stream, and subsequently enables leukocyte migration along that gradient. GAGs 

has been also participate in the transport of chemokines from the basolateral surface to 

the apical membrane of endothelial cells, hence approximating the chemokine to the 

passing leukocytes (Mortier et al., 2012). 

 

Mast cells, on the other hand, have a wide range of proteases that function to degrade or 

process lipids, carbohydrates, proteoglycans in (ECM), and peptides like in antigen 

degradation, as part of remodeling (e.g. of ECM), to modify their activity (e.g. for 

cytokines and chemokines) or produce new mediators like the production of phospholipid 

metabolites (Theoharides et al., 2007). Additionally, mast cell tryptase potentiates 

bronchial hyper-responsiveness either through acting on special receptors in neuronal 

tissues and airway smooth muscles (proteinase-activated receptor-2 or PAR-2) or through 

lowering the threshold for other bronchoconstrictors also secreted by mast cells like 

histamine and LTC4. It is notable that protease gene expression is the highest in asthmatic 

bronchial epithelial layer that includes mast cells. Mast cell tryptase cleaves CCL5 and 

CCL11 (Pang et al., 2006). Also, mast cell chymase can act in concert with antibacterial 

peptides in the skin to produce neutrophil chemotactic peptides. As well, it induces 

CXCL8 release from endothelial cells. Interestingly, mast cell proteases exhibit feedback 

regulation, for example, chymases could degrade metalloproteinases to inactivate them 

(Pang et al., 2006, Caughey, 2007, Dawicki and Marshall, 2007).  
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An extensively studied mast cell mediator is histamine which is a bronchoconstrictor, 

vasodilator, induces mucus production from epithelial cells, promotes angiogenesis and 

modulates T-cell responses as well as promoting DC migration  (Theoharides et al., 2007, 

Shea-Donohue et al., 2010, Urb and Sheppard, 2012). 

 

1.12.2 De novo Synthesized Mediators  

Depending on the stimulus, mast cells can up-regulate the production of new mediators 

including the phospholipid metabolites (eicosanoids), multiple cytokines like IFN-, 

IFN-, TNF, and interleukins, chemokines and growth factors such as GM-CSF, VEGF, 

and nitric oxide (NO). 

 

Mast cells constitutively express multiple cytosolic phospholipases including 

phospholipase C and phospholipase A2 (cPLA2) which respond rapidly (5-10 minutes in 

allergic activation) to variable stimuli to generate arachidonic acid, the precursor of the 

phospholipid metabolites prostaglandins (PGs) and leukotrienes (LTs). cPLA2 

translocates to nuclear envelope and endoplasmic reticulum where PGs and LTs are 

produced under the effect of the cyclooxygenase and lipoxygenase enzymes respectively. 

Prostaglandin endoperoxide synthase enzyme (PGHS-1 and 2 or COX-1 and 2) generate 

unstable PGG2 and PGH2 which further breakdown to the active components PGD2, 

PGE2/PGF2, prostacyclin (endothelium) and some thromboxane in mast cells. 

Lipoxygenases (like 5-LO) generate LTA4, and LTB4. However, under the action of 

LTC4 synthase (or alternatively microsomal glutathione-S-transferase), LTA4 is further 

metabolized into LTC4 (in mast cells, basophils and eosinophils). LTC4 is catalyzed 

extracellularly into the other cysteinyl leukotrienes (cysLTs) by transpeptidases LTD4 

and by dipetidase into LTE4 which are the active metabolites (Bingham CO III, 1999).  

LTB4 is important in chemotaxis of neutrophils for bacterial clearance and recruits 

subsets of CD8+ T-lymphocytes (Marshall et al. 2007, Kumar and Sharma et al. 2010). 

CysLT (LTD4) is a 1000 times more potent brochoconstrictor and vasodilator than 

histamine and is crucial in bronchial asthma, while LTE4 is very important in 

hypersenstitivity reaction. Initially, mast cell respond by the generation of both PGs and 
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LTs in the immediate phase but in the later phase PGs production is prevalent. However, 

the amount of production of each metabolite is affected by the phenotype of mast cells. 

For example human lung mast cells of MT phenotype produce more LTC4, while uterine 

MTC cells generate more PGD2. As well the maturity of mast cells, the presence of stem 

cell factor with other cytokines, and co-culturing with other cells like fibroblast affect the 

amount of metabolite produced as was demonstrated from studies on mBMMCs 

(Bingham CO III, 1999). 

 

PGD2 (receptor CRTh2) participates in vasodilatation and regulating smooth muscle 

contractility (e.g. in uterus or bronchi), as well it may selectively induce chemotaxis Th2 

and eosinophils (Theoharides et al., 2007, Moon et al., 2010). Interestingly, PGE2 (EP 

receptors) has a differential role where it can induce human mast cell release of VEGF 

and mouse mast cell protease (MCP) without degranulation, inhibit FCRI mediated 

histamine release in human lung mast cells, yet induce degranulation in the skin mast 

cells of older but not younger mice (Theoharides et al., 2007, Moon et al., 2010). 

 

Despite that mast cell-produced cytokines and chemokines overlap with that for structural 

cells and other innate immune cells, mast cells are distinguished with their ability to 

differentiate between various stimuli and respond selectively. For example, mast cells 

secrete IFN-, IL-12 and IL-18 and produce CXCL10 and CXCL8, all of which are 

associated with Th1 responses. On the other hand, mast cells can produce Th2 inducing 

cytokines like IL-4, 5 and 13, and CCL5 which is related to Th2 responses and eosinophil 

recruitment. Mast cells also produce CCL3 and CCL4 contributing to monocytes and NK 

cell recruitment (Dawicki and Marshall, 2007). Mast cells also secrete multiple pro-

inflammatory cytokines such as IFN- and , IL-1, IL-6 and TNF, and anti-

inflammatory cytokines such as IL-10 and TGF-. Mast cell chemokines and cytokines 

also recruit immature dendritic cells (like CCL20) and affect their function, and could 

affect B-lymphocyte antibody production which could further impact antigen 

presentation and adaptive immunity (Dawicki and Marshall, 2007, Kumar and Sharma, 

2010, Moon et al., 2010). Collectively, mast cells could participate in the induction of 

inflammatory response characterized by granulocyte (neutrophil and eosinophil) or 
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mononuclear cell (monocytes, NK cells and lymphocytes) recruitment. It is expected that 

the nature of the damage resulting from inflammation is determined by the cells recruited 

and their subsequent activation, for example granulocytes are rich in digestive enzymes 

that could harm normal tissues leading to worsened inflammation outcome. Therefore, 

mast cells might have an important role in the inflammatory cell recruitment and 

activation process impacting the inflammation outcome. 

 

1.13 Pattern Recognition Receptors (PRRs) and Mast Cells 

As mentioned before, PRRs are important in sensing pattern-associated molecular 

patterns (PAMPs) related to different types of antigens and pathogens and are important 

components of the innate immune system. Mast cells are located near epithelial and 

endothelial cells and can secrete preformed mediators within seconds of stimulation or 

sensing the pathogen, which gives them an advantage in contributing to regulation of  

innate immune responses and the following adaptive immunity (St John and Abraham, 

2013). Therefore, mast cell expression of various toll-like receptors (TLR)s, Nod-like 

receptors (NLR)s, RIG-I like helicases and others, is likely to have an important role in 

regulating innate immune responses. It is observed that TLR ligation in vitro usually 

leads to the release of chemokines and cytokines rather than the vigrous degranulation of 

mast cells (St John and Abraham, 2013). Non-immune cells often have lower PRR 

expression than immune cells to prevent their overstimulation (Sandig and Bulfone-Paus, 

2012) emphasizing the important role of tissue resident sentinel cells such as mast cells in 

innate immune response. Human and murine mast cells have differential responses to 

different PAMPs. So, for example, a macrophage cytokine responses to 

lipopolysaccharide (LPS) and peptidoglycan (PGN) are similar, while mast cells have a 

different response to each of these stimuli (Sandig and Bulfone-Paus, 2012). 

 

Human CBMCs express TLR1, 2, 4 and 6, while human peripheral blood derived mast 

cells express TLR1-7 and 9 mRNA. Murine mast cells express TLR1-13 with the 

exception of TLR-5 (Sandig and Bulfone-Paus, 2012, Kumar and Sharma, 2010). Surface 

TLRs include TLR1, 2, and 4-6, while intracellular TLRs include TLR3, 7, 8 and 9. 

Human CBMC and human mast cells derived from blood progenitors (PBDMC)s 
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stimulated with zymosan (TLR2/6 ligand) or PGN (TLR2 ligand) released GM-CSF, IL-

1β, LTB4, LTC4, and TNF (Sandig and Bulfone-Paus, 2012). TLR2 ligation is likely to 

induce mast cell degranulation in CBMC, however, Pam3 CSK4 (synthetic ligand for 

TLR1/2)  induced the same cytokines, but without leukotriene generation (McCurdy et al. 

2003). While PBDMC produced TNF only with the TLR4-agonist (LPS) stimulation. 

This indicates that TLR2 is a more potent inducer for mast cell responses than TLR4. 

Indeed some mast cell cultures in humans do not express TLR4 without additional 

cytokine treatment (McCurdy et al., 2001). Mast cell pre-treatment with IFN-γ increases 

TNF produced in LPS stimulation of human lung mast cells. As well, IgE enhances LPS 

stimulation of TLR4. Flagillin (TLR5 ligand) causes human mast cells release of TNF 

and IL-1 (Sandig and Bulfone-Paus, 2012).  

 

Intracellular TLRs are responsible for sensing viral and bacterial components, 

specifically RNA and DNA. Murine BMMC are less useful in delineating the effect of 

ligation of these TLRs on mast cell function than other mature cells like fetal skin derived 

mast cells (FSDMC)s, due to mBMMC immaturity and heterogenicity. TLR3 synthetic 

ligand poly I:C (resembles dsRNA) induced IFN-α and β from human PBDMCs . As 

well, ligand for TLR9 CpG-oligonucleotides released TNF, IL-1β, IFN-α and cysLTs 

from human PBDMCs (Kulka et al., 2004). On the other hand, TLR3 agonist, TLR7 

agonist R848 (ssRNA like) and CpG-oligonucleotides induced TNF, IL-6, CCL2, 

CXCL2 and CCL5 from murine FSDMCs (Sandig and Bulfone-Paus, 2012).  

 

In experimental models of viral infection TLRs and the downstream RNA/DNA sensors 

such as RIG-I, MDA5, MAVS, and PKR play a role in the function of mast cells. For 

example, mast cell recruitment of cytoxic T-cell in Newcastle virus model was dependent 

on TLR3 (Orinska et al., 2005). RIG-I and PKR were improtant for mast cell mediator 

production in dengue virus infection in vitro (Brown et al., 2011), as well as MDA5 (St 

John et al., 2011). Murine mast cell infection with influenza A showed that RIG-I/MAVS 

were important for cytokines and chemokines production but not for histamine release 

(Graham et al., 2013). 
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TLR signaling in mast cells is illustrated in Figure 2. It is noticable that mast cells appear 

to lack the MyD88-independent TLR4 signaling pathway  maybe due to absence of CD14 

expression by murine mast cells which might be required to internalize TLR4 in order to 

fet in contact with TRIF (Keck et al., 2011). As well, dectin-1 might act as a co-receptor 

for TLR in mast cells (Sandig and Bulfone-Paus, 2012). 

 

1.14 Mast Cell Responses to Pathogens 

A role for mast cells in host-pathogen interaction was first studied in models of helminth 

infection (Urb and Sheppard, 2012). Mast cell hyperplasia is observed in many in vivo 

models of helminth infection (Moon et al., 2010).  Some of these models indicate mast 

cells have a crucial role in expelling the parasite such as in Strongyloides and Trichinella 

spiralis primary and chronic infection of the gut through mast cell proteases. Control of 

parasitemia has also been observed, via TNF, in  the Plasmodium berghii model of 

malarial infection or in limiting cutaneous Leshmania major inflammation (Moon et al., 

2010, Kumar and Sharma, 2010, Urb and Sheppard, 2012) . An IgE response leading to 

mast cell degranulation is important in preventing secondary helminth infection (Dawicki 

and Marshall, 2007). 

 

Other than parasites, mast cell sense fungal wall components like zymosan via dectin-1 

receptor (lectin receptor) (Olynych et al., 2006) and respond by either degranulation or 

the production of selective mediators. Mast cell degranulation in response to fungi is 

either IgE dependent, like in Trichoderma viridae infection of human bronchiolar cells, 

or IgE-independent like in Aspergillus fumigatus (Moon et al., 2010). 

 

In addition, mast cells have an established a role in limiting gram-negative bacterial 

infection. Mast cell derived TNF and LTB are crucial in neutrophil chemotaxis and 

clearance of bacteria in peritoneal sepsis mouse models (Echtenacher et al., 1996, 

Malaviya and Abraham, 2000). Mast cells limit infection in mouse models of  Klebsiella 

pneumoniae and Mycoplasma pneumoniae lung infection, group A streptococcus skin 

infection, and Haemophilus influenzae otitis media (Urb and Sheppard, 2012). As well, 
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human mast cell IL-1 induces CXCL8-mediated neutrophil migration in Pseudomonas 

aeruginosa infections (Lin et al., 2002). 

 

In recent years, mast cells have been identified as a potential players in viral infection. 

They could produce multiple mediators that could affect viral disease symptoms or 

impact immunity to viruses through induction of antiviral state in the tissues in which 

they reside or through the recruitment of effector immune cells. Sendai virus releases 

histamine from rat mast cells even with low extracellular calcium ion through lesions in 

the cell membrane (Gomperts et al., 1983). Dengue virus (DV) infection demonstrates 

increased endothelial permability leading to shock. In addition, DV infection is more 

deleterious in patients with pre-existing viral antibodies. Antibodies enhance dengue 

virus infection of human mast cells (HMC-1 and CBMC), which in turn secrete TNF and 

other factors that activate human endothelial cells as evidenced by their subsequent 

expression of adhesion molecules (Brown et al., 2011). Mast cell/basophil cell line 

KU812 expressed DV antigen which was virus-specific antibody dependent, and 

produced IL-1 and less IL-6 (King et al., 2000). In addition, KU812 and HMC-1 cells 

produced CCL3, CCL4, and CCL5 in response to DV in the presence of sub-neutralizing 

antibodies (King et al., 2002). Also, DV leads to caspase-dependent MC apoptosis 

specifically (Brown et al., 2009). Human cord blood mast cells (CBMC) infected with 

DV upregulate interferon stimulated genes and type I interferon which is protective from 

reinfection with DV, and CCL4, CCL5 and CXCL10 (Brown et al., 2012). There is a role 

of mast cells in limiting DV spread as was confirmed in mast cell deficient mice. These 

mice had increased viral burden in the draining lymph nodes. This effect was also 

dependent on mast-cell recruitment of NK and T cells into the infection site (St John et 

al., 2011). Most importantly, in patients with dengue virus hemorrhagic fever, serum 

levels of VEGF, chymase and tryptase (the later two are specific mast cell proteases 

indicating likely degranulation) were suggested to be used as predictive measures of 

disease severity (Furuta et al., 2012).  

 

Human peripheral blood-derived primary cultured mast cells (HCMC) and LAD-2 cell 

line were abortively infected with influenza A (Marcet et al., 2013). Interestingly, in vivo, 
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mast cell deficient mice were resistant to the pathology induced in wild-type mice 

infected with a mouse-adapted strain of influenza A. This resistance was associated with 

reduced levels of some BAL mediators (TNF, CCL2, CCL3, CCL4, CXCL2, and 

CXCL10) and cellular infiltrate. Also, mBMMC were able to produce histamine, LTB4 

and IL-6 in response to in vitro activation with influenza virus for 6 hours (Graham et al., 

2013). However, it is important to consider the doses of virus used in some of these 

studies. 

 

Another virus infection that is characterized by vascular leakage is hantavirus infection. 

Differentiated human skin mast cells were susceptible to successful infection with 

hantavirus and upregulated interferon stimulated genes as well as CCL5 mRNA (Guhl et 

al., 2010). In a Newcastle virus model of peritonitis, mast cells recruited CD8+ T cells 

(Orinska et al., 2005). This could be an important process for the enhancement of local 

antiviral T cell effector responses. 

 

Chemokines produced by mast cells could be particularly important for early effector cell 

recruitment during viral infection. CBMCs produce CXCL8 if infected with reovirus. 

This CXCL8 then induces the chemotaxis of NK cells (Burke et al., 2008). Also, 

supernatants of mast cells infected with reovirus induced NK cell activation through type 

I IFN and exogenous IL-18 in vitro (Portales-Cervantes et al. unpublished data).  

 

Human skin mast cells inactivate vaccinia virus and protect against infection in mice. 

This protection occurs through the release of mast cell antimicrobial peptides 

(cathelicidin) secondary to mast cell degranulation following virus fusion to cell 

membrane and activation of sphingosine-1-phosphate G-coubled receptors (S1PR2) 

(Wang et al., 2012). 

 

Mast cell progenitors can be latently infected with human immunodeficiency virus (HIV). 

When these cells reside in tissues and mature, they could form a reservoir of the virus 

that could help spread the infection if activated, even if the patient was on high activity 

antiretroviral therapy. That was evident from the existance of mast cell progenitors in the 
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blood and placental tissue mast cells infected with HIV in pregnant women (Sundstrom et 

al., 2007). 

 

From the previous studies on mast cell role in viral disease, it seems that viruses induce 

mast cell production of chemokines that recruit monocytes and T cells rather than 

neutrophils, unlike what is observed in mast cell action in bacterial infections (Dawicki 

and Marshall, 2007). 

 

1.14.1 Mast Cell Responses to RSV  

The role of mast cells in RSV disease has not been investigated. There is some indirect 

evidence of mast cell activation in RSV disease, the significance of which is not fully 

understood. Everard et al. (Everard et al., 1995), found increased levels of tryptase 

specifically at the first two days in the BAL on infants with RSV bronchiolitis, yet IgE 

levels were not consistently detectable in the same group. As well, Urinary 

9alpha,11beta-PGF(2), a marker of mast cell activation, and urinary LTE4 were higher in 

infants admitted with RSV bronchiolitis and wheezing than in controls with no 

correlation between the two markers and the persistance of wheeze in RSV-positive 

infants (Oymar et al., 2006). In vitro, HMC-1 cells were not efficiently infected with 

RSV and produced TNF only  when infected in co-culture with  the airway epithelial cell 

line A549 (Shirato and Taguchi, 2009). 

 

In relation to long term effects of RSV infection, nenonatal mice sensitized with RSV 

then re-infected five weeks later, had incresed RSV-specific IgE, airway hyper-

responsiveness, airway eosinophilia, mucus hyperproduction and IL-4 and IL-13 

production, which was attenuated in mast cell deficient mice (Dakhama et al., 2009). 

However, virus- specific IgE does not have a known role in human RSV infection.  

 

1.15 Thesis Hypothesis, Rationale and Objectives  

Respiratory syncytial virus (RSV) is the leading cause of bronchiolitis and infant 

hospitalization worldwide, and linked to airway hyperreactivity. Mast cells are 

granulocytes that induce allergic symptoms, but are important for the immune response to 
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bacteria and parasites. Mast cells are abundant in the lung, and can produce mediators 

that influence vasodilation, bronchoconstriction, and immune cell recruitment to sites of 

infection. There is some limited evidence of mast cell activity in RSV disease, and a 

growing literature on the role in other viral diseases. 

 

Therefore, we hypothesized that human mast cells respond to RSV infection by the 

production of mediators that could contribute to viral clearance and/or disease symptoms.  

 

For that purpose, we examined the human mast cell responses to RSV. We were first 

interested in further understanding the nature of RSV infection of mast cells that was 

reported by (Al-Afif, 2012) in his thesis, including the extent of viral replication and 

production of infectious viral particles. We were also interested in measuring the CCL4, 

CXCL10, CXCL8 and CCL5 responses by infected mast cells since these chemokines are 

implicated in RSV disease and recruit monocytes, neutrophils and T lymphocytes. We 

also investigated the production of  vascular endothelial growth factor-A (VEGF-A) as it 

has a role in increasing vascular permeability, edema, and tissue remodeling, and 

leukotriene C4 (LTC4) as it causes bronchoconstriction and wheeze. In addition, since 

type I interferons (IFN) are important antiviral cytokines that can further induce the 

production of other mediators of inflammation, their role in RSV infection of mast cells 

was investigated. 
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Figure 1. “Schematic representation of the RSV replication cycle. The RSV virion 

attaches to the apical membrane of the host cell using the G protein. The F protein 

mediates the fusion of the viral membrane with that of the host delivering the negative-

sense (-) ssRNA genome to the cytoplasm. Genome transcription proceeds leading to the 

production of viral proteins. Genome replication gives rise to a positive-sense (+) ssRNA 

‘antigenome’ intermediate which acts as a template for the (–) ssRNA genome synthesis. 

Upon synthesis, the genomes are integrated into nucleocapsids at the cell membrane 

where the budding of progeny virions occurs. Cell-cell fusion, mediated by the F protein, 

leads to the formation of syncytia. Adapted with permission from W.B./Saunders Co. 

Ltd. Publications: The Journal of Infection, Vol. 45, Hacking D. and Hull J., “Respiratory 

Syncytial Virus–Viral Biology and the Host Response”, 18-24, copyright 2002.” Adopted 

from (Al-Afif, 2012). 
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Figure 2. “TLR signaling in the mast cell. A scheme illustrating the signaling pathways 

triggered by TLR ligation in the mast cell. Where there is evidence in the literature for 

the involvement of a particular protein, the protein is filled in black. Proposed molecules 

are in grey (adapted from Akira et al., 2006; Lu et al., 2008; Park et al., 2009). The 

activation of PI3K via c-kit or FcεRI stimulation is shown, with its inhibitory and 

activating effects on MAPK activation.” Adopted form (Sandig and Bulfone-Paus, 2012) 
 
 
 
 
 
. 
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Chapter 2 – Materials and Methods 

 

2.1 Cell Lines 

HMC-1 cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM; Thermo-

Fisher Scientific) supplemented with 10% heat-inactivated fetal bovine serum (FBS; 

Sigma-Aldrich). HMC-1 cells were maintained at a concentration between 0.5x10
6 

and 

1.5x10
6 

cells/mL. HEp-2 cells were maintained in Roswell Park Memorial Institute 

(RMPI)-1640 medium (Thermo-Fisher Scientific) with 15mM N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES; Thermo-Fisher Scientific) 

and 5% heat-inactivated FBS (Thermo-Fisher Scientific). 

 

2.2 Primary Mast Cell Cultures 

Human CBMCs were derived from umbilical cord blood obtained from subjects 

undergoing caesarian sections, as permitted by Izaak Walter Killam (IWK) Health Centre 

Research Ethic Board (Halifax, NS). Cells were cultured as described by (Saito et al., 

1996) and (Radinger et al., 2010). In brief, umbilical cord blood was layered on Ficoll-

Paque (GE Healthcare, Baie-d’Urfe, QC) to isolate mononuclear cells. Cells were 

passaged once a week for 6-8 weeks in RMPI-1640 supplemented with 10% FBS, 15mM 

HEPES, 1X MEM non-essential amino acids solution (HyClone), 1000 U/mL of 

penicillin-1000 μg/mL of streptomycin (HyClone), 10 ng/mL recombinant human IL-6 

(eBioscience), and 100 ng/mL SCF (Peprotech, Rocky Hill, NJ). Cultures used for 

experiments were at least 90% viable and greater than 95% pure mast cells as was 

identified by expression of CD117 surface marker in flow cytometry (Table 1). Prior to 

use in experiments, CBMCs were cultured overnight in RMPI-1640 supplemented with 

10% FBS, 15mM HEPES, 1X MEM non-essential amino acids solution, SCF and IL-6, 

both at 10 ng/mL. 

 

2.3 Cell Count and Viability 

In some experiments, after adsorbing the virus and before incubation (0 hour) as well as 

24 hours after incubation, cells were harvested and resuspended in PBS then a sample 
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was diluted 1:1 in trypan blue stain (0.5% in PBS) then counted using hemocytometer 

(Bright-Line, Reichert, USA) under light microscopy. Dead cells allow for trypan blue to 

enter the cell while live cells exclude it (Strober, 2001). Dead cells were defined by dark 

staining, and viability was estimated as the percent of viable cells at 24 hours compared 

to 0 hour post infection.  

 

2.4 RSV Propagation 

RSV (Long) was used to infect 80-90% confluent HEp-2 cells. The virus was adsorbed to 

the monolayer for 90 minutes at 4°C while rocking, washed and cultured at 37°C in 

RPMI-1640 medium containing 2.5% heat-inactivated FBS. Once the cell monolayer 

exhibited 70-80% fusion under light microscopy, the monolayer was disrupted by 

scraping. The supernatant was clarified from cellular debris by centrifugation at 4°C for 

10 minutes at 2095 x g. In experiments where we wanted to isolate the non-specific viral 

binding to the surface of the mast cells from the actual uptake of the virus, we further 

purified the virus with centrifugation at 9000 x g for 10 minutes at 4°C to remove some 

cell membrane debris then we infected the cells similar to what was described above. For 

UV-inactivation, an undiluted aliquot of clarified supernatant was exposed to a 

germicidal lamp (40W) at a distance of 10 cm for 15 minutes. UV inactivates the virus by 

cross linking the viral genome preventing viral replication (Lytle and Sagripanti, 2005).    

 

2.5 Inoculation Conditions 

Cells were inoculated with RSV (with or without palivizumab or IgG), UV-inactivated 

RSV or medium (RPMI with 2.5% FBS) for 90 minutes at 4°C to allow for virus 

adsorption to cells. For RSV neutralization, the virus was mixed with palivizumab 

(Abbott, Saint-Laurent, Canada) -or human IgG pooled from different donors as a 

control- at 10 μg/mL for 30 minutes at 4°C. One million
 
CBMCs were inoculated at MOI 

3-4, and 0.5x10
6
 HMC-1 cells and 1.5x10

5
 of HEp-2 cell were inoculated at MOI 6-8, all 

in tissue culture plates. The higher initial MOI for HMC-1 and HEp2 is due to the 

duplication of these cells during incubation, so that the MOI is eventually similar to the 

initial MOI of CBMCs. Following adsorption, cells were washed and incubated at 37°C 

for various time points in RPMI-1640 with 2.5% FBS, containing 10 ng/mL SCF for 
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CBMCs, soybean trypsin inhibitor (Sigma-Aldrich) at 100 g/ml to minimize 

degradation of CXCL10 in some experiments, and peptidase inhibitor (Acivicin from 

Sigma-Aldrich) at 0.5mM in all the experiments where LTC4 was measured.  

 

The calcium ionophore A23187 activation of CBMC was used as a positive control for 

degranulation. The ionophore was incubated with CBMC at 37C at a concentration of 

0.1 µM for 4 hours or 0.5 µM for 30 minutes in the same infection/activation medium 

described above.  

 

CBMCs were incubated at a concentration of 1x10
6 

cells/mL, HMC-1 cells at 0.5x10
6 

cells/mL and HEp-2 cells at a concentration of 0.15x10
6 

cells/mL. Where indicated, 

HMC-1 cells and CBMC cells were incubated in the presence of an anti-interferon-α/β 

receptor (IFNAR) antibody (MMHR-2 clone; Calbiotech, California) at a concentration 

of 5 μg/mL or purified mouse IgG2a- (BioLegend) at the same concentration as an 

isotype control. Following incubation, supernatants were harvested and stored at -80°C 

and the cells prepared for flow cytometry and RNA extraction.  

 

2.6 RSV Plaque Assay 

HEp-2 cells were used as a reference cell line to determine viral titer, in plaque forming 

units (pfu)/mL. For all viral titer determination on the cells harvested in the in vitro 

experiments, aliquots of clarified virus HEp-2 cell or CBMC cell lysates from control and 

RSV-treated cells, were serially diluted and inoculated onto 80-90% confluent HEp-2 cell 

monolayers. Plaque assays were performed as described (McKimm-Breschkin, 2004, 

Boukhvalova et al., 2010).  

 

2.7 Immunofluorescence and Flow Cytometric Staining 

For c-Kit/CD117 staining cells were resuspended in FACS buffer (0.5% BSA, 0.1% 

NaN3 in PBS). Cells were incubated for 20 minutes on ice with the antibodies detailed in 

Table 1. Cells were washed, and fixed with 1% PFA in PBS. For intracellular RSV 

antigen staining, fixed cells were permeabilized in 0.2% saponin (Sigma-Aldrich) in 
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FACS buffer for 20 minutes on ice. Following permeabilization, cells were incubated for 

20 minutes with biotinylated antibodies as per Table 1. Then cells were washed and 

incubated with secondary antibodies for 20 minutes. Cells were rinsed, fixed in 1% PFA 

in PBS, and stored at 4°C, and acquired using a FACS Calibur
 
(BD Bioscience). Analysis 

was performed using FCS Express 3 (Denovo Software, Los Angeles, CA). The 

percentage of RSV antigen expressing cells was determined approximately relative to 

readings at 0 hour post adsorption. 

 

2.8 Quantitative Polymerase Chain Reaction (qPCR) 

Following incubation with RSV or controls for variable time points, cells were lysed in 

RLT buffer with 3% 2-mercaptoethanol (2-ME) and RNA was extracted using the 

RNeasy Plus Mini Kit (250) (Qiagen, Cat.#74136) as per the manufacturer’s protocol. 

Genomic DNA was depleted and complementary DNA (cDNA) generated using the 

QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’s 

instructions. cDNA was stored at -20°C. qPCR was performed on cDNA using Qiagen 

QuantiFast SYBR Green PCR Kit or SsoAdvanced Universal Syber Green Supermix 

(Bio-Rad) at an annealing/extension temperature of 60°C. qPCR reactions were 

performed in duplicate using the MX-3000P QPCR System or CFX-96 Real Time 

System (Bio-Rad) and relative gene expression was analyzed using MxPro Software 

(Stratagene, La Jolla, CA) or Bio-Rad CFX Manager 3.1. The fold induction of gene 

expression was calculated using the Pffafl Method (Pfaffl, 2001), or when appropriate, 

they were normalized to the reference gene and expressed as 2 to the power of the 

difference between the threshold cycles for amplification of reference gene and target 

gene. GAPDH and HPRT1 were the reference genes used as indicated –review table 2 

and 3 for all the used primers-. 

 

2.9 Enzyme-linked Immunosorbent Assay (ELISA) 

Sandwich ELISAs were used to quantify protein levels in cell supernatants.  Polystyrene-

based ninety six-well microtiter plates (Thermo Fisher Scientific), were coated with 

capture antibody (50 μL per well) diluted to working concentration (Table 4) in borate 

buffer (pH 8.2-8.3). Plates containing coating solution were sealed with parafilm and 
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incubated at 4°C overnight. Wells of coated plates were washed 3 times with 300 μL of 

PBS-T buffer (0.02% Tween-20 (Sigma-Aldrich) in PBS), and incubated for 1-2 hours at 

room temperature with 100 μL of blocking buffer (2% BSA in PBS) to prevent non-

specific antibody binding. Following further washing dilutions of samples and standard 

were added to duplicate wells and plates were incubated at 4°C overnight. All samples 

and standards were diluted in the same culture medium. Wells were then washed and 

incubated with 50 μL of biotin-labeled detection antibody, diluted to working 

concentration (Table 4) in 0.02% BSA in PBS, for 1 hour at room temperature.  

 

LTC4 was measured also by a sandwich ELISA according to a modified protocol from 

(Volland et al., 1994). In summary, after the cross- linking step (epitope immobilization) 

with glutaraldehyde, sodium borohydride and methanol were used for epitope release in 

the LTC4 ELISA. The ELISA amplification system from Invitrogen was used in all 

assays according to manufacturer protocol. Generally, after incubation with the detection 

antibody, the plate was washed then incubated for 30 minutes with alkaline phosphatase, 

then washed and incubated with the kit-provided substrate containing nicotinamide 

adenine dinucleotide phosphate (NADPH) followed by the kit amplifier solution. Bound 

alkaline phosphatase reduces NADPH to NADH and the resultant primary product goes 

into a secondary cycle of enzymatic reaction, therefore amplifying the signal of the 

colored end product. Finally, plates were read and analyzed using Gen5 software (Bio-

Tek, USA). 

 

2.10 Bioplex Assay  

Bioplex assays were used to detect the human mediators: IFN-2 and IFN- 

(eBioscience), and selected CXCL10, VEGF-A and IL-1Ra measurements (BioRad) 

according to manufacturer protocols. Briefly, beads coupled to antibodies against the 

targeted protein were added to 96-well-plate, and then washed. After which, samples and 

standards were added and incubated for an hour, washed, then biotin-labeled detection 

antibodies specific to epitope on the target protein were added then washed, and a 

fluorescent streptavidin reporter was added to bind detection antibodies. Finally, after a 

final wash, assay buffer was added and wells were read at the Bio-Plex Reader. Each 
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bead was identified by the internal fluorescent signature of the bead region, and the level 

of the target bound was identified by the intensity of the reporter. 

 

2.11 Statistical Analysis 

For experiments where the HMC-1 cell line was used, normality was assumed and data 

were analyzed by a repeated-measures one-way analysis of variance (ANOVA), followed 

by Dunnett’s multiple comparison test. In experiments with CBMC, data were either log 

transformed and analyzed by paired t-test or, for multiple comparisons, analyzed using a 

repeated-measures one-way ANOVA, followed by Sidak’s comparison for selected pairs. 

In some cases (as stated), in view of non-normal data distribution, data were directly 

analyzed by Friedman’s test, followed by Dunn’s selected pairs comparison. P values of 

less than 0.05 (p<0.05) were considered significant. All statistical analyses were 

performed using Prism 6 (GraphPad Software Inc, La Jolla, CA). 
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Table 1. List of antibodies used for flow cytometry. 

 

Primary Antibodies 

Target Specifications Isotype 

CD117 

 

APC mAb, clone104D2, working 

concentration 1µg/mL 

Biolegend Cat.#313206 

APC mouse IgG1, clone P3.6.2.8.1 

eBioscience Ref.17-4714-82 

RSV Biotin-conjugated goat anti-RSV serum,  

working concentration 5µg/mL 

Meridian Life Sciences, Saco, ME 

Biotin-labeled goat IgG  

Jackson Immunoresearch, West Grove, PA 

Secondary Antibodies 

Strept-avidin-PE, eBioscience Cat.# 12-4317-87 
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Table 2. List of commercially available primers used for qPCR. 

 

Gene Other 

names 

Company Catalogue # 

CCL4  QIAGEN SAB PPH00563B 

CCL5  QIAGEN SAB PPH00703A 

CXCL10  QIAGEN SAB PPH00765E 

GAPDH  Invitrogen  7387982 

HPRT1  BioRad 100-25636 

IFIT1 ISG56 QIAGEN SAB PPH01332E 

IFNA1  QIAGEN SAB PPH01321B 

IFNA2  QIAGEN SAB PPH00379A 

IFNB1  QIAGEN SAB PPH00384E 

MX1  QIAGEN SAB PPH01325A 
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Table 3. List of customized ordered primers for qPCR. 

 

Gene Sequence Company 

RSV Genes  Sigma-Oligo 

NS1 F: CACAACAATGCCAGTGCTACAA 

R: TTAGACCATTAGGTTGAGAGCAATGT  

N F: AAGGGATTTTTGCAGGATTGTTT 

R: CTCCCCACCGTAGCATTACTTG  

M F: ATGTGCTAATGTGTCCTTGGATGA 

R: TGATTTCACAGGGTGTGGTTACA  

G F: CGGCAAACCACAAAGTCACA 

R: TTCTTGATCTGGCTTGTTGCA  

F 

F: TAAGCAGCTCCGTTATCACATCTC 

R: ATTGGATGCTGTACATTTAGTTTTGC  

M2 F: CATGAGCAAACTCCTCACTGAACT 

R: TCTTGGGTGAATTTAGCTCTTCATT 

 

L F: CACTCTACAAAACAAAAAGACACAATCA 

R: AGGATGCTGCATTGAACACATT  

F: Forward, R: Reverse 
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Table 4. List of capture and detection antibodies used for ELISAs. 

 

Target 
Capture Antibody  Detection Antibody 

Specifications Concentration Specifications Concentration 

CCL4 
mAb, clone 

24006 (R&D) 
1 μg/mL 

Biotinylated 

affinity purified 

pAb (R&D) 

50 ng/mL 

CCL5 

 mAb, clone  

VL-1 (Endogen, 

Woburn, MA) 

1 μg/mL 
Biotinylated goat 

pAb (R&D) 
0.1 μg/mL 

CXCL10 
 mAb, clone 4D5 

(BD Bioscience) 
2 μg/mL 

Biotin-labeled 

mAb, clone 

6D4/D6/G2 (BD 

Bioscience) 

0.1 μg/mL 

LTC4 

mAb, Medicorp,  

Neo Makers, 

Fermont,CA 

clone 6E7 

1 μg/mL 

Biotin-labeled 

prepared in 

Marshall lab 

0.2 μg/mL 
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Chapter 3 – Results: Human Mast Cell Responses to RSV Infection 

 

3.1 Evidence for Infection  

Whether or not human mast cells can become infected with RSV is an important 

question, since it has implications for disease pathology. Other than the study published 

by (Shirato and Taguchi, 2009) that found no significant infection for HMC-1 by RSV, 

there are no previous studies investigating RSV infection of human mast cells and none 

that examined primary human mast cells. Therefore, we first analysed primary cultures of 

human cord blood mast cells (CBMC) for permisiveness to RSV infection. 

 

3.1.1 RSV Protein Expression  

Al-Afif et al. (Al-Afif, 2012) had demonstrated that a small percentage (generally below 

6%) of CBMC and HMC-1 expressed RSV antigen 24 hours after exposure to the virus 

(Figure 3A). To further confirm these findings, we infected CBMC with RSV (MOI 3-4) 

for variable time points and we used medium-treated as well as UV-inactivated RSV 

CBMC as negative controls while RSV-infected HEp-2 cells (Figure 3B) were used as a 

positive control when required. MOI were calculated and based on dose-response 

experiments described in (Al-Afif, 2012). We also pre-treated RSV with the monoclonal 

antibody palivizumab to reduce RSV entry into mast cells. Subsequently, we co-stained 

for the expression of CD117, a specific surface marker of mast cells (Kumar and Sharma 

et al. 2010), and intracellular RSV antigen at 24 hours (0, 2-4 and 48 hours in some 

experiments) and quantified the dual-positive cells by flow cytometry.  

 

Maximum viral antigen expression was detected in response to live but not UV-

inactivated virus in a small proportion of CD117hi cells (i.e. mature mast cells) at 24 

hours post-infection (median= 0.7%, interquartile range (IQR)= 0.5-1.2 in RSV-infected 

cells vs 0 % in UV-RSV treated cells, p<0.01, n= 12 donors; Figure 5). Pre-treatment of 

RSV with palivizumab reduced the percentage of cells expressing RSV antigen by 
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49±14.9% (mean± SEM, 95% CI= [13.9-84.1]), compared to isotype-control treated-RSV 

infection (p=0.04, n=8 donors; Figure 4).  

 

Mast cells are highly granular and rich in extracellular calyx and Fc receptors, which 

constitute two major difficulties with flow cytometric readings for RSV infection. The 

first difficulty is increased mast cell auto-fluorescence leading to high background 

readings, and the second is sticking of the virus and antibodies to the surface of the cell. 

Therefore, mast cells were infected with further purified RSV preparation for 0 hour post 

adsorption, and 4 and 24 hours after starting adsorption. Then the flow cytometry 

readings taken right after adsorption at time 0 were considered a baseline for what would 

be considered high positive RSV antigen expression in mast cells (Table 5). Also, time 0 

readings were needed to confirm that the shift in the mast cell positivity for RSV antigen 

observed at 24 hours was due to internalized-virus and subsequent replication rather than 

simple virus persistence on the surface of mast cells after adsorption.  

 

3.1.2 RSV Gene Expression 

In order to confirm that RSV undergoes some degree of replication in CBMC, the 

expression of RSV genes was examined by qPCR at 24 hours in CBMC exposed to RSV 

UV-RSV or medium-treated cells. RSV-exposed CBMCs showed significant expression 

of RSV genes compared to medium-treated cells (p= 0.02 for the RSV NS1, N, and F 

genes, n=7 donors; Figure 5A) and this was confirmed for all of the RSV genes 

expression in CBMC (Figure 6, n=3 donors). PCR analysis of HMC-1 infection in one 

experiment, and HEp-2 in 3 experiments are presented for comparison (Figure 5B and C).  

 

3.1.3 Infectious RSV Viral Particles  

RSV in vitro infection of other immune cells like human dendritic cells and human 

macrophages has been reported. However, the infection rate of those cell types is lower 

than what is observed in epithelial cells, and infected cells may lose some of their 

immune functions such as those involved in activating T-lymphocytes (McDermott et al., 
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2011, Panuska et al., 1990). Specifically, monocytic-derived DCs (moDCs) are the most 

permissive for RSV replication and release of infectious viral particles (productive 

infection) (Jones et al., 2006). Peripheral human eosinophils were also reported to be 

infected in vitro slowly but productively by RSV, the significance of which is not clear in 

the in vivo setting (Dyer et al., 2009). 

 

Plaque assays were performed to determine whether human mast cells were productively 

infected with RSV, giving rise to infectious virus particles. CBMC cell lysate was 

harvested after 24 hours (n=5 donors) and 48 hours (n=2 donors) of RSV infection and 

was inoculated into confluent HEp-2 monolayer for plaque assay. CBMC plaque 

formation was compared in plaque assays to plaques from RSV-infected HEp-2 stock and 

to parallel HEp-2 cells infected for 24 and 48 hours with same MOI as CBMC. No 

plaques were detected from RSV-inoculated CBMCs, while plaques were observed in the 

positive control HEp-2 viral stock (≥ 1x10
7
 pfu/mL) and from parallel 48 hours HEp-2 

cell infection (≥ 1300 pfu/mL); (Figure 7, an example of positive plaque assays). This 

indicates that treatment of CBMCs with RSV does not lead to substantial infectious virus 

formation. 

 

From these and previous findings we could conclude that RSV replicates to a limited 

extent in primary human mast cells (CBMC). However, no significant infectious viral 

particles are produced. In comparison to the previously reported in vitro low but 

productive RSV infection of other immune cells, human mast cells might be resistant to 

productive RSV infection. 

 

3.2 Mast cells Viability  

RSV leads to apoptotic death and shedding of infected epithelial cells (Villenave et al., 

2012). On the other hand, human moDCs and human alveolar macrophage viability was 

not significantly reduced by RSV infection (Jones et al., 2006, Panuska et al., 1990, 

Cirino et al., 1993). Mast cell viability could be reduced by apoptosis or necrosis in the 

context of RSV. Therefore we first assessed gross mast cell viability at 0, 4 and 24 hours 



57 
 

from infection, and compared to cell count before virus adsorption, under light 

microscopy. We quantified dead mast cells based on their increased uptake of trypan 

blue. However, CBMCs infected with RSV maintained similar viability to negative 

controls at multiple time points (Figure 8). These findings were compared to a positive 

control, calcium ionophore treatment which at 30 minute of cell activation leads to 15-

50% reduction in cell viability, n=3 donors). 

 

3.3 Flow Cytometric Analysis of Mast Cell Granularity  

Mast cells could secrete mediator contents through degranulation or slower selective 

secretion of specific mediators, such as piece meal degranulation, or classical Golgi 

dependent protein secretion (Moon et al., 2010, Theoharides et al., 2007). It is likely that 

these contrasting mechanisms give rise to different and selective mast cell responses to a 

range of pathogen associated stimuli. As we have reviewed earlier, mast cells generally 

respond to viruses and intracellular TLR stimulation with selective mediator release 

rather than degranulation, unless other stimuli are present like immunoglobulins and 

antigen, to induce cross linking of Fc receptors (St John and Abraham, 2013).  

On analyzing the density of mast cell granules as reflected by larger side scatter on flow 

cytometry reading, some degree of reduced mast cell granularity was evident in RSV-

treated CBMCs at 24 hours post-infection compared to baseline granularity and to that of 

the parallel medium-treated cells (median reduction in RSV-exposed cell granularity= -

10.9%, IQR= -20.1 to -6.9%, vs in medium-treated cells= -4.4%, IQR= -9.145 to 0.1%, 

n= 5 donors; Figure 9A). Figure 9B shows stained mast cells at 0 and 24 hours from RSV 

infection.  

 

3.4 Cysteinyl Leukotriene Production  

Typical mediators that are produced in asthma and responsible for significant 

bronchoconstriction and wheeze are cysteinyl leukotrienes, mainly LTC4 and its 

metabolite LD4. Mast cells typically produce LTC4 in response to IgE/antigen cross-

linkage of FCRI leading to degranulation, and the onset of LTC4 synthesis from 
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arachidonic acid (Bingham CO III, 1999). However, LTC4 could be produced without 

mast cell degranulation (Enoksson et al., 2011). Mast cell derived LTE4 (the other LTC4 

metabolite) was found in wheezing infants, but specifically in higher amounts in RSV 

infected infants (Oymar et al., 2006). 

 

Mast cells produced substantial amounts of LTC4 following activation with calcium 

ionophore at 30 minutes (median= 8677pg/mL, IQR= 4682-17265, n=4 donors). 

However, in our in vitro infection system, no significant LTC4 response was observed by 

CBMC from the same donors treated with RSV, either at 30 minutes or at later time 

points (4-6 hours, 12 hours and 18-24 hours).  

 

3.5 Mast Cell Mediator Production in response to RSV Infection 

(Al-Afif, 2012) showed that CBMC could produce substantial amounts of mediators 

including CXCL10, CCL4, and CCL5, in response to RSV exposure. We therefore aimed 

to confirm these findings and explore a mechanism for the observed mediator production. 

 

3.5.1 Type I Interferon 

Type I IFNs mediate their antiviral effector actions through the activation of a group of 

IFN response genes such as ISG56 (IFIT1) and MX1 (MxA) (Sadler and Williams, 2008). 

To elucidate a potential mechanism for regulation of chemokine production in mast cells 

exposed to RSV, we first investigated the type I interferon responses in CBMC 24 hours 

post-infection with RSV. There was higher expression of IFNA1 (p<0.05), IFNB, ISG56, 

and MX1 mRNA (p<0.01) in CBMCs inoculated with RSV than in UV-RSV treated cells 

(n=5 donors; Figure 10A). Supernatants from CBMCs treated with RSV had consistently 

higher protein levels of IFN-α2a (p< 0.05) and IFN- compared to medium or UV-

inactivated virus treated cells (n=6 donors; Figure 10B).  
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3.5.2 Chemokines (CXCL10, CCL4, CCL5) 

Several pro-inflammatory chemokines are expressed in RSV disease. The levels of 

CCL4, CCL5, CCL11, CXCL10, and CXCL8 are elevated in nasal and bronchoalveolar 

lavage (BAL) samples of children hospitalized with severe RSV bronchiolitis (Zeng et 

al., 2011, Garofalo et al., 2001, Kim et al., 2007, Matthews et al., 2005, Chung and Kim, 

2002, Roe et al., 2011, Yoon et al., 2007). The mast cell production of these cytokines in 

response to RSV was therefore examined. CBMCs were stimulated for 24h with medium, 

RSV, UV-inactivated RSV or RSV pretreated with either palivizumab or a human IgG 

control. Protein levels of chemokines were quantified in cell free supernatants, 24 hours 

post RSV treatment. CBMCs inoculated with RSV produced significantly higher amounts 

of CXCL10 and CCL4 at 24 hours as compared with medium control and UV-RSV 

treated cells (p<0.05 and <0.01, n=9 and 12 donors respectively; Figure 11). This 

response was highly selective, for example CXCL8 production was not upregulated in 

response to RSV (n=4 donors; Figure 12A). The amounts of CCL5 produced were much 

lower than CCL4 and CXCL10 in response to RSV. However, CCL5 production from 

CBMC was still elevated in response to RSV as compared with medium control or UV-

inactivated virus treated cells (p<0.01, n=10 donors; Figure 11). In addition, induction of 

chemokine mRNA relative to control treated cells was measured by qPCR for CXCL10, 

CCL4 and CCL5. These mRNA’s were significantly elevated for the RSV group 

compared to the UV-RSV group (p<0.01, n=5 donors; Figure 12B). 

 

These findings confirm (Al-Afif, 2012) observations on CBMC production of CXCL10, 

CCL4, and CCL5. It is worth mentioning that CCL11 was not produced from mast cells 

in response to RSV (Al-Afif, 2012). The level of these chemokines decline significantly 

at 48 hours which could be due to their digestion by mast cell proteases (Al-Afif, 2012).  

 

3.5.3 The Effect of Blocking Early Type I IFN Production on Chemokine Production  

In order evaluate the role of the type I IFN response by mast cells in their chemokine 

profile, following RSV exposure, we blocked the type I IFN receptor, using specific 

antibodies, after virus adsorption, then collected supernatants for ELISA or Luminex 
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chemokine assays at 24h post infection. CBMCs activated with RSV produced 

significantly lower levels of CXCL10 and CCL4 protein when pretreated with type I IFN 

blocking antibody compared to when pretreated with an isotype control antibody (p≤ 

0.01, n=7 donors; Figure 13). In contrast, CCL5 production by mast cells in response to 

RSV was not affected by type I IFN receptor blockade (n=7 donors; Figure 13). No 

significant inhibitory effect on viral antigen expression was noted with type I IFN 

receptor blockade (data not shown). The efficacy of type I IFN receptor blockade was 

confirmed in the KU812 cell line stimulated with IFN-2 (Figure 14). 

 

3.5.4 Vascular Endothelial Growth Factor-A (VEGF-A)  

Patients with RSV disease were reported to have increased VEGF in their nasal 

secretions (Lee et al., 2000). However, VEGF production has not been extensively 

studied in RSV pathology. From the pathology reports on RSV patients, vascular oedema 

was an obvious feature of RSV disease (Johnson et al., 2007).There are multiple 

mechanisms for oedema one of which is through mediators like VEGF-A, which also acts 

on monocyte chemotaxis, and tissue remodeling (Ferrara et al., 2003), which could have 

impact on long term sequel of RSV disease.  

 

CBMCs produced significant VEGF-A in response to RSV infection compared to 

medium-treated and UV-RSV treated CBMCs (p< 0.01 and <0.001, respectively, n=7 

donors; Figure 15). VEGF-A production by RSV-infected mast cells was independent 

from early type I IFN response (Figure 15). 

 

3.5.5 Interleukin-1 Receptor antagonist (IL-1Ra)  

IL-1 and  are known pro-inflammatory cytokines and they are produced by epithelial 

cells in response to RSV infection (Chang et al., 2003). To explore the potential of an 

anti-inflammatory/regulatory role for mast cells in RSV disease, IL-1Ra was measured in 

infected CBMC supernatants. IL-1Ra is produced by human alveolar macrophages in 
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response to RSV infection in vitro (McCarthy et al., 1989). It was speculated to 

contribute to anti-inflammatory effect by macrophages in RSV disease. 

 

Interestingly, mast cells produced significant IL-1Ra in response to RSV infection 

compared to medium-treated and UV-RSV treated CBMCs (p< 0.05, n=7 donors; Figure 

16). IL-1Ra secretion by RSV-infected mast cells was dependent on early type I IFN 

response. IL-1Ra production was significantly reduced when type I IFN receptor was 

blocked compared to treatment of RSV-infected cells with isotype-control antibody 

instead (p< 0.05 Figure 16).  
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Figure 3. RSV infection of primary human mast cells (CBMCs), HMC-1 and HEp-2 

cells at 24 hours post-adsorption. A, Intracellular RSV antigen expression in a 

donor’s CBMC representative of n=12 donors, in HMC-1 (Al-Afif et al., 2011), and 

in B, in HEp-2 (representative of 6 experiments). 

Cells were fixed and permeabilized to allow for intracellular staining of RSV antigen 

with polyclonal goat antibody against RSV or control goat IgG. CBMC and HMC-1 

were also co-stained for expression of surface marker CD117, specific for mast cells. 
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Figure 4. Expression of intracellular RSV antigen (stained with polyclonal 

goat anti-RSV) in CD117+ cells (CBMCs) in 12 donors as quantified by flow 

cytometry 24 hours after infection with RSV, UV-RSV or medium only. RSV 

was also neutralized using palivizumab (or control pooled human IgG) then 

was incubated with CBMC for 24 hours (n=8 donors). Data represents 

median ±IQR (interquartile range). 



64 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5. RSV infection of CBMCs at various time points as quantified by 

flow cytometry using the same staining method as in Figure 1, n=3 donors.  

Cells were infected with RSV purified with centrifugation at 9000 x g, then 

collected for co-staining of intracellular RSV antigen and CD117 at the end of 

1 hour and 30 minutes of adsorption at 4C (0hr) when no virus uptake should 

have occurred yet. Then the remaining cells were incubated at 37 C for 

another 2 hours (4hr), and 24 hours from the start of adsorption (24hr), after 

which cells were collected as well for staining. CD117
+ 

RSV-Antigen
+hi

 were 

quantified using flow cytometry. 
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Figure 5. Expression of 3 RSV genes (NS1, N, F), compared to medium-treated cells, 24 

hours post RSV infection in A, CBMC (mean±SEM, n=7 donors), B, HMC-1 (n=1 

experiment), and C, HEp-2 (mean±SEM, n=3 experiments). Housekeeping gene is 

HPRT-1. 

The data presented are the CT values for each RSV gene normalized to the cell 

housekeeping gene, therefore the scale varies between cell types due to variable levels of 

housekeeping gene expression in each of them. 



66 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N
S

1 N F

N
S

1 N F

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

N
o

r
m

a
li

z
e

d
 R

N
A

 E
x

p
r
e

s
s

io
n

C B M C

*

M e d iu m

R S V

N
S

1 N F

N
S

1 N F

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

1 0 0 0

N
o

r
m

a
li

z
e

d
 R

N
A

 E
x

p
r
e

s
s

io
n

H E p -2

N
S

1 N F

N
S

1 N F

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

1

N
o

r
m

a
li

z
e

d
 R

N
A

 E
x

p
r
e

s
s

io
n

H M C - 1

A 

B 

C 



67 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Expression of 7 RSV genes 24 hours post-infection, compared to medium-

treated cells, in A, CBMCs (mean±SEM, n=3 donors), and B, HMC-1 (n=1 experiment). 

Housekeeping gene was GAPDH. 



68 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N
S

1 N M G F
M

2 L

N
S

1 N M G F
M

2 L

N
S

1 N M G F
M

2 L

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

1 0 0 0

N
o

r
m

a
li

z
e

d
 R

N
A

 E
x

p
r
e

s
s

io
n M e d iu m

U V -R S V

R S V

N
S

1 N M G F
M

2 L

N
S

1 N M G F
M

2 L

N
S

1 N M G F
M

2 L

0 .0 0 0 0 0 1

0 .0 0 0 0 1

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

1

N
o

r
m

a
li

z
e

d
 R

N
A

 E
x

p
r
e

s
s

io
n

A 

B 



69 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Medium RSV 

Figure 7. An example of plaque formation is seen on the right well compared to medium-

treated cells on the left. HEp-2 monolayer was infected with RSV stock (dilution of 5x10
-4

), 

then cells were fixed and stained. The viral titer shown here =2.2x10
7
 pfu/mL.  
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Figure 8. Viability of CBMCs after RSV exposure. Mast cells were ≥ 90% viable at 0, 4 

and 24 hours post RSV-infection, which was similar to mast cells treated with medium 

and UV-RSV (mean±SEM, n=3 donors). 
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Figure 9. A, Reduction in CBMC granularity from baseline at 24hrs in RSV- vs medium-

treated cells (left graph, n=5 donors), calcium ionophore activation of CBMC for 4 hours 

was used as a positive control for degranulation (right graph, n=3 donors, median±IQR) 

The change of CBMC granularity was calculated as percent of the difference between 0 

and 24 hour granularity to the 0 hour (baseline) granularity for infected CBMCs. For 

ionophore activation, CBMC at 4 hours of activation was compared to matched medium-

treated cells at 4 hours as well, and the reduction in granularity in the ionophore group is 

presented. Granularity was measured as the mean of the side scatter (SSC) value on flow 

cytometric readings. 

B, An example of RSV-exposed CBMC appearance at 0 hour (left panel) and at 24 hours 

post-infection (right panel). CBMC were stained with toluidine blue, fixed, and then 

visualized under light microscopy (1000X).  
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Figure 10. Type I IFN response following CBMC infection with RSV. A, IFN-a and 

IFN- as well as IFN-related genes fold induction in UV-RSV and RSV-treated 

CBMCs, relative to medium-treated CBMCs (n=5 donors, mean ± SEM), housekeeping 

gene is GAPDH. B, IFN-2 and IFN- secreted from CBMC 24 hours post-infection 

(n=6 donors, mean ± SEM).  
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Figure 11. Levels of chemokines 24 hours post RSV infection with and without 

neutralization of infection with palivizumab (Pal), (for CXCL10 n=9; CCL4 n=12; 

CCL5 n=10; mean ±SEM). New data compiled with data from Al-Alfif et al. 

(2011).   
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Figure 12. Chemokine upregulation by CBMCs 24 hours post-RSV infection. A, RSV 

does not induce significant CXCL8 production by CBMCs compared to controls 

(mean+/-SEM, n=4). 

B, CXCL10, CCL4 and CCL5 genes upregulation in RSV treated CBMC and UV-

inactivated virus treated CBMC, compared to medium- treated CBMC, (n=5 donors, 

mean ±SEM).  
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Figure 13. Effect of blocking type I IFN receptor on chemokine production 

by CBMC during RSV infection at 24 hours. 
To block type I IFN early response, anti-IFN-α/β receptor (IFNAR) antibody 

was used to block the autocrine and paracrine action of type I IFN on cells. 

After adsorbing the virus, CBMCs were incubated for 24 hours in medium 

containing IFNAR antibody or isotype control antibody, (n=7 donors, 

mean±SEM). 
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Figure 14. Type I IFN receptor blockade efficiently inhibits IFN2- 

mediated induction of IFN stimulated gene, ISG56. KU812 cells were 

either unstimulated or incubated with IFN2 for 24 hours alone, with 

antibody against IFNaRI, or with an isotype control antibody IgG2 
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Figure 15. VEGF-A protein production (as detected in bioplex) is 

significantly upregulated in RSV-exposed CBMCs compared to control-

treated cells. RSV-exposed cells were also incubated with anti-IFNAR mAb 

for 24 hours or with isotype control antibody (IgG2a). However, VEGF-A 

production at 24 hours was independent from early type I IFN response (n=7 

donors, mean±SEM). 
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Figure 16. IL-1Ra is significantly upregulated in RSV-exposed CBMCs 

compared to control-treated cells (as detected in bioplex). RSV-exposed cells 

were also incubated with anti-IFNAR mAb for 24 hours or with isotype 

control antibody (IgG2a). IL-1Ra production at 24 hours was significantly 

reduced when blocking early type I IFN response (n=7 donors, mean±SEM). 
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Chapter 4 – Discussion 

 

4.1 Summary and Discussion of Major Findings 

We have demonstrated above that primary human mast cells show limited infection with 

RSV at 24 hours, as indicated by a very small percentage of RSV antigen-positive cells 

with evidence of RSV replication intracellularly without significant viral particle 

formation. NS1 protein is produced mainly during infection and is not present in the 

mature virus, and the mRNA for NS1 is highly expressed in infected cells (Evans et al., 

1996), therefore the expression of NS1 RNA in mast cells may be taken as an indication 

of  RSV mRNA transcription. The expression of RSV genes in CBMCs suggests that 

some degree of RSV replication takes place in mast cells leading to RSV mRNA 

production and low RSV protein expression as shown by flow cytometry. In addition, 

reduced side scatter on flow cytometry indicates some degree of loss of mast cell 

granularity potentially due to degranulation. Kulka et al (Kulka et al., 2004) found that 

human mast cells derived from peripheral blood did not degranulate in response to poly 

(I:C) stimulation (analogue of viral dsRNA). However, some types of TLR2 stimulation 

can lead to stimulation of low levels of degranulation by CBMCs (McCurdy et al., 2003) 

and Murawski et al. (Murawski et al., 2009) suggested that TLR2 and 6 could be co-

receptors for RSV as they showed in knockout mice. Alternatively, reduced granularity 

following RSV treatment could reflect the viral inhibition of host mRNA translation and 

protein synthesis leading to loss of granule integrity.  

 

Notably, RSV has been demonstrated to inhibit the PKR-mediated phosphorylation of the 

α subunit of eukaryotic translation initiation factor 2 (eIF2), hence allowing for cellular 

but as well viral translation to occur (Groskreutz et al., 2010). On the other hand, it is 

known that RSV induces stress granule formation in epithelial cells 18 hours post-

infection around the time when RSV switches from transcription to replication of its 

genomic RNA (Lindquist et al., 2010). Stress granule formation represents a cellular anti-

viral response. Although the mechanism of inhibition is controversial, stress granules 

might induce shut down of mRNA translation, through sequestering mRNA and 

subjecting it to degradation in nearby structures (Mollet et al., 2008). Conversely, RSV 
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requires stress granule formation for its replication despite the observation that viral 

replication is likely to occur in inclusion bodies rather than stress granules (Lindquist et 

al., 2010). In our case, inhibition of translation at least before 18- 24 hours of infection 

seems unlikely due to the large amount of mediator production by cells as was shown by 

(Al-Afif, 2012). Notably, in vivo infection with RSV could provide other stimuli that 

induce gross mast cell degranulation, specifically since mast cell degranulation with 

tryptase release (sensitive mast cell degranulation markers) was reported in human RSV 

disease (Everard et al., 1995). 

 

In our infection system mast cells did not produce LTC4. However, it is possible that 

mast cells could be primed in vivo by other mediators to produce cysLTs. For example, 

IL-33 released from necrotic cells, such as infected epithelial cells, could be sensed by 

mouse BMMCs leading to mast cell production of TNF and LTs (Enoksson et al., 

2011). 

 

Despite low levels of infection, RSV induced a significant type I IFN response as well as 

production of the chemokines CXCL10, CCL4 and CCL5, and VEGF-A through both 

type I IFN dependent and independent mechanisms. (Kulka et al., 2004) showed that poly 

I:C (dsRNA analogue), RSV and other viruses were able to induce IFN-α and β mRNA 

and IFN-α2 protein secretion by human mast cell lines, mouse BMMCs, and human 

peripheral blood-derived cultured mast cells. Type I IFN production could potentially be 

induced through detection of dsRNA formed during the virus replication cycle by TLR3 

or the protein kinase PKR (Alexopoulou et al., 2001), ssRNA by TLR7 or less likely in 

the case of mature mast cells TLR8 (Kulka et al., 2004, Heil et al., 2004). It has been 

observed that surface TLR stimulation of mast cells by bacterial components is generally 

less likely to produce type I IFN than the intracellular impact of viral analogues (Kulka et 

al., 2004) . Type I IFN could also be produced in TLR-independent pathways like 

through RLH (e.g. RIG-I), and through intracellular host or bacterial DNA (Noppert et 

al., 2007). 
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Type I IFNs signal through their IFNAR on various cells including the cell of origin 

(autocrine and paracrine action) that can further activate a multitude of effectors. These 

effectors enhance antiviral molecules (interferon-response genes e.g. PKR and RNaseL), 

alter cell cycle like promoting memory T-cell survival, and apoptosis, activate immune 

cells like NK cell, as well as induce chemokine production including CXCL10, CCL3, 

CCL4 and maybe CCL5 (Noppert et al., 2007, Salazar-Mather et al., 2002). 

Compared to well-differentiated primary pediatric bronchial epithelial cells (WD-

PBECs), the primary target of RSV infection, mast cells induced more IFN-α at 24 hours 

when infected with RSV (Villenave et al., 2012). In fact, WD-PBECs showed a poor type 

I IFN response consistent with that seen in infants with RSV disease (Villenave et al., 

2012, Hall et al., 1978). 

 

Johnson et al. (Johnson et al., 2011) looked at the production of IFN- by different 

subsets of human DCs, and reported variable production of the cytokine between donors 

and subsets. For example when mDCs and pDCs produced higher level of IFN-, it was 

detected less frequently and more inconsistently between donors, compared to our 

observations in mast cells. 

 

It is worth mentioning that (Al-Afif, 2012) could not detect significant IFN- protein 

production from RSV-infected CBMCs at 24 or 48 hours from infection, and found 

upregulation of type III signal in infected mast cells. However, the production of a 

number of other IFN subtypes has not yet been examined. 

 

CXCL10 and CCL4 are synthesized de novo in mast cells, while CCL5 and CXCL8 can 

both be found stored in mast cell granules (Theoharides et al., 2007). Epithelial cells and 

DCs were reported to produce significant CXCL8 in response to RSV in vitro, and 

comparable levels of  CCL5, CXCL10 and CCL4 at 24 hours of infection to  CBMC 

(Johnson et al., 2011, Villenave et al., 2012). However, it seems that mast cell and 

potentially human alveolar macrophage production of CXCL8 is insignificant or even 

reduced as we have reported here and Panuska et al. (1995) (in contrast to Becker et al., 

(1991) reporting of early increased CXCL8 production by alveolar macrophages). As 
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well, as (Al-Afif, 2012) found that CCL5 peaked at 18 hours post RSV infection of mast 

cells and yielded lower levels, compared to CXCL10 and CCL4 which peaked at 6 hours 

of infection and reached higher levels. This could reflect the lack of consistent feedback 

on mast cells to produce CCL5 during the infection. 

 

The production of CXCL10 and CCL4 and not CXCL8 in response to RSV might 

indicate the nature of mast cell responses to RSV infection which involve predominantly 

the recruitment of mononuclear cells like monocytes, CD3
+
 T-lymphocytes, and maybe 

NK cells as well. This is in contrast to the role of mast cells in bacterial infection where 

they contribute in the recruitment of granulocytes (e.g. neutrophils). This could impact 

the picture of the inflammation in RSV disease since neutrophils are known to be rich in 

digestive enzymes that can further worsen inflammation and cause tissue damage 

(reviewed in details in section 1.15). 

 

Chemokines could be produced directly in response to TLR and other RNA sensing 

molecules detection of the virus prior to and independently of type I IFN production. For 

example, CCL5 could be produced in mice secondary to direct TLR 2/6 or TLR4 

stimulation by RSV (Murawski et al. 2009, Kurt-Jones et al. 2000), or it could still be 

under direct intracellular TLR control (e.g. TLR3 as reported by Rudd et al., 2005 in 

A549, and RIG-I  by Liu et al. 2007 and 2008). In addition, it was noted that CCL5 was 

only produced from the cells that were infected with RSV and not the RSV-negative 

epithelial cells (Becker et al., 1997) indicating that CCL5 might need a more direct 

interaction with the active virus to be produced which is somewhat proved by the 

reduction of CCL5 observed after palivizumab treatment of RSV. This could explain the 

lower level of CCL5 production in our system, because CCL5 could be less sensitive to 

type I IFN augmentation and paracrine feedback upstream of TLRs, RIG-I and IRF-3/7, 

unlike CXCL10 and CCL4.  

 

The amount of VEGF-A produced by mast cells was similar to or slightly below the 

amounts produced by A549 cell line and normal human bronchial epithelial cells infected 

with RSV at MOIs similar to those used on CBMC and at 24 hours post-infection (Lee et 
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al., 2000). However, it seems that epithelial cells do not store preformed VEGF or 

upregulate VEGF mRNA synthesis after RSV infection. Epithelial cells might enhance 

translational and/or post-translational modification of VEGF to increase its secretion (Lee 

et al., 2000). On the other hand, mast cells maintain preformed stores of VEGF protein in 

their granules (Theoharides et al., 2007), and therefore can play a role in the early 

production of VEGF in RSV disease. 

 

Furthermore, we have shown that RSV infection of human mast cells in vitro induced IL-

1 Ra in a type I IFN dependent manner. IL-1Ra was reported in the nasopharyngeal 

aspirates of infants with RSV disease (Bermejo-Martin et al., 2007). IL-1Ra was also 

produced by alveolar macrophages in vitro in response to RSV (McCarthy et al., 1989). 

CXCL8 secretion, mediated by IL-1 produced by monocytes, from primary epithelial 

cultures and cell lines infected with RSV was inhibited by exogenous IL-1Ra (Thomas et 

al., 2000). Indeed human mast cells and isolated human lung mast cells contained 

preformed IL-1Ra and were able to upregulate its secretion in response to IgE mediated 

or specific antigen activation (Hagaman et al., 2001). Whether mast cells play a role in 

controlling RSV inflammation is also not known but might warrant investigation. As 

well, we have not investigated the role of IL-1 or IL-1 receptor expression in our model. 

 

4.2 Implications for RSV Inflammation 

Our results could support an in vivo model of RSV disease in which mast cells augment 

type I IFN response early on in the infection, enhancing inflammation and antiviral status 

in the lung. As well, mast cells could contribute to the induction of certain chemokines to 

help recruit mononuclear cells like monocytes and lymphocytes. Direct interaction with 

RSV or even priming of mast cells by factors produced by neighboring structural cells 

could lead to production of multiple other mediators rapidly from mast cell granules like 

CCL5 and VEGF-A. While epithelial cells die in response to RSV infection, mast cells 

could maintain their viability and response to continuing RSV infection. It must be noted 

however, that compared to epithelial cells, mast cells are much less permissive to RSV 

infection and presumably any RSV-mediated cell-killing. 
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Mast cells might be effectively resistant to RSV infection. This could be due to reduced 

uptake of the virus but as well it seems that even when viral uptake occurs, no significant 

infectious viral particles are produced. Therefore analyzing the antiviral mechanisms that 

could limit intracellular viral replication, packaging or release in mast cells could 

potentially be interesting for comparison with epithelial and immune cells fully or 

somewhat permissive to RSV. It is not unlikely that cells could limit their permissiveness 

to RSV replication due to antiviral molecular signals, for example, Bhoj et al. (Bhoj et al., 

2008) reported that although RSV infection in mice was  restricted to type I alveolar 

pneumocytes, knockout of MAVS and MyD88 led to the abrogation of type I IFN and the 

permissiveness of bronchial epithelial cells for RSV infection. The mechanisms by which 

RSV triggers recognition by cellular PRRs is not fully understood and therefore 

comparison of epithelial cell infection with RSV to infection in a resistant cell type that 

produces multiple antiviral effectors could help understanding some of these 

mechanisms. Mast cells infected with RSV upregulated ISG56, which was found at least 

to be inhibitory for related viruses such as Sendai virus (Fensterl and Sen, 2011). A 

potential role for this gene in mast cell interaction with viruses would be interesting to 

explore. 

 

RSV-infected mast cell cultures produced CXCL10, CCL4 and modest CCL5 in a 

somewhat similar fashion to other successfully infected cells. Therefore, mast cells could 

play a role in the rapid innate immune response to RSV in vivo. This innate immune 

response would further impact the adaptive immune responses via selective recruitment 

and activation of various subsets of antigen presenting cells and lymphocytes. For 

example CXCL10 could play a role in activating DCs and ensuring efficient CD8
+
 T-cell 

recruitment (Lindell et al., 2008). RSV-activated mast cells could contribute to the 

outcome of RSV disease and immunity. 
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4.3 Limitations and Future directions 

Our results should be interpreted with caution since mast cell phenotypes and their ability 

to produce specific mediators depend on their microenvironment as we reviewed 

previously. Therefore, an RSV infection in a co-culture system resembles the lung 

microenvironment in which mast cells are in close proximity to primary epithelial cells 

like the WD-PBECs would be more ideal and will allow for the evaluation of mast cell 

production of more mediators like cysLTs that were not produced from RSV infection 

only, or prostaglandins which we have not measured. 

 

In addition, we need to interpret evidence of low levels of infection with caution since 

CBMCs are not 100% pure. However limited RSV gene expression was also detected in 

the HMC-1 mast cell line with no contaminating cells but additional repeat experiments 

are required to further confirm this finding. 

 

Also, as we discussed in the introduction, RSV-induced oedema could be caused by 

multiple factors, one of which could be soluble factors such as VEGF, but could also 

include lipid mediators and cytokines produced by mast cells. (Theoharides et al., 2007, 

Moon et al., 2010) 

 

Furthermore, a better assessment of degranulation of mast cells in response to RSV 

infection via tryptase and/ or chymase release assay, and assessment of early apoptosis 

with the detection of the caspase activity assays would be needed to detail our findings 

regarding mast viability and degranulation.  

 

The production of other type I IFNs, including  a more detailed look at type III 

interferons is needed to understand interferon response by mast cells for RSV disease and 

for other ssRNA and dsRNA viruses. 

 

We also do not know yet the mechanism by which RSV initiates the antiviral response in 

mast cells. Therefore, we have started screening for the possible antiviral effector 

contributing to the reduced infectivity of mast cell with RSV. Then following  this, 
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siRNA systems might be utilized to knock down the desired target specific antiviral 

genes in mast cells to confirm our observations. 

 

In addition, the observed low rate of mast cell infection with RSV might indicate that 

mast cells lack some of the requirement for RSV entry, such as reduced receptor/co-

receptor expression or localization. This limited infection might also indicate impaired 

replication or progression of RSV infection in mast cells due to enhanced antiviral 

immunity and effector function or deficiency in the requirement for RSV replication or 

budding. These aspects of RSV interactions with mast cells require further investigation. 

 

In addition, discrepancies in the findings around RSV infection from those by others in 

this field of research could result from virus strain differences. For example, pDCs 

isolated from PBMCs produced IFN- in a fusion- and replication-dependent manner, 

but independent of PKR and TLR7/8 when infected with RSV-Long strain (Hornung et 

al., 2004). Therefore, it could be reasonable to investigate interactions of other RSV 

strains with human mast cells. 

 

Therefore, ideally different viral strains infection in an in vivo model of mast cell 

deficiency like the one described by (Feyerabend et al. 2011) might give a better insight 

into the significance of  mast cell interaction with RSV in vivo. The first step we have 

taken to achieve this, is to replicate the findings of Stokes et al. (2011) in BALB/c 

infection with different RSV strains, and preliminary data suggest that RSV-Line 19 has 

provided the most clinically relevant picture for RSV disease in BALB/c mice (see 

Appendix I). 

 

Mast cells indeed are characterized by their ability to secrete multiple preformed and 

newly formed mediators in a timely manner, which justify study of their role in early and 

long term RSV disease pathology (Figure 17 shows a proposed model for a mast cell role 

in RSV disease).  
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4.4 Clinical Implications 

Mast cells are abundant in the airway as well as at many mucosal surfaces and their 

interactions with different antigens in allergies are known to induce multiple 

inflammatory responses (Moon et al., 2010). 

 

The profile of mediators produced by human mast cell infected with RSV include not 

only mediators that enhance antiviral immunity but also mediators that could induce 

airway remodeling like VEGF-A (Ferrara et al.; 2003). This could impact patient 

symptoms in the short run through airway obstruction and wheeze, or through chronic 

changes in the lung tissues that might link to the development of airway hyperreacivity in 

the future. Notably, RSV could sensitize the epithelial cells for further viral challenge 

(Groskreutz et al., 2006). As well, mast cells maintain their viability after RSV infection 

which could lead to their contribution to persistent patient symptoms. In addition, 

investigating the production of cysLTs and PGs in animal models in response to RSV 

infection could help clarify mast cell contribution to mutltiple inflammatory events 

leading to patients symptoms such as vascular congestion and wheeze.  

 

Innate immune cells are known to have more PRRs than structural cells and they are 

more selective in their responses than non-immune cells. Therefore, understanding the 

specificity of mast cell innate immune response to RSV is useful for the utilization of 

specific vaccine adjuvants that could be selective or exclusive for mast cell responses. 

 

(Al-Afif, 2012) showed that human mast cells could upregulate type III interferon in 

response to RSV infection. Since interferons are used as antiviral treatment (Buster et al., 

2007), the mast cell production of these mediators and the selectivity by which mast cell 

produce these cytokines could aid in better control of severe RSV disease. 
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4.5 Concluding Remarks  

Despite the overlap between the symptoms of RSV and allergic symptoms, as well as 

possible relationships between airway hyperreactivity and the close proximity of RSV 

infection to mast cells in the airways and around the vasculature, there has not been 

significant study of the role of mast cells in RSV disease. The work we present here 

sheds some light on potential aspects of mast cell contribution to human RSV disease. 

Given our findings, additional investigation into the pro- and anti-inflammatory mast cell 

responses to RSV and the consequence of these interactions is indicated. 
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Figure 17. A proposed model for mast cell role in RSV disease. Lung mast cells 

respond to RSV infection by producing type I interferon (IFN I), which could further 

feedback on the same mast cells and neighboring cells (bystander effect) to produce 

type I IFN as well as other mediators like CXCL10 and CCL4. Also, in an interferon 

independent mechanisms, mast cells produce CCL5 and VEGF-A. These mediators will 

recruit effector immune cells or induce vascular permeability and tissue remodeling, 

and enhance inflammation. While epithelial cells are destroyed by RSV infection, they 

produce mediators like type I IFN that also activate mast cells. Mast cells continue to 

enhance inflammation and resist destruction and immune evasion by RSV. 
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Appendix I: Evaluating Infection of Different RSV Strains in Mice  

 

I.1 Introduction 

Many difficulties exist with RSV modeling in mice, one of which is to establish a clinical 

RSV infection in mice that simulate the immune response in human, especially since 

human RSV is not fully permissive in most mice strains. Stokes et al. (Stokes et al., 2011) 

published a comparison between six different RSV strains’ infection in BALB/c mice, 

which are considered the most permissive mouse strain for RSV. In that comparison two 

RSV strains stood out in their induction of clinical disease, mucus production, and 

neutrophilic infiltrate in the respiratory secretions. These strains were a clinical isolate 

RSV 2-20, and an adapted experimental isolate RSV line 19. Therefore we aimed at 

comparing RSV line 19, RSV 2-20, and one of the most commonly used experimental 

strains RSV long infection in mice. After establishing the most appropriate RSV strain in 

approximating human RSV disease, we plan to use this model in the context of mast cell 

deficiency to further explore mast cell role in RSV pathology. 

 

Here, we are presenting preliminary data compiled from a pilot study comparing the three 

RSV strains and two dose response studies for RSV line 19. 

 

I.2 Methodology 

RSV (long, line 19, or 2-20 strain) were grown as previously described in section 2.5 of 

this thesis and harvested in the same day of the infection. RSV line 19 and 2-20 were 

kind gifts from (Martin Moore, PhD, Division of Infectious Disease, Department of 

Pediatrics, Emory University School of Medicine, USA). All the experiments were 

performed by Dr. R. Anderson, Dr. Yan Yan Huang and R. Alyazidi. 

 

Female BALB/c mice (purchased from Charles River Laboratories (St Constance, QC, 

Canada) were 6-8 week old for the start of infection, and they were and housed in the 

Animal Care Facility in the IWK Hospital, Halifax, according to ethically approved 

institutional guidelines. 
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In the following Figure I, the infection process and time course is described. UV-

inactivated RSV and/or RPMI+2.5% FBS medium-treated mice were used as controls. 

Generally, we collected data and samples aiming at comparing the infection clinically 

(weight, morbidity signs, respiratory rate, and temperature), histologically (lungs and 

BAL cellular infiltrate), and for mediator induction (ELISA/luminex on sera, BAL & 

lung homogenate for selected chemokines & cytokines; and qPCR on the lung and spleen 

tissues for chemokines and cytokines). Tissue and BAL collection was similar to what 

was described in (Huang et al., 2009). 

 

Determination of the mouse inoculation dose of RSV was performed in the day of the 

infection by Dr. R. Anderson based using the plaque assay and immunostaining described 

in details in (Al-Afif, 2012) thesis.  
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Figure I. The experimental design for mouse infection with RSV. 
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I.3 Preliminary Results 

I.3.1 Impact of Different RSV Strains on Mouse Infection 

Clinical data from our experiments as well as analysis of the BAL cellular infiltrate 

showed that RSV line 19 infections of mice were more symptomatic and inflammatory 

even at doses lower than the one used with RSV 2-20 or long strain infection. For 

example, a lower dose of RSV line 19 caused more weight loss and induced more 

inflammatory infiltrate in mice compared to higher dose from RSV 2-20 and long on day 

8 (Figure IIA and B). In addition, RSV line 19 had the most impact on morbidity signs 

and respiratory effort than the other two strains. The pathological symptoms had two 

peaks, one after day 2 and the other after day 4. 

 

I.3.2 Selected Mediator Analysis in RSV Infected Mice 

We screened the BAL from control mice and mice infected with RSV 2-20 and long on 

day 8 post-infection with 23-mouse mediator-plex assay for pro-inflammatory mediators 

(BioRad). The assay included: IL-1, IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-

12(p40), IL-12(p70), IL-13, IL-17, Eotaxin, G-CSF, GM-CSF, IFN-, KC, MCP-1, 

CCL3, CCL4, CCL5, and TNF. 

 

There was an expected trend toward increased chemokines and growth factors that 

contributes in neutrophil chemotaxis and maintenance, more pronounced in RSV 2-20 

infected mice than in the RSV long infection (G-CSF, GM-CSF, and KC), as well as 

CCL3, CCL4, and CCL5. CXCL10 was analyzed in a separate ELISA and was not found 

to be increased in response to RSV 2-20 infection (Figure III and IV). 

 

In addition, the highest level of cytokine detected was for IL-12p40 subunit of the IL-12 

cytokine family. This subunit is shared between IL-12 and IL-23, but can also be found 

as a homdimer (Vignali and Kuchroo, 2012). This increase in IL-12p40 was not 

associated with increase in IL-12p70 subunit that refers to the IL-12 cytokine, and the 

level of IL-23 alternatively was not determined and the significance of this high level is 

not established yet. However, IFN- which is a cytokine that frequently increases in the 
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context of increased IL-12 and Th1 immune response, was also elevated in infected mice, 

more so in the group infected with RSV long strain (Figure V). As well, we have not 

analyzed the BAL from the RSV line 19 infected mice collected in the subsequent dose-

response studies, for the IL-12p40 level. 

 

I.4 Future Direction 

Further investigation of the IL-12p40 subunit significance in RSV infection of mice and 

the relation to IL-12 family members of related cytokines is needed. IL-12p40 

homodimer is thought to function in regulation of cytokine production, while IL-12p40 

subunit could be part of the IL-23 cytokine. IL-23 is related to Th17 cell mediated 

inflammation as oppose to IL-12 which id related to Th1 cell mediated inflammation 

(Vignali and Kuchroo, 2012). This investigation might unravel a new aspect of regulation 

of RSV inflammation in mice. 
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Figure II. Impact of different RSV strains infection on mouse weight and airway 

inflammation. Mice were infected with [7x10
6 

pfu/ml of RSV line 19] in one experiment, 

and in another experiment mice were infected with [1.7x10
7

pfu/ml of RSV 2-20] and [0.9 x 

10
7

 pfu/mL RSV long]. 

A, Percentage of weight change in infected mice compared to medium-treated control mice 

(mean+/-SEM, n= 4 in RSV infected groups, n=6 in control). 

B, Total cell count in BAL of infected and control mice. Cells from around 3 mL of BAL 

were spun down, re-suspended in PBS, and then counted (mean+/-SEM, n= 4 in RSV 

infected groups, n=6 in control).  
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Figure III. Chemokines and growth factors involved in neutrophil chemotaxis and 

maintenance were increased in RSV-infected mice (mean+/-SEM, n= 4 in RSV 

infected groups, n=2 in UV-RSV and medium groups). 
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Figure IV. Other chemokines increased in RSV-infected mice (mean+/-SEM, n= 4  

in RSV infected groups, n=2 in UV-RSV and medium groups). 
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Figure V. IL-12 family of cytokines in RSV infection in mice and the related IFN-.  

IL-12p40 subunit was increased in the BAL RSV-infected mice, without a concomitant 

increased in IL-12p70, indicating that the increase subunit is either IL-12p40 homodimer  

or part of IL-23 cytokine (mean+/-SEM, n= 4 in RSV infected groups, n=2 in UV-RSV and 

medium groups). 
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