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Abstract  

Effect of Respiratory Syncytial Virus infection on Streptococcus pneumoniae 

colonisation and invasive disease 

Streptococcus pneumoniae (the pneumococcus) and Respiratory Syncytial Virus 

(RSV) are two major pathogens commonly found to coexist in respiratory secretions 

in patients with acute upper respiratory tract infections. Though there is increasing 

evidence of synergistic interplay between these pathobionts, the exact mechanisms 

remain obscure.  

The aim of my study was to decipher whether and how RSV viral co-infection alters 

pneumococcal metabolism and host immunity, and how, altogether, it affects the 

colonisation and invasive properties of the pneumococcus.  

To this end, I exploited in vitro respiratory epithelial cell culture and in vivo mouse 

coinfection models as well as global proteomic analysis. In all in vivo and in vitro 

models, pneumococcal infection or colonisation was carried out prior to RSV 

superinfection.  

Through my murine models, I made the striking observation that upon pneumococcal 

and viral co-infection, bacterial density was significantly enhanced in the nasopharynx 

and pneumococci were more prone to disseminate to the lower respiratory tract. 

Nasopharyngeal carriage was maintained as a result of the combined effect of 

defective clearance of pneumococci by macrophages and enhanced T regulatory cell 

response. Upon viral RSV co-infection in a pneumococcal pneumonia mouse model, 

no immune impairment was observed, though a higher number of viable bacteria were 

measured in the lungs of co-infected animals. These animals also presented 

heightened weight loss and delayed recovery compared to mono-infected animals 

and showed significant differences in pro-inflammatory cytokine levels consistent with 

their respective infection profile. Using an in vitro transepithelial electrical resistance 

(TEER) model I also demonstrated that, during RSV coinfection, pneumococcal 

transmigration through the epithelial barrier occurs at a significantly lower rate than 

single bacterial infection, in the absence of any variations in epithelial integrity. These 

observations were supported by my proteomic data showing that RSV-pneumococcal 

coinfection drives significant changes in both host and bacterial proteomic 

expression. Significant changes observed in the protein abundance of host interferon 

signalling pathway, epithelial intermediate filaments and proinflammatory cytokine 

Interleukin-1ɓ. Similarly, significant variations were noted in the abundance of 

pneumococcal proteins involved in growth, survival and virulence.  

 

My results shed light on the complex interaction between pneumococci, RSV and host 

and will contribute towards the development of novel preventive and therapeutic 

strategies against bacterial-viral co-infection.  
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 General Introduction 

 Preface  

Streptococcus pneumoniae (S. pneumoniae or the pneumococcus) colonises the 

human upper respiratory tract (URT) from where it can cause a wide range of 

infections, ranging from mild (e.g. otitis media, sinusitis) to life-threatening diseases 

(e.g. meningitis, pneumonia and sepsis) (1,2). Invasive pneumococcal diseases (IPD) 

causes significant mortality worldwide, mainly affecting young children and elderly 

people (3). Respiratory syncytial virus (RSV) is a common seasonal virus which is 

responsible for substantial morbidity and mortality among infants, elderly and 

immunocompromised patients (4,5). Almost every young child encounters RSV 

before one year of their age, and up to 30% of those infected develop severe lower 

respiratory tract infections (6).  The recent PERCH multi-country case-control study 

indicated S. pneumoniae and RSV as members of the top ten pathogens which cause 

80% of pneumonia in children aged 1 to 59 months in Africa and Asia (7). 

 

Reportedly, more than 40% of children hospitalised with RSV bronchopulmonary 

infection present with a concomitant bacterial infection, pneumococci being one of 

the commonest of them, which results in a worse clinical outcome (8ï10).  Therefore, 

extensive research needed to identify the critical regulatory factors which make the 

patient vulnerable for dual infection with pneumococci and RSV. At the same time, a 

deeper understanding of the immunopathogenesis of coinfection is required to 

improve patient care as well to develop novel chemotherapeutics and vaccines 

targeting specific functional component of these pathogens. 
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 Respiratory syncytial virus (RSV) 

Human respiratory syncytial virus is the leading cause of lower respiratory tract 

infections (LRTIs) in infants and children under 1 year of age worldwide (10). RSV 

was first identified in chimpanzees, hence, named as "chimpanzee coryza agent." 

Later, it was discovered that the origin of the infection was from the human. In 1963, 

Robert Chanock and his colleagues were able to isolate and characterise the virus. 

The name "respiratory syncytial virus" was given owing to its characteristic ability to 

induce syncytia formation in cell lines. 

1.2.1 Classification and genotypes  

RSV is an RNA virus of the Pneumovirus genus belonging to the Paramyxoviridae 

family. The classification of RSV is depicted in figure 1.1. 

 

Figure 1.1 Classification of Paramyxoviridae. 

Two subtypes of human RSV have been described, RSV-A and RSV-B, based on the 

antigenic characterisation of F and G using monoclonal antibodies (11). The clinical 

significance of RSV subtypes and genotypes is currently inconclusive. To date, 10 

RSV-A genotypes have been designated, GA1 to GA7, SAA1, NA1, and NA2. The 

RSV-B genotypes include GB1 to GB4, SAB1 to SAB3, and BA1 to BA6 (11). 
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1.2.2 Structure  

RSV is a non-segmented negative-sense single-stranded enveloped RNA virus. It 

has 10 genes encoding 11 proteins. The viral envelope contains three proteins, the 

G glycoprotein, the fusion (F) glycoprotein, and the small hydrophobic (SH) protein. 

There are five other structural proteins, the large (L) protein, nucleocapsid (N), 

phosphoprotein (P), matrix (M), and M2-1, and two non-structural (NS1 and NS2) 

proteins. 

 

Figure 1.2 Schematic representation of an RSV virion with the major proteins.  
The RSV virion is composed of a lipid bilayer which encapsulates the negative sense single-
stranded RNA. There are 3 surface glycoproteins, G, F, and SH. The lipid bilayer surrounds 
the matrix protein (M). The nucleocapsid is made up of 4 proteins, L, M, N and P.  

 
 
The G glycoprotein is expressed both as a secreted (Gs) and a membrane-anchored 

form (Gm), with the latter serving as a viral attachment protein (12,13). The F protein 

is crucial during viral entry into the host cell, and syncytia formation (13). While the 

role of SH protein is not well understood, matrix protein drives RSV assembly and 

budding. (12). The L protein is the RNA-dependent RNA polymerase serves to 

replicate the viral RNA genome and transcribe mRNAs (14). The ribonucleoprotein 

(RNP) complex formed by the N, P, and L proteins protect the RNA genome (15). 
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Finally, NS1 and NS2 are involved in host immune evasion by antagonising both the 

cellular antiviral response and the induction of interferon (IFN) (16).  

 

1.2.3 RSV replication 

RSV attachment to cells primarily occurs via heparin-binding domains on the G 

protein with host cell-surface glycosaminoglycans (17). F protein-mediates fusion and 

penetration followed by the release of nucleocapsid into the cytoplasm where the L 

protein initiates viral transcription and replication proceeds (18). Virions assemble at 

the plasma membrane and released from the host cell by the process of budding. 

RSV mRNAs can be detected by 4-6 hours post infection with peak mRNA synthesis 

and protein expression at 15ï20 hours. Progeny viruses begin to release by 10ï12 

hours post infection, reaches a peak after 24 hours and continues until the cells 

deteriorate by 30- 48 hours (19) 

 

1.2.4 Epidemiology 

RSV transmission occurs through droplet infection originated from the coughs or 

sneezes of an infected person, with transmission potential depending on 

environmental factors such as temperature and humidity (20). 

 

Outbreaks of RSV occur annually at regular, predictable intervals; although, variation 

in the severity of the outbreaks and the circulating strains of RSV occurs per year 

across geographical areas (21,22). While RSV A and B, circulate simultaneously 

during an outbreak, the strain-specific clinical severity merits further investigation 

(23,24).  
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Figure 1.3 RSV disease risk factors.  
RSV infection predisposes by several viral, host, and environmental factors. Viral F and G 
glycoprotein can evade host immune recognition and function. Genetic predisposition and 
environmental factors determine the success of the establishment of infection. Figure adapted 
from (25). 

 

A recent study on the global epidemiology of RSV disease reported that, among 33·1 

million episodes of RSV acute lower respiratory tract infection (ALRI), about 3·2 

million (2·7ï3·8) required hospitalisation and 59,600 in-hospital deaths in children 

younger than 5 years (22). RSV infections in adults are mostly mild to moderate in 

severity except those who have an underlying risk factor such as immune deficiency, 

chronic pulmonary or circulatory disease, transplant recipients, and who are living in 

a long-term care facility (26). 
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1.2.5 Pathophysiology of RSV 

Most respiratory virus infections in early childhood are conýned to the upper 

respiratory tract, leading to symptoms of the common cold, with coryza, cough, and 

hoarseness of voice. Children may also present with rhinitis, pharyngitis, conjunctivitis 

and otitis media. About one-third of infants with respiratory viral infections develop 

lower respiratory tract symptoms, mainly, bronchiolitis and/or pneumonia.  

 

Following the entry into the respiratory tract, RSV first replicates in the nasopharynx 

(27). The proposed mechanism by which the virus spreads to the lower tract from the 

nasopharynx includes direct spread along the respiratory epithelium and/or through 

the aspiration of nasopharyngeal secretions (27). RSV can spread from cell to cell by 

inducing cell fusion and syncytium formation (28). Another possible mechanism may 

be via infection of macrophages who carry the virus down to the lungs (29). 

 

Hematogenous spread of RSV does not occur routinely; however, RSV has been 

detected in blood, liver and kidneys of immunocompromised patients (30,31). In some 

children, recurrent wheeze and exacerbation of asthma have found to be associated 

with concurrent or past RSV infection (32). 

1.2.6 RSV vaccine 

Currently, there is no licensed RSV vaccine available. Prophylactic treatment with 

RSV-speciýc neutralising antibody, Palivizumab (brand name Synagis which is 

manufactured by MedImmune, Inc., USA), is licensed only for certain high-risk infants. 

Synagis is a humanised monoclonal antibody, immunoglobulin G1 (IgG1), produced 

by recombinant DNA technology, directed to an epitope in the A antigenic site of RSV 

F protein. MedImmune and Sanofi have offered another anti-F monoclonal antibody 

for the paediatric group which is currently in phase 2 trial (33).  
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 Prevention of severe RSV disease through active immunisation of infants has been 

extremely challenging, given the fact that vaccine coverage is required at a very 

young age and the possibility of developing a vaccine-enhanced illness, as happened 

with the formalin-inactivated (and discontinued) RSV vaccine in the 1960s (34). 

According to the óRSV vaccine and mAb snapshotô (PATH) updated in April 2019, 

there are two RSV F nanoparticle vaccines being taken forward by Novavax; one for 

the paediatric group which is in phase 2 and the other one for pregnant women which 

is going through the phase 3 trial now. A number of RSV subunit vaccines have 

formulated by different companies targeting F, G and SH proteins of RSV. Most of 

the subunit vaccines are still in phase 1; only one is in phase 2 trial, which is 

manufactured by Pfizer targeting both pregnant women and elderly (33).  

 

1.2.7 Immune response to RSV 

1.2.7.1 Innate immune response 

RSV interacts with the host via Toll-like receptors (TLRs) and retinoic acid inducible 

gene-I (RIG-I) resulting in the activation of signalling and downstream cellular 

transcription pathways. Signalling through TLR4 in a cluster of differentiation (CD)14-

dependent manner can lead to activation of downstream signalling pathways via 

myeloid differentiation primary response gene 88 (MyD88) leading to the induction of 

an array of transcription factors such as interferon regulatory factor (IRF) 3, IRF7, 

nuclear factor ə-light-chain-enhancer of activated B cells (NF-əB), c-Jun N-

terminal kinases (JNK), p38 mitogen-activated protein kinase (MAPK) and activator 

protein-1 (32,35). Upon translocation, to the nucleus, they initiate transcription of 

various proinflammatory genes resulting in the production of interleukin (IL)-6, IL-8, 

tumour necrosis factor (TNF)-Ŭ and IL-12 (35). TLR2 and TLR6 interaction with G 
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protein mediates the section of IL-6, TNF-Ŭ, Monocyte chemoattractant protein-1 

(MCP-1) and regulated on activation normal T-cell expressed and secreted protein 

(RANTES). TLR3 is the ligand of double-stranded RNA (dsRNA), interaction of which 

induces the nuclear translocation of transcription factors such as interferon regulatory 

factor IRF3, IRF7 and NF-əB. (RIG)-I leading to the induction of IFN-Ŭ and IFN-ɓ (36). 

 

RSV infection also upregulates proapoptotic factors in the cell (37) and activates NF-

əB pathway (38), which stimulates the transcription of genes associated with an 

antiviral response via inhibitor of kappa B (IəB) kinase. Signal transducers and 

activators of transcription (STAT) pathway activation via reactive oxygen species 

(ROS) upregulate IL-8, leading to pulmonary neutrophilia (37). 

 

Along with the cytokines, CXC and CC chemokines produced in response to RSV 

infection, stimulate the recruitment of several cells including macrophage, 

neutrophils, natural killer (NK) cells, and dendritic cells (DC) (39). Chemokines 

identiýed in the respiratory tract secretions of children who have naturally occurring 

RSV infection include, ɓ-chemokines CCL3 or macrophage inþammatory protein-1 

(MIP-1Ŭ), CCL2 or MCP-1, CCL11 (eotaxin), and CCL5 (RANTES) (40). 

 

Macrophages tend to control RSV infection by secreting cytokines, such as type I IFN, 

IL-1ɓ, IL-6, IL-8, IL-10, IL-12 and TNF-Ŭ, and recruiting other cells such as 

neutrophils, lymphocytes and NK cells to the site of infection (41). Along with 

phagocytosis, they take part in the antigen presentation to CD4+ T lymphocytes. 

Neutrophil acts through the production of further cytokines and prevents the spread 

of the infection through apoptosis and neutrophil extracellular trap (NET) formation 

(42). NK cells are the source of abundant IFN-Ὓ, which has substantial effects on 

developing Ŭɓ-T cells and thus on the immunopathology of RSV infection (43). 

Another important effector cell, DC, mobilises from the circulation to the nasal mucosa 
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early during infection.  It has been shown that plasmacytoid DCs act on limiting viral 

replication (44) and myeloid DCs activate naïve T cells later at the later stage of 

infection (45). Eosinophils are activated during the acute stage of LRTI and may 

contribute to the recovery (46).  

 

 

 

 

Figure 1.4 RSV binding and cell signalling pathways.  
RSV binding to host cell occurs through several RSV proteins. RSV is bound by surface 
glycosaminoglycans; while F protein binds to TLR4, G protein binds fractalkine receptor 
CX3CR1. The interaction with TLR4 leads to upregulation of NF-əB via MyD88. RSV 
upregulates NF-əB via IəB and STAT1 and -3 via reactive oxygen species (ROS), and RSV 
RNA activates protein kinase R. Viral NS proteins inhibit the interferon response factor (IRF3) 
pathway. Figure adapted from (46). 
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1.2.7.2 Adaptive immune response 

Humoral response 

RSV G and F protein induce neutralising antibodies following RSV infection, though 

the protection is not long lasting evident by recurrent RSV infection throughout life.  

The predominance of IgG2a isotype suggests strong type I cytokine response by RSV 

(47). It has been shown that, though viral clearance was not affected by the presence 

or absence of antibody, lung inflammation appeared to be more severe in the absence 

of RSV-specific antibody (48). All term, new-born babies passively acquire RSV 

neutralising antibodies from their mother through the placenta, and this is the basis 

of the current approach of ómaternal vaccination for neonatal protectionô (49). 

 

Cellular response 

Both CD4+ T helper and CD8+ cytotoxic T cells are recruited to the lung in response 

to RSV infection, generally at the later stage of the infection (50,51). Although CD4+ 

T and CD8+ T cells are crucial for viral clearance, they also contribute to the pathology 

of RSV infection since clinical illness markedly decreased upon depletion of either 

subtype (50). In experimental RSV infection in adult, CD8+ T cell number appeared 

to be inversely related to the pulmonary viral load (52). The regulatory T cells or Treg 

cells were shown to be rapidly recruited in the mouse lung and draining lymph nodes 

after RSV infection. They are believed to dampen the production of chemokines and 

cytokines and control the migration of CD8+ T cells into the lungs (53).  

The Treg cell secreted cytokine, IL-10, was upregulated during RSV infection in mice, 

depletion of which resulted in increased disease severity and inflammation. However, 

Treg cells are not the only source of IL-10; it is also produced by macrophages, DCs, 

B cells, and various subsets of CD4+ and CD8+ T cells (54ï56). Th17 and possibly 
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double negative and Ὓŭ T cells are the sources of cytokine IL-17 which upregulate 

during RSV infection and contribute to increased mucus production. It also inhibits 

CD8 T cell effector function, thereby reducing viral clearance (53).   

 

 

 

Figure 1.5 Time course immune response to RSV.  
(A) RSV infection triggers the release of early inþammatory mediators, e.g., TNF and IFN-Ŭ/ɓ. 
NK cells and polymorphonuclear (PMN) cells are recruited in the ýrst 3 days of infection. 
During this time, DCs carry viral antigen to local lymph nodes to present it to CD4+Tcells. 
Primed cells migrate back to the infected epithelium, release further mediators, and recruit 
additional inþammatory cells, such as mononuclear cells (including CD8+ T cells and B cells) 
and granulocytes (e.g., neutrophils [PMN] and eosinophils [Eo]). (B) Virus replication peaks 
on about day 4, associated with recruitment of NK cells, which make IFN-Ὓ. The virus is 
eliminated between days 5 and 8, during which time activated CD4 and CD8 T cells are 
recruited and produce local cytokines. This period coincides with the disease peak. Anti-RSV 
serum antibody appears relatively late during primary RSV infection. The figure is taken and 
adapted from (46)  
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1.2.8 RSV Immune evasion strategies  

RSV adopts several strategies to evade the host immune system and establish 

infection. The neutralising antibody against RSV G protein is heavily glycosylated, 

which has been shown to interfere with antibody recognition (57). Additionally, the G 

protein is not only produced in full length but also in a truncated secreted form, which 

acts as a decoy for the neutralising antibodies (58). The central conserved region of 

G protein contains a CX3C motif, which binds to the fractalkine receptor CX3CR1. 

The RSV/CX3CR1 interaction shown to induce RANTES, IL-8 and fractalkine 

production, while downregulating IL-15, IL1-RA and MIP-1 (59). RSV G protein 

induces suppressor of cytokine signalling SOCS1 and SOCS3 proteins which 

negatively regulate cytokine signalling cascades, particularly type I IFNs (60). Mainly, 

it inhibits IFN -ɓ and IFN-stimulated gene-15 (60). G protein also interferes with Toll 

IL-1 receptor domain-containing adaptor molecule-1 or NF-əB activation, leading to 

reduced levels of proinflammatory cytokines. Eventually, it inhibits NK cells and other 

cells trafficking to the lung (61).  

 

RSV interferes with the host antiviral cytokine response; NS1 and NS2 antagonise 

type I IFN production by inhibiting STAT2 and IRF3 activation (16). NS1 contains 

elongin-C- and cullin-2-binding sequences that provide ubiquitin E3 ligase activity to 

target proteins, specifically STAT2, to the proteasome. Thus, NS proteins interfere 

with viral clearance. Finally, RSV has the potential to infect DCs, which weaken their 

antigen presentation and T cell activation capacity and consequently alter the 

cytokine milieu of the respiratory tract (62).  
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 Streptococcus pneumoniae 

S. pneumoniae is a Gram-positive extracellular bacteria. Research investigations 

based on the pneumococcus have pioneered the understanding of microorganisms, 

as described by Watson et al. in his historical review article published in 1993 (10). In 

Table 1.1 below has described the key events retracing the legacy of pneumococcal 

research (Table 1). 

 

Table 1.1 History of Streptococcus pneumoniae 

Year Discovery 

1881 Organism discovered simultaneously and independently by George 

Sternberg and Louis Pasteur 

1884 The pneumococcus was one of the first pathogenic bacteria observed 

during the development of the Gram stain 

1880s S. pneumoniae was used to demonstrate the protection of animals by 

active immunisation and the presence of the protective factor in serum 

by Klemperer and Klemperer, and later by Issaeff. 

1902 Neufeld demonstrates capsular swelling (quelling) with type-specific 

antiserum, a discovery that allowed serotyping of isolates 

1904 Neufeld and Rimpau demonstrate opsonisation of pneumococci 

1910 Neufeld and Haendel first described the concept of serotyping  

1913 Lister demonstrates the development of type-specific antibody 

1917 Heidelberger and Avery established the capsular polysaccharide as the 

factor responsible for serological reactivity 

1930 Francis shows capsular polysaccharide to be immunogenic in humans, 

first ever concept of serotherapy 

1929 The first subject to show the treatment efficacy of penicillin was suffering 

from pneumococcal conjunctivitis 

1944 Proof of the transforming principle and ground-breaking discovery of 

óDNA- as a genetic materialô by Avery, MacLeod, and McCarty. 

1992 Boulnois established the role of pneumolysin as a virulence factor  
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This list is not exhaustive and continues to grow.  At the end of the review, Watson et 

al. commented:  

ñGiven this wealth of possibilities, the future of pneumococcal research promises to 

be at least as exciting as its past.ò 

Given the progress in pneumococcal research in recent years and the continuous 

contribution of researchers to improve the understanding of pneumococcal disease 

pathogenesis, it is obvious that; the exciting quest is still ongoing. Several recent 

discoveries in molecular genetics have been driven by the advancement in the studies 

of pneumococci. For example, the knowledge about bacterial epigenetics, bacterial 

genome sequencing, cell biology, the immunological and molecular basis of infection, 

mucosal immunity and vaccine development; were all significantly enriched by 

significant contributions from pneumococcal research. 

 

1.3.1 Epidemiology  

S. pneumoniae is a Gram-positive facultative anaerobic bacteria often found as 

diplococci (63).  It is one of the most virulent human pathogens, usually residing in 

the human upper respiratory tract and causing a wide range of infections, including 

invasive and non-invasive diseases. According to the World Health Organization 

(WHO), pneumococci kills about half a million children under 5 years old worldwide 

every year, with most of these deaths occurring in developing countries (64).  
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Figure 1.6 Contribution of pneumonia in the mortality of under-five children in low-
income countries.  
Pneumonia accounts for 18 % of child deaths in developing countries, making it one of the 
two leading causes of death among young children. Source. WHO Health Statistics 2012 
 
 

Pneumococci are part of the normal bacterial flora found in the upper respiratory tract, 

mainly in the nasopharynx. Up to 65% of children and <10% of adults are carriers of 

S. pneumoniae; although this rate varies widely in different geographical regions  

(65,66).  After colonisation, if the bacterium is not cleared by the immune system, the 

bacterium may spread via horizontal dissemination into the lower airways and other 

organs and tissues and thus cause invasive pneumococcal diseases (IPD) (67). S. 

pneumoniae has been widely linked to causing respiratory infections in individuals at 

the extreme of ages or having any underlying disease which weakens the immune 

system (68,69).  The population at risk of developing IPD are listed in Table 1.2.  
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Table 1.2 Populations at risk for pneumococcal diseases 

Children:  Younger than 2 years 

 Children at childcare 

 Patients with chronic or autoimmune illnesses 

 Patients with cochlear implants or cerebrospinal fluid (CSF) leaks 

 Human immunodeficiency virus (HIV) infection  

Adults: Aged 65 years and older 

 Have chronic heart, kidney, liver, or lung disease; asthma; diabetes  

 Have autoimmune conditions 

 Reside in long-term care facilities 

 Have cochlear implants or cerebrospinal fluid (CSF) leaks 

 Smoker or alcoholic 

 Human immunodeficiency virus (HIV) infection 

 Immunocompromised patients 

 

1.3.2 Transmission 

Successful transmission of S. pneumoniae among humans is crucial for the survival 

of the organism. Transmission occurs through respiratory droplets from people with 

pneumococcal disease or more commonly healthy individuals who carry the organism 

in their nasopharynx (68). According to the previous concept of pneumococcal 

transmission, person-to-person spread occurs through direct contact with the 

secretions of colonised individuals. However, recent studies with neonatal mouse 

transmission models have shown that mice colonised with pneumococci were 

capable of transmitting the bacteria to their non-colonised cage mates (70), albeit in 

a model of neonatal mice. Thus, the authors described, pneumococci may follow the 

transmission sequences, including exit from a colonised host (shedding), survival in 

the environment and acquisition by a new host. In their model, the transmission was 

enhanced by a viral infection, close contact and younger age, suggesting these also 

act as risk factors for transmission of pneumococci in human.  
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The pneumococcal pore-forming toxin, pneumolysin (Ply), was shown to promote 

shedding by inducing inflammation and in turn, enhancing bacterial transmission  

(71). Viral coinfection is thought to adopt the same inflammation mediated 

mechanism, along with an increased density of colonising bacteria to facilitate 

transmission (71).  

 

Nevertheless, young children appear to be the most important vector for horizontal 

dissemination of pneumococcal strains within the community as the highest 

frequency of pneumococcal colonisation is found in them. Therefore, part of the 

strategy to prevent pneumococcal disease needs to focus on prevention of 

nasopharyngeal colonisation, especially in children. 

 

1.3.3 Disease pathophysiology 

Nasopharyngeal colonisation is a prerequisite for developing IPD, although the 

incidence of colonisation events far outstrips actual invasive disease events, 

suggesting that the majority of colonisation events are managed asymptomatically by 

the host (72ï74). After establishing a successful carrier state, pneumococci may 

invade the local tissues to cause sinusitis or otitis media. Dissemination from nasal 

colonisation down to the lungs via the bronchus is thought to occur by aspiration, 

leading to bronchial pneumonia and lobar bacteraemia  (1,67).  In cases of severe 

inflammation and tissue damage, bacteria may penetrate the mucosal barrier to enter 

the bloodstream and cause bacteraemia and, some cases may be able to cross the 

blood-brain barrier to cause meningitis (Figure 1.7) (1). 
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Figure 1.7 The overview of the mechanism of progression of pneumococcal disease.  
Following the acquisition of S. pneumoniae, bacteria may clear off by the mucociliary action 
of the respiratory epithelium or neutralise by anti-bacterial peptides.  Bacteria may persist 
asymptomatically developing stable colonisation in the nasopharynx. From the carrier state, 
transmission may occur in new hosts or bacteria may lead to invasive diseases, such as 
pneumonia, meningitis and otitis media following local or systemic spread.  
 
 

1.3.4 Serotype distribution 

Since the first designation of two serotypes by Neufeld and Haendel in 1910, more 

than 93 pneumococcal capsular types or serotypes have been described to date 

(63,75). Pneumococcal serotypes are determined based on a diverse capsular 

polysaccharide, which is a major determinant of virulence. Pneumococci present a 

diverse set of serotypes which differ significantly in the attack rate, in colonisation and 

disease potential, across different age groups and most importantly across different 

geographical regions.  

 

The most dominant serotypes associated with IPD worldwide include 14, 4, 1, 6A, 6B, 

3, 8, 7F, 23F, 18C, 19F, and 9V. In children serotypes 1, 5, 6A, 6B, 14, 19F, and 23F 
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account for more than half of IPD in every region. Serotypes causing IPD vary greatly 

across geographic regions, e.g., serotypes 1 and 5 are an important cause of IPD in 

Africa and Asia, but are uncommon in Europe and the United States (75).  

 

Attack rates refer to the incidence of invasive pneumococcal disease per the 

incidence of pneumococcal acquisition. Pneumococcal serotypes such as 1, 4, 5,7F 

and 9A have high attack rates, 1 and 7F being those with highest attack rates, while 

serotypes such as 9N, 16F, 20, and 38 have low attack rates (72).  

 

Individual serotype prevalence can change over time in different geographic regions 

or age groups (76). Furthermore, though the implementation of PCVs offered a 

substantial reduction of the incidence of IPD related to the decrease in vaccine-type 

(VT) IPD, alarmingly, there has been an increase observed in non-VT IPD (75). An 

international whole-genome sequencing study has highlighted the fact that, after the 

introduction of the PCV13, the magnitude of pneumococcal non-vaccine serotype 

replacement has increased worldwide which varies by age groups and by country 

(77). Serotypes 5, 12F, 15B/C, 19A, 33F, and 35B/D were found to be prevalent in 

most of the countries studied. According to the meta-analysis on global 

pneumococcal serotype distribution by Cui et al., most prevalent non-PCV serotypes 

among children under the age of 7 years with IPD: 15B, 22F, 15A, 23A; among adults 

of 65 years and older with IPD: 22F, 11A, 10A, 38; in the 50ï64 year-old age group: 

12F, 9N, 8 and in the 15ï59 age group: 12F, 8, 6C, 16F (78). This variations in 

serotype distribution highlight the importance of continuous surveillance to update the 

list of circulating serotypes and monitor the vaccine coverage.  
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Figure 1.8 Changes in the incidence of IPD among children <5 years old from 1998 through 2016 in the United States.  
Rates of IPD expressed as cases per 100,000 population are shown on the y-axis, and calendar year of surveillance on the x-axis. Blue bars represent 
overall IPD incidence, while the grey bars represent IPD incidence caused by serotypes included in the 13-valent pneumococcal conjugate vaccine 
(PCV13). The overall IPD incidence declined from 95 cases per 100,000 in 1998 to 9 cases per 100,000 in 2016; IPD caused by PCV13 serotypes 

declined from 88 cases per 100,000 in 1998 to 2 cases per 100,000 in 2016. https://www.cdc.gov/pneumococcal/surveillance.html (79) 

https://www.cdc.gov/pneumococcal/surveillance.html
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Figure 1.9 Changes in the incidence of IPD among adults 65 years or older from 1998 through 2016 in the Unites States.  
Rates of IPD expressed as cases per 100,000 population are shown on the y-axis, and calendar year of surveillance on the x-axis. Blue bars represent 
overall IPD incidence; orange bars represent IPD incidence caused by serotypes included in 23-valent pneumococcal polysaccharide vaccine 
(PPSV23), while the grey bars represent IPD incidence caused by serotypes included in the 13-valent pneumococcal conjugate vaccine (PCV13). The 
overall IPD incidence declined from 61 cases per 100,000 in 1998 to 24 cases per 100,000 in 2016; IPD caused by PCV13 serotypes declined from 
45 cases per 100,000 in 1998 to 6 cases per 100,000 in 2016. IPD caused by PPSV23 serotypes also declined from 53 cases per 100,000 in 1998 to 
15 cases per 100,000 in 2016, but these reductions were due to declines in IPD caused by serotypes in common with PCV13. 
https://www.cdc.gov/pneumococcal/surveillance.html (79)

https://www.cdc.gov/pneumococcal/surveillance.html
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1.3.5 Pneumococcal virulence factors 

S. pneumoniae possesses certain surface proteins or enzymes that signiýcantly 

contribute to its pathogenesis.  These proteins work through the direct interactions 

with host tissues or hindering the host immune system and concealing the bacterial 

surface from the host defence mechanisms. Additionally, pneumococcus produces a 

highly potent pore-forming toxin, pneumolysin, which plays a substantial role in the 

pathogenesis of the bacteria. The major virulence factors of S. pneumoniae that are 

summarised in Table 1.3. With their location and prominent functions (67,80). 

 

 

 
Figure 1.10   Important virulence factors of Streptococcus pneumoniae. 
 A number of proteins and toxins that are expressed by S. pneumoniae that drive its 
pathogenesis. The major virulence factors are highlighted in the figure. Abbreviations: PsaA, 
pneumococcal surface adhesin A; PspA, pneumococcal surface protein A; PspC, 
pneumococcal surface protein C; PiaA, pneumococcal iron acquisition A; PiuA, pneumococcal 
iron uptake A; PitA, pneumococcal iron transporter. The figure is taken from (80) 
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Table 1.3 Important virulence factors of pneumococci and their role in bacterial pathogenesis 

 

virulence factor 

Function 

Polysaccharide capsule 
Å Allows the bacteria to prevent entrapment in nasal mucus  

Å Inhibits phagocytosis by innate immune cells and escapes neutrophil net traps 

Choline binding protein Å Binds to platelet activating factor receptor (PAFr) on the epithelial surface of the nasopharynx 

Pneumolysin (Ply) 

Å Binds to membranes with cholesterol and create pores which cause cell lysis 

Å Activates chemokine and cytokine production causing inflammation  

Å Drives host-to-host transmission 

Autolysin  
Å Cell lysis and break down peptidoglycan  

Å Exposes hosts cell to Ply and teichoic acid 

Pneumococcal surface protein A 
Å Protects against complement system of the host 

Å Aids in colonisation by adhering to the epithelial cell membrane 

Pneumococcal surface protein C (CbpA) 

Å Protects against the complement system of the host 

Å Binds to receptors such as the human polymeric immunoglobulin A (IgA) during colonisation 

and invasion the nasopharynx  

Pneumococcal surface adhesin A 

(PsaA) 

Å Transports magnesium and zinc into the cytoplasm of the bacteria  

Å Exert resistance to oxidative stress 

Other choline-binding proteins: LytB, 

LytC,  CbpC, CbpG 

Å Promote bacterial colonisation of the nasopharynx 

Å Modify proteins on cell surfaces and allows for binding to host cell receptors  

Å Important for host cell recognition 

Hyaluronate lyase (Hyl) Å Breaks down hyaluronan-containing extracellular matrix component 
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Pneumococcal adhesion and virulence 

protein A and B (PavA, PavB) 
Å Binds to fibronectin 
 

Enolase (Eno) Å Binds to plasminogen 
 

ȸ-galactosidase (BgaA) Å Cleaves the terminal sugar from human glycoconjugates, thus, reveal receptors for adhesion 

Pili 
Å Promotes adherence and colonisation of the epithelial cells within the nasopharynx  

Å Inhibits phagocytosis by immune cells 

Bacteriocin Å Inhibits the growth of competing bacterial cells 

Neuraminidase (NanA and NanB) 
Å Degrades mucus and promotes growth and survival  

Å Aids with cell adherence 

IgA protease Å Cleaves human IgA1 
 

Lipoteichoic acid Å Causes inflammation 



 

1.3.6 Mechanism of pneumococcal infection  

1.3.6.1 Mechanism of nasopharyngeal colonisation 

Colonisation is a steady state of bacterial persistence in the human body tightly 

maintained by either mutualism or competition between the host and bacteria.  S. 

pneumoniae appear to follow the latter strategy as this is one of the most pathogenic 

bacteria that resides in the human nasopharynx.  The outcome of pneumococcal 

colonisation broadly has been described through four distinct but interrelated events: 

1) clearance; 2) horizontal transmission to another vulnerable host; 3) persistence 

without producing any symptoms, or 4) progression to invasive diseases. While the 

horizontal transmission is a by-product of successful carriage, the other three 

conditions are generally mutually exclusive.  

 

Pneumococci not only compete with the host defence system for their existence but 

also with other resident bacteria which are part of the URT microbiota. For instance, 

S pneumoniae colonisation is inhibited by the nonpneumococcal Ŭ-haemolytic 

streptococci in the nasopharynx (81). Therefore, the balance between the resident 

flora and pneumococcal activity is crucial for the establishment of colonisation.  

 

The first encounter of bacteria in the human nasopharynx is with mucin glycoproteins, 

which also contain antimicrobial peptides and immunoglobulins, creating an 

unfavourable milieu for pneumococcal existence (82). Pneumococci may avoid 

mucus entrapment by expression of the capsule, which is negatively charged and 

repelled by the sialic acid-rich mucopolysaccharides present in mucus (83). It allows 

pneumococcus to gain access to the epithelial surfaces. Alternatively, the 

pneumococcal enzyme, neuraminidase, can cleave N-acetylneuraminic acid from 

mucin and thereby, decrease the viscosity of the mucus which is thought to be 
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beneficial to pneumococcal colonisation, to bring about the exposure of N-acetyl-

glycosamine receptors on the host epithelial cells (84).  The neuraminidase activity of 

viruses such as influenza and parainfluenza viruses might thereby aid bacterial 

attachment by synergistic degradation of the mucin. Moreover, bacteria take the 

nutritional advantage from mucin as it is a rich source of carbon, one of the crucial 

component of bacterial growth (85,86).     

 

Upon exposure to the epithelial surface, pneumococci exploit several virulent surface 

proteins to establish its attachment such as, PavA, PavB and Eno, which bind with 

the cell exposed fibronectin and plasminogen (87ï89). Additional binding is offered 

by factor H, vitronectin and the host cell receptors, carcinoembryonic antigen-related 

cell adhesion molecule 1 (CEACAM) and intercellular adhesion molecule 1 (ICAM1) 

(90). ChoP moieties on cell wall teichoic acid bind to the PAFr expressed on the 

epithelial surface which induces internalisation and transcellular migration of 

pneumococci through the respiratory epithelium and vascular endothelium, resulting 

in invasive diseases (91,92). Additionally, IgA1 protease has been shown to degrade 

IgA at the nasopharynx, thus, change in the surface charge and increase physical 

proximity of pneumococcal cell-wall choline to PAFr (93,94). CbpA, on the other hand, 

directly interacts with the polymeric immunoglobulin receptor (polyIgR), which 

increases migration of bacteria through the mucosal barrier (95). Increased receptor 

expression on the epithelial surface is largely influenced by the local concentration of 

cytokines and chemokines such as IL-1 and TNF-Ŭ, as seen in the presence of viral 

infections and shown to be greatly mediated by Ply (96). Increased receptor binding 

and transmigration of the pneumococci through the mucosal barrier signifies the event 

of transition from asymptomatic colonisation to invasive disease.  
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1.3.6.2  Immune response to nasopharyngeal colonisation 

The polysaccharide capsule of pneumococci protects the bacteria from phagocytosis 

by resisting complement deposition and antibody binding, and hence preventing 

clearance by the immune system (63,97) Furthermore, the pneumococcal capsule 

masks membrane-bound antigens from immune cell recognition. The pneumococcal 

surface proteins PspA, PspC and CbpA have been shown to impair C3 deposition 

and CR-3 mediated phagocytosis by inhibiting the interaction between C reactive 

protein (CRP) and ChoP (98,99). They also prevent C3 deposition by binding with 

C4b-binding protein and factor H (100,101). Pneumococcal cell wall hydrolases LytB 

and LytC as well as the plasminogen binding protein, enolase, have been shown to 

help pneumococci to evade complement-mediated clearance by inhibiting C3 

deposition on the bacterial surface (101,102).   

 

Bacterial zinc metalloprotease or IgA1 protease specifically targets human 

immunoglobulin A1 (IgA1), which is one of the major determinants of mucosal 

immunity in the human airway (103). The cleavage of IgA1 results in the release of 

bacterial antigens, that was bound with the Fab part of the antibody, and thus 

prevents initiation of inflammation by host recognition of the Fc region (67). 

 

Contribution of innate cellular components, neutrophil and macrophages, have been 

elaborated in the murine model and shown to be governed by several factors.  Zang 

et al. have demonstrated a TLR2 independent influx of monocyte/macrophages 

and neutrophils during the initial three days of colonisation in C57BL/6 mice, which 

proved to be inefficient in clearing pneumococcal carriage (104). An additional TLR2 

mediated CD4+T cell response was required for robust phagocyte recruitment and 

elimination of the bacteria. The authors suggested that TLR2 signalling may be 
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required for efficient antigen presentation and initiation of an effective T cell response. 

Neutrophil recruitment in response to pneumococcal colonisation has been reported 

in a murine model, which is thought to be initiated by Ply (105). A Ply-deficient strain 

failed to demonstrate accumulation of neutrophils and resulted in a prolonged 

colonisation in mice (106).  

 

 

 

Figure 1.11 Innate immune receptor signalling during S. pneumoniae infection. 
Pneumococcal cell wall components and Ply are recognised by TLR2 and -4 respectively. 
Moreover, S. pneumoniae is internalised by phagocytic cells and subsequently degraded in 
phagosomes, leading to the release of bacterial peptidoglycan and nucleic acids. While 
unmethylated CpG-containing DNA is sensed by TLR9 within the endosomes, other bacterial 
components might gain access to the cytosol possibly dependent on Ply-mediated membrane 
disruption. For example, pneumococcal peptidoglycan fragments are detected by NOD2 
within the cytosol and DNA is detected by AIM2, which subsequently stimulate the production 
of cytokines including TNF-Ŭ, IL-6, KC and pro-IL-1ɓ. While functional TNF-Ŭ, IL-6 and KC are 
released after translation, the production of IL-1 requires a second signal. This is provided by 
the NLRP3 and the AIM2 inflammasomes activated by PLY and bacterial DNA, respectively, 
which mediate cleavage of pro-IL-1ɓ into mature IL-1ɓ. Sensing of S. pneumoniae DNA by 
the non-identified cytosolic DNA sensor activates the adaptor STING and the transcription 
factor IRF3 and stimulates type I IFN responses. 
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The cellular immune responses to S. pneumoniae are greatly accelerated by the 

presence of the cytolytic toxin, Ply. Ply promotes the production of a major pro-

inflammatory cytokine, IL-1ɓ, by activating (Nod)-like receptor (NLR) P3 or NLRP3 

inflammasome (90). This cytokine response is crucial for the downstream mobilisation 

and activation of immune cells such as neutrophils and macrophages to clear the 

bacteria. It is important to note that some pneumococcal strains express non-

haemolytic Ply, which demonstrates a very early bacterial growth advantage in blood 

and an impaired ability to activate NLRP3 inflammasome (91). Ply- deficient mutants 

also showed prolonged colonisation and diminished production of Th17 cells, a 

subset of CD4+ T cells, characterised by the ability to produce IL-17A cytokine, which 

is responsible for the regulation of both neutrophil and macrophage-related 

inflammation (87).  

 

Though the role of TH17 immunity in natural colonisation has not been confirmed yet, 

a low ratio of TH17 to T regulatory (Treg) cells correlates with colonisation in children 

(93). On the other hand, another CD4+ T cell subset which is well characterised for 

its immune inhibitory function appeared to influence S. pneumoniae carriage density 

and duration positively. Neill et al. proposed that TGF-ɓ1, secreted from airway 

epithelial cells in response to low dose pneumococcal colonisation, induce T 

regulatory cell generation in the nasopharynx, which in turn prevent the clearance of 

the bacterial colonisation by limiting proinþammatory response (94). Other mediators 

needed for clearance, including interleukin-1ɓ (IL-1ɓ), CXC- motif and CC- motif 

chemokines, and type 1 interferon (Type I IFN) (92). 
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1.3.6.3 Mechanism of invasive pneumococcal diseases (IPD) 

From the steady state of colonisation in the nasopharynx, pneumococci may progress 

to invade the deeper tissue or may translocate down into the lungs to cause local and 

systemic invasive diseases; however, the incidence rate of invasive disease is far too 

lower than that of carriage. Invasive pneumococcal disease (IPD) is deýned as 

isolation of bacteria from a normally sterile site, such as blood, cerebrospinal þuid, or 

pleural space, and results from the invasion of the respiratory epithelium (3).  

 

During the translocation from the nasopharynx to the lower respiratory tract or the 

blood, extensive changes in pneumococcal gene expression occur (64). Genes 

encoding the metal-binding components of ATP- binding cassette (ABC) transporters 

are preferentially expressed in the host environment. This gene cassette is 

responsible for uptake of iron (Fe) and zinc (Zn) that are crucial for bacterial growth 

and survival. Interestingly, Zn binds irreversibly to PsaA and thereby blocks its 

transportation pathway, starving the bacterium, thus conferring nutritional immunity 

to the host. PspA also interacts with host lactoferrin, an iron-sequestering 

glycoprotein, and this protects the bacterium from killing by apolactoferrin (101). 

Carbon is also an essential nutrient in the survival of pneumococci; hence, an 

optimum utilisation is also needed in the new environment.   

 

Establishment and progression of IPD require attachment and invasion through the 

epithelium or endothelium. S. pneumoniae pili facilitate bacterial binding with 

epithelial cells in the lungs and progress disease pathogenesis. Piliated strains are 

capable of causing more tissue damage by excess inflammation triggered by TNF- Ŭ 

(102). Several host cell surface proteins such as PAFr and PolyIgR are exploited by 

the bacterial surface proteins to facilitate bacterial transmigration to the sterile sites 
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of the body and cause invasive diseases. These mechanisms are necessary to invade 

through the lung mucosal surface as well as across cardiomyocytes and the Blood-

Brain-Barrier (BBB) (103). Studies have also reported the ability of pneumococci to 

bind with ganglioside receptors on the surface of the olfactory neurons and directly 

enter the central nervous system bypassing bacteraemia (104).  

 

Along with receptor-mediated invasion, pneumococcal Ply causes direct lysis of the 

epithelium and endothelium at the BBB (105). Ply also inhibits mucociliary clearance 

in human lungs, disrupts tight junctions and invade to the deeper tissues. (26). Clarke 

et al. have shown that p38 mitogen-activated protein kinase- and TGF-ɓ -mediated 

responses lead to upregulation of SNAIL1, a transcriptional repressor of claudin-7 

and claudin-10, which are required to maintain epithelial cell tight junctions (106). As 

a result, epithelial integrity is compromised and favoured translocation of bacteria. 

Hydrogen peroxide produced by pneumococcal pyruvate oxidase (SpxB) and Ŭ- 

glycerophosphate oxidase (GlpO) contribute to tissue damage in the lung and at the 

BBB (107). Other bacterial enzymes such as neuraminidases, hyaluronate lyase and 

metalloproteinases, also have the potential to damage the host tissues directly (102). 

Thus, pneumococci pave the way to invade the epithelial barrier and reach sterile 

sites of the body to cause invasive disease. 

 

1.3.7 Immune response to IPD 

The single best mechanism by which S. pneumoniae avoid host immune-mediated 

killing is evading opsonophagocytosis. As described in the colonisation section, the 

mechanism of prevention of opsonophagocytic killing in colonisation and IPD is based 

on bacterial capsule derived resistance and protein virulence factors such as CbpA, 

PspC and PspA, all of which contribute to resistance to complement deposition, 
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mainly C3b and iC3b, and escape opsonophagocytic killing. The bacterial toxin, Ply, 

act on the classical complement pathway through the domain which shows structural 

homology with the contiguous sequence within acuteȤphase proteins and bind with 

the Fc component of IgG to deplete serum opsonic activity (107). Additional inhibition 

is exerted by proteins NanA, BgaA, Str and Eno, and all together, S. pneumoniae 

successfully escape the complement-mediated destruction and progress to cause 

septicaemia (108). 

 

As described by McNeela et al. Ply mediates the activation of dendritic cells via 

activation of the NLRP3 inflammasome and the production of interferon (IFN)- Ὓ and 

IL-17A by T cells (109). NLRP3 mediated IL-1ɓ is required to control pneumococcal 

growth and invasiveness, which indicates some strains cause invasive disease by 

evading NLRP3 (110). One classic example would be the highly prevalent serotype 

1 strain ST306, which causes empyema and disease outbreaks.  

 

Pneumococcal peptidoglycan binds to NOD2 and triggers inflammation which drives 

monocyte/macrophage recruitment via CCL2. A smaller contribution reportedly made 

by TLR2 in production of CCL2 (3). While Lammers et al. showed that this 

inflammation does not affect bacterial growth or mortality in mice (111), Karlstrom et 

al. demonstrated the detrimental effect of TLR2 mediated excess inflammation in 

mice with serotype 3 pneumonia following influenza A virus (IAV) infection (96). 

Similarly, while Type I IFN is necessary for clearance of the nasopharyngeal bacteria, 

it was shown to synergistically activated during IAV coinfection and hampered 

bacterial clearance by impaired macrophage recruitment (112). These studies 

underscore the role of viral infection in dysregulated immune responses to 

pneumococcus. 
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Alveolar macrophages (AMs) are resident phagocytes that clear bacteria from the 

lower respiratory tract and play a key role in host defence against pneumococcal 

disease. However, AMs are capable of clearing a limited number of bacteria, and this 

capacity can be exhausted by underlying disease conditions such as chronic 

obstructive pulmonary disease (COPD) or viral infections. Tissue macrophages come 

in and promote the apoptosis-associated killing of bacteria by activating cathepsin D 

(113). Ultimately, this process induces the apoptosis of AMs and improves bacterial 

killing (113,114).  Similarly, a protective CPS-specific monoclonal antibody-mediated 

and TNF-related apoptosis-inducing ligand (TRAIL) mediated apoptosis of AMs have 

also been reported (115). In contrast, administration of GM-CSF in a serotype 19 

pneumonia model increased nitric oxide-mediated bacterial killing and reduced 

apoptosis-mediated killing (116). These observations suggest that immune 

modulation via apoptosis and immune stimulation via bacterial killing can each confer 

a host benefit in pneumococcal pneumonia.  

 

Following the initial clearance episode of pneumococci by macrophages, both 

macrophages and epithelial cells produce CXC chemokines, which induce neutrophil 

recruitment to the lungs (109,117). This recruitment process is dependent on ɓ2 

integrin Mac-1 and Ŭ4/ɓ1 integrin. Cathepsin G and neutrophil elastase, but not 

NADPH oxidase-dependent production of ROS, are important mediators of neutrophil 

killing (118). In another recent study, MAPK-dependent induction of cyclooxygenase-

2 (COX-2) in response to pneumococcal pneumonia led to release of prostaglandin 

which modulated the pro-inflammatory responses to pneumococcus (119), revealing 

a novel mechanism by which the inflammatory consequences of neutrophil killing are 

modulated. Although neutrophils are potent effectors of bacterial clearance, the by-

product of neutrophil killing is tissue injury, which results in the clinical features of 

pneumonia.  
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The role of T cells in host defence against pneumococcus is somewhat conflicting. 

While some studies showed that the Th17 response is important for clearance of 

nasopharyngeal colonisation in naïve (104) and immunised mice (120),  in another 

study CD4+ T-cells were not essential in a serotype 3 pneumonia model (121). In the 

latter study, the authors showed that CD8+ T- cells were required to control the 

inflammatory response in the lungs in an IFN-ɔ and perforin-dependent manner and 

to regulate the IL-17 response via TGF-ɓ, with CD4+T and Th17 cells being 

dispensable for survival.  

 

1.3.8 Current pneumococcal vaccines 

Given fatality of pneumococcal pneumonia and the rapidly spreading antimicrobial 

resistance, vaccine is the only reliable way to reduce combat this situation (121ï123) 

The acquired humoral immunity against the bacterial capsule that is central to 

vaccination strategies against pneumococcal pneumonia (78,124). Immunologic 

protection is mediated through opsonophagocytic antibodies directed against 

bacterial capsular polysaccharides that deýne the pneumococcal serotypes and 

serve as virulence factors (125). 

Two vaccine formulations have been used to prevent pneumococcal infection; 

pneumococcal polysaccharide vaccines and pneumococcal polysaccharide-protein 

conjugate vaccines (Figure 1.12 and 1.13). 

 

The pneumococcal polysaccharide vaccine, PCV 23, routinely given to adults of Ó 65 

years, which protects against 23 serotypes of S. pneumoniae and is effective in 50ï

70% of cases in adults (126). This vaccine uses purified capsular polysaccharides, 

which work in a T-cell independent manner. Without T-cell help and cytokine 
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signalling, the immunological cross-linking between polysaccharide repeating 

epitopes and B-cell does not induce a good memory response, leading to decreased 

and suboptimal subsequent immune responses. They elicit isotype restricted 

antibodies; short-lived IgM and weak IgG2 (as produced against polysaccharide) and, 

to a lesser extent, IgG1. As this vaccine do not yield an anamnestic response, 

antibody titres do not boost with further dosing (127).  

 

 

 

Figure 1.12 Current pneumococcal vaccines.  
(A) Serotype coverage in PCV23, PCV13 and PCV7. (B) Major differences in the immune 
response in different vaccines. 
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On the other hand, the current FDA approved conjugate vaccine is PCV13, which 

protects against 13 serotypes of the S. pneumoniae. PCV13 (Prevnar13®, Pfizer) and 

PCV10 (SynflorixÊ, GSK) replaced PCV7 in 2010 to protects against additional 

serotypes (128). The use of this vaccine has led to a decrease in pneumonia cases 

in young children by more than 90% and is most effective in children younger than 

five (126). 

 

These 2 conjugate vaccines elicit a T-cell-dependent response which provides 

mucosal immunity and immunologic memory in children. Polysaccharides, co-

expressed with carrier proteins, interact better with B-cell, mediated by the cross-

linking between major histocompatibility complex class II (MHC II) and cognate CD4+ 

T-cell. Antibody response dominated by IgG1 subclasses that bind to complement 

better and are of higher afýnity (127).  

 

 

 
Figure 1.13 Mechanism of pneumococcal vaccine. 
Pneumococcal (A) Pneumococcus bacteria and virulence factors, including capsular 
polysaccharide. (B) Immune response to polysaccharide and protein-polysaccharide 
conjugate vaccines. Adapted by from (127). 
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The CDC recommends a prime-boost method of vaccination for high-risk individuals. 

This involves priming the immune system to a specific antigen and enhancing this 

antigen-specific immune response by re-administering the antigen (129). Currently, 

children and adults who are at high risk for pneumococcal disease receiving the 

PCV13 followed by the PPSV23. This is also due to the inadequate immunological 

response seen in HIV patients who receive the PPSV23. Prime-boost vaccinated HIV-

infected groups are more likely to display a twofold increase in IgG geometric mean 

concentrations (130). PCV13 provides a longer and stronger level of protection 

against S. pneumoniae. Within 4ï8 weeks, PCV13ôs IgG levels can equal or exceed 

PPSV23 in high-risk individuals (131,132). It is important to note that these 

vaccinations are both serotype and age dependent.  

 

Although vaccines have drastically reduced invasive pneumococcal diseases, these 

vaccines have pitfalls. First, pneumococcal conjugate vaccines protect against only 

13 serotypes while there are at least 97 serotypes identified till date. The current 

vaccines do not give protection against non-invasive pneumococcal diseases that are 

more prevalent in adults. Another concern for current vaccines is that up to 20% of 

pneumococcal diseases are due to non-encapsulated S. pneumoniae which are not 

covered by the current vaccines (133). Although non-encapsulated strains are mainly 

responsible for non-invasive diseases, they are also able to cause IPD, but the 

frequency is much lower than that caused by encapsulated strains (134ï136). A 

review of South East Asian cases of IPD indicated that about 0% to 15% were caused 

by non-encapsulated strains, with some variation by country (137). 

 

Higher valency PCV that target up to 15 serotypes (PCV15, Merck) are being 

evaluated and have the potential to broaden protection. This vaccine includes the 

serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 22F, 23F, and 33F that are 
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conjugated to CRM197 (138). The results of preclinical evaluation of PCV15 indicate 

that antibody responses to PCV15 and PCV7 were comparable for the 7 common 

serotypes and that post-vaccination responses to PCV15 were >10-fold higher than 

baseline for the 8 additional serotypes.  

 

While PCVs have had undeniable success in reducing the burden of pneumococcal 

disease, their limitations-primarily manifested through the emergence of non-vaccine 

serotypes- have become more and more evident in recent years. After the 

introduction of PCV7 in United Kingdom, invasive pneumococcal disease due to non-

PCV7 serotypes increased by 19%.5 in all age groups (139).  An increase of 25% 

was also observed with non-PCV13 serotypes after 4 years of the introduction of 

PCV13 (140). A prospective national observational cohort study in England and 

Wales conducted during 2000 to 2017 revealed that, invasive pneumococcal disease 

incidence due to non-PCV13 serotypes doubled since the introduction of PCV7 (141). 

Despite the decline in prevalence of PCV serotypes after PCV13 implementation, 

serotypes that are not included in PCV13 has emerged as the cause of IPD or non-

IPD in both paediatric and adult population, for example serotype 11A and 15 B/C 

(78). Thus, the research effort to continuously expand the capsular repertoire of PCV 

not only fails to address the current threat posed by serotype replacement but also, 

intensifies vaccine-manufacturing costs. Several authors have pursued a more 

sustainable long-term approach, reliant on the development of capsule independent 

universal protein-based vaccines (reviewed in (81). 
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 Bacterial and viral coinfection 

1.4.1 Clinical significance of coinfection 

Numerous observations of coinfection among different pathogens, including RSV and 

S. pneumoniae, have been well documented. While the pneumococcus is known to 

be carried asymptomatically, they are also capable of causing life-threatening 

infections. Interactions between RSV and S. pneumoniae have been demonstrated 

in both clinical and laboratory studies. However, the exact clinical significance of 

these interactions remains unclear due to the emergence of conflicting data from 

different studies. While some studies have reported a positive association between 

disease severity and coinfection in a clinical setting (8,142ï145), some observed no 

association (10,146ï148).  Thorburn et al. reported on a prospective study of 165 

children of less than 2 years old in the UK, where about 40% of the children admitted 

with RSV-LRTI were found to have concurrent bacterial infection in their lung and 

required ventilatory support for a longer duration than those who had single RSV 

infections (8). Consistent with their findings, in a longitudinal study in Australia, RSV 

was the most frequent virus co-detected with S. pneumoniae in the clinical samples, 

and co-detection of both pathogens were associated with higher disease severity 

score (8). In contrary, Grijalva et al. did not find any association between the 

acquisition of S. pneumoniae and RSV infection, although a significant association 

was found with IAV (149).  

 

These discrepant findings of these studies may result from several confounding 

factors, such as variation in the age range, the varied magnitude of disease severity, 

and proportion of the cases assigned to single vs coinfection groups. Moreover, the 

geographical and seasonal differences of circulating viruses and method of pathogen 

detection may impact the study outcome (150). Moreover, the key missing information 
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in these studies is which pathogen comes first. Does RSV infection precede 

pneumococcal infection, or does RSV cause superinfections in children already 

colonised with the pneumococcus? Which pathogen is the significant driver of 

inflammation and causes of increased severity of secondary infection?  

 

Nevertheless, despite all the limitations and complexities around clinical studies, 

there is growing evidence for enhanced disease severity during bacterial and viral co-

infection in young children.  

 

1.4.2 Role of respiratory tract microbiota and dysbiosis in 

establishing coinfection 

Both upper and lower respiratory tract harbour distinct communities of microbes, 

referred to as ñmicrobiotaò which shapes the dynamics of immune events in the 

respiratory tract. Respiratory viruses are the most common type of acute infections of 

the respiratory tract in children as well as in adults. Several studies have examined 

how viral infection affects the diversity of microbial communities and how viral-

induced dysbiosis influences immune functions (151ï154).  There is substantial 

evidence that, during ARI, commensal bacteria promote viral infection by secreting 

immunomodulating substances or by upregulating cell surface receptors for both viral 

and bacterial attachment (142,155,156). These events classically lead to the 

alteration of the microbial composition of the upper respiratory tract and facilitating 

the subsequent entry of large bacterial loads into the LRT (157).  

 

The mechanistic features of the communication between viruses and commensal 

bacteria, as well as the association between host immunity and disease severity have 

been investigated in both animal and human studies e.g., interaction between HRV, 

Influenza virus, parainfluenza virus, metapneumovirus and coronavirus on the one 
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hand, and bacterial pathogens such as S. pneumoniae, H. influenzae, Moraxella and 

S. aureus, on the other hand (142,155,156,158ï161). In recent years, with the 

advancement of high-throughput culture-independent sequencing methods e.g., 16S 

rRNA sequencing and whole genome sequencing, the human upper respiratory tract 

has become the subject of intensive investigations aiming to elucidate the complex 

tripartite interrelation between host, microbiome, and pathogenic viruses. Some of the 

important mechanisms have been summarised in the next section with particular 

focus on S. pneumoniae and RSV coinfection 

  

1.4.3 Mechanism of coinfection 

A diverse array of mechanisms has been postulated to explain how viruses influence 

bacterial colonisation and invasion properties in the respiratory tract. The main 

phenotypic changes reported during coinfection are, increased bacterial (86) or viral 

load (162), augmented disease symptoms (163), dissemination of bacterial infection 

and altered inflammatory state.  

1.4.3.1 Altered bacteria growth and survival 

Increased bacterial density during viral coinfection may result either from the 

augmented bacterial growth or reduced clearance. Host regulation is crucial to 

maintain the balance in the bacterial growth environment. Melvin and Bomberger 

have recently demonstrated that iron levels are increased in the airway surface liquid 

during respiratory syncytial virus infection, in the form of transferrin-bound iron (164). 

There is every possibility that S. pneumoniae would also take advantage of RSV 

induced iron availability because iron is crucial for pneumococcal growth, respiration, 

metabolism and competence (165,166).  
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Obtaining a source of carbon is necessary for bacterial growth in any environment 

(86). The saccharide sialic acid liberated from host glycoconjugates has been 

demonstrated to boost bacterial proliferation (86). The authors showed that 

upregulation of the mucin MUC5AC during influenza A infection is used as a nutrient 

source for sialic acid, after liberation by viral and S. pneumoniae neuraminidases, and 

facilitates bacterial replication in the airway. However, this mechanism of growth 

enhancement may not be exploited by the pneumococcus during coinfection with 

RSV as this virus lacks neuraminidase activity (167). Interestingly, RSV seems to 

utilise pneumococcal neuraminidase to aid replication in the well-differentiated human 

normal bronchial epithelial (wdNHBE) cell when coinfected with pneumococcal 

serotypes 8, 15A and 19F (162).  

 

Another proposition offered by Kimaro Mlacha et al. that the pneumococcus 

undergoes transcriptional adaptation following coinfection with a virus which favours 

bacterial survival (160). When the pneumococcal strain TIGR4 was coincubated with 

Human Parainfluenza virus 3 (HPIV3) in the human pharyngeal carcinoma cell culture 

(Detroit 562) system, they observed the upregulation of the operon encoding a 

ribonucleoside triphosphate reductase (nrdD) and its activating protein (nrdG) which 

enable bacteria to survive during oxidative stress (160). This indicates pneumococcal 

ability to adopt in the inflammatory milieu created during viral coinfection.  

 

1.4.3.2 Decrease bacterial clearance 

The first step of successful infection by a bacteria is to gain a foothold at the infection 

site. Viral infection has shown to be beneficial for the bacteria to aid this process at 

the epithelial surface by impairing the mucociliary function (168ï170) or by 
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decreasing the expression of antibacterial peptides (171). Thus, pneumococci exploit 

the virus-induced alteration of host innate mechanism to their favour.   

 

Another example of virus-induced dysfunctional innate response is the altered 

phagocytosis of bacteria by macrophages and neutrophils, resulting in impaired 

clearance and increased density of bacteria at the infection site.  IAV has been shown 

to induce alveolar macrophage cell death, impairing early pneumococcal clearance 

(172). IAV infection has been found to affect macrophage recruitment in murine lungs 

during S. pneumoniae coinfection by the synergistic stimulation of type I interferons 

(173).  Neutrophil recruitment was also downregulated by IAV, through inhibition of 

cytokine and chemokine production triggered by virally induced glucocorticoids and 

type I interferons (174,175). Although a different virus, it is highly possible that RSV 

may also exhibit similar effects.  

 

While the immune cell recruitment was suppressed by a viral infection, their functional 

ability has also been reported to be affected. Impairment of neutrophil function by 

RSV was evidenced in decreased production of myeloperoxidase (MPO) (176) and 

decreased intracellular reactive oxygen species generation by IAV in response to S. 

pneumoniae (177). IAV-induced interferon-ɔ was shown to suppress macrophage 

phagocytosis of pneumococci by downregulating the expression of class A scavenger 

receptor MARCO on alveolar macrophages (178). RSV infection may alter monocyte 

function, resulting in lower surface expression of CD receptors, thus, decrease the 

ability to kill bacteria such as non-typable Haemophilus influenzae (NTHI), S. 

pneumoniae and Moraxella catarrhalis (179). Additionally, some strains of influenza 

virus infection may demonstrate ineffective NK cell recruitment and activation and 

thereby predispose to secondary bacterial infection (180).  
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1.4.3.3 Increased bacterial adherence to the epithelium 

The pro-inflammatory response triggered by viral infection leads to upregulation of a 

range of adhesion proteins in epithelial cells as part of the antiviral mechanism.  

Several bacterial species can adhere to these highly expressed receptors on the 

epithelial cell surface to promote their persistence (91,172,181,182). Kimaro Mlacha 

et al. have analysed the host and pneumococcal transcriptomics upon exposure to 

Detroit 562 cell line with HPIV3 and pneumococci (160). Their data shows the 

simultaneous upregulation of human fibronectin-domain containing protein in the host 

and, the fibronectin-binding gene in bacteria. This synchronised expression of 

cognate ligand-receptor suggests improved binding of pneumococci to the virus-

infected cells during coinfection. Other example includes the utilisation of the ICAM-

1 receptor by H. influenzae (182,183); PAFr by S. pneumoniae and Haemophilus 

influenzae (H. influenzae) (181,182,184) which were upregulated by a viral infection. 

Interaction of the bacteria with PAFr also mediates the process of internalisation and 

translocation of bacteria to the deeper tissue, or the systemic circulation when bound 

to the vascular endothelium, thus initiates invasive bacterial disease (185,186). 

 

Direct binding of bacteria and virus has also found to be beneficial for bacterial 

attachment to the epithelial surface. Free RSV virions directly interacted with H. 

influenzae, and S. pneumoniae resulted in increased bacterial proximity and 

augmented attachment to host cell receptors (156,170,187). RSV G glycoprotein has 

been reported to be found on the surface of the infected cell as well as in a soluble 

form, both of which provide binding sites for pneumococcal protein penicillin-binding 

protein-1 as demonstrated by Smith et al. and others (156,170,187).  
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Additional host cell receptors for bacterial adherence are exposed by viral 

neuraminidase activity (188,189) and virus-induced cell death leading to exposure of 

the epithelial basement membrane (190ï192) for bacterial binding. 

 

 

Figure 1.14 Effect of bacterial and viral coinfection on the respiratory epithelium.  

(A) In a healthy state, respiratory epithelium restricts bacterial attachment via mucociliary 

clearance. Viral infection results in ciliary dyskinesia, disrupted barrier function, and increased 

bacterial receptors (purple) expression, leading to increased bacterial adherence to the 

epithelium. (B) During bacterial infection, respiratory epithelium recruits, and activates 

neutrophils or polymorphonuclear (PMN, red) cells and Th17 (green).  IL-17 receptor signalling 

(green circles, dashed arrow) stimulates the production of epithelial antimicrobial peptides 

(AMP, orange spirals). During viral infection, epithelial cells produce interferons (IFN), 

suppress neutrophil, Th17 responses, and other antibacterial functions. (C) To inhibit microbial 

growth, the respiratory epithelium actively restricts nutrient availability in the airway lumen, 

including limitation of luminal iron concentrations (Fe, red circles) which may stimulate biofilm 

biogenesis. Influenza infection stimulates mucin secretion and cleaves sialic acid (purple 

hexagons) from mucins via neuraminidase activity. Common upper respiratory tract 

commensal bacteria can utilise sialic acid as a nutrient. The figure has taken from (164). 
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1.4.3.4 Alteration of the epithelial barrier function 

The epithelial layer of the respiratory tract mucosa is the first line of defence against 

a bacterial pathogen, loss of which could lead to the entry of pathogens to cause 

invasive disease. 

 

Rhinovirus has shown to dissociate the tight junction protein ZO-1 from the epithelial 

cell membrane (16HBE14o- human bronchial epithelial cells) and promote the 

translocation of bacteria in an in vitro model. The authors observed a similar effect on 

barrier function with IAV but not with RSV; however, IAV tends to disrupt the 

epithelium by inducing cell death rather than disrupting the epithelial tight junctions 

(193).  In contrast to these findings, Wu et al. have reported no effect of IAV infection 

on the ZO-1 protein or epithelial barrier function in primary porcine airway epithelial 

cells (194).  This discrepancy may stem from the different experimental set up using 

different cell lines.  

1.4.3.5 Synergistic stimulation of inflammation 

Inflammation is induced by signalling cascades upon recognition of specific pathogen 

components, pattern recognition receptors or PRRs, and considerable overlap exists 

between the inflammatory pathways triggered by RSV and S. pneumoniae.  Innate 

immune recognition of S. pneumoniae occurs primarily by TLR 2, TLR9, NOD2, and 

the activation of the NLRP3 inflammasome (110,195ï197), while RSV is primarily 

detected by TLR2, TLR4, TLR6, RIG-I and NOD2 (54,198ï200). Both S. pneumoniae 

and RSV have been shown to stimulate inflammasome activation (109,201). Binding 

with these receptors initiates the activation of downstream signalling pathways via 

MyD88 or TRIF (toll/interleukin 1 receptor domain-containing adapter inducing 
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interferon-ɓ) leading to the induction of an array of transcription factors such as IRF3, 

IRF7, NF-əB, JNK, p38 MAPK and activator protein-1. Although pneumococci 

primarily activate the NF-əB-mediated inflammatory pathway and RSV via interferon 

signalling, the intersection between the signalling pathways could lead to synergistic 

stimulation of inflammation during co-infection.  

 

A robust inflammatory response could theoretically lead to the excessive neutrophil 

influx and a cytokine storm, heightening lung damage and significantly increasing 

morbidity. Synergistically elevated cytokine concentration has been reported in 

immortalised and primary bronchial epithelial cells lines infected with RSV and H. 

influenzae (159). Innate immune cells and pro-inflammatory cytokines have been 

shown to augmented in mouse lungs during IAV or RSV and other bacterial co-

infection (170,175,202,203). This influx of excessive neutrophils and other 

inflammatory mediators may overwhelm the immune system causing lung injury 

without effectively clearing the pathogens (204). Tissue damage may further 

exacerbate by the downregulation of lung repair responses, as shown during 

IAV/bacterial coinfection in mice (205,206). 

 

Viral presence may affect the production and biological activities of cytokines. Virus-

induced downregulation of TNF- Ŭ may lead to increased susceptibility to secondary 

bacterial infections by suppressing the recruitment of immune effector cells (179). 

Concurrent interaction of bacteria and virus with TLRs may prevent appropriate 

signalling mechanism and downstream immune responses (207). In a murine IAV- S. 

pneumoniae coinfection model, an excessive immunosuppressive interleukin IL-10 

production was observed, which was associated with enhanced bacterial colonisation 

and increased mortality (208). Thus, simultaneous activation of the host immune 
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response during bacterial and viral coinfection may result in aberrant immune 

response and altered disease outcome. 

 

 

  

 
Figure 1. 15 PRR signalling in response to RSV and S. pneumoniae coinfection.  
RSV or S. pneumoniae coinfection initiates a number of distinct and overlapping, signalling 
pathways that are stimulated by detection of these pathogens by intracellular or cell surface 
associated PRRs. Red and blue lines indicate PRR detection of S. pneumoniae and RSV, 
respectively. Black lines show subsequent signalling pathways. Dashed lines indicate 
interactions where the exact mechanism is unknown. The figure adapted from (142).  
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 In vitro models to study S. pneumoniae -RSV coinfection 

The choice of an appropriate model to study bacterial-viral coinfection is extremely 

important. Several in vitro models have been developed in the past years to study the 

dynamics and deeper mechanisms of coinfection. Many immortalised airway-derived 

cell lines are available to examine the mechanisms of coinfection in both upper and 

lower respiratory tract. For example, HEp-2 is one of the most widely used cell lines 

in the laboratories, which is representative of the human laryngeal carcinoma cell 

(170). BEAS-2B, A549 and Detroit 562 cells represent human bronchial, lung and 

nasopharyngeal cell, respectively (156,159,182,209). These cells are fully permissive 

for viral replication as well as permits extracellular and intracellular bacteria and 

extensively used by several scientists to study coinfection (156,159,160,182,209). 

However, these immortalised cells are poorly representative of the complexity of the 

human respiratory epithelium. The development of a well-differentiated primary 

paediatric airway epithelial cell models (WD-PAECs) allows simulating several 

hallmarks of viral infection of infant airways (146,170). They, therefore, confer 

important additions to bacterial-viral coinfection mechanistic modelling in human-

relevant tissues. 

 

These cell culture models are vigorously used to analyse the regulation of cellular 

responses such as signalling mechanisms or pro- and anti-inflammatory cytokine 

expression, adhesion and invasion properties or consequences for the viral or 

bacterial life cycle (146,156,159,160,170,182,209). They have also been exploited for 

imaging of the pathogens or host structures to study interactions. Direct interaction 

between bacteria and virus or the interaction with specific structural host components 

such as tight junction proteins and surface receptors have extensively been studied 

exploiting the state-of-art imaging techniques (193,194). 
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Coinfection-induced enhanced cell damage or alteration in the barrier function, and 

bacterial translocation have been studied in the transwell cell culture system 

(17,26,27). The transwell system not only allows to measure the epithelial integrity 

but also permits to determine bacterial transmigration, which mimics the systemic 

spread of bacterial infection. An upgraded version of this model is the óAir liquid 

Interface (ARI) modelô. This model simulates the structural orientation of the airway, 

particularly lung alveoli, in which basal stem cells are grown in contact with media, 

and the top of the cellular layer is exposed to the air. This physiologically relevant 

model is suitable for testing cell-cell interaction, ciliary kinetics and other mechanisms 

following exposure to bacteria and virus (146,170).  

 Animal models to study S. pneumoniae -RSV coinfection 

The laboratory mouse is the species of choice for most immunological studies for their 

close similarity to human immune responses. Studies ranging from simple vaccine 

testing to the intricate dissection of fundamental immunopathogenic mechanisms are 

well established in murine models. Although not fully mouse-adapted, some strains 

of the respiratory syncytial virus (RSV) replicate in the murine respiratory tract and 

induce specific T and B cell responses (212,213). Choosing the appropriate mouse 

strain largely depends on the objective of the studies. 

 

Similarly, the mouse is the most widely used animal species to examine 

pneumococcal colonisation and diseases. They are capable of replicating various 

pneumococcal invasive diseases like pneumonia, sepsis, meningitis and 

pneumococcal carriage (214ï216). Therefore, murine models are highly useful to 

gain insight into the complex behaviours and outcome of coinfection. However, the 

varying degree of genetic susceptibility of several mouse strains to both RSV and 

pneumococci has been reported (213ï218). Hence the selection of mouse strain is 
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highly important. For example, among the commonly used inbred mouse strains, 

CBA/ca has been reported as highly resistant to RSV infection, while being highly 

susceptible to pneumococcal infection. While Balb/c and C57/Bl6 showed 

intermediate susceptibility levels to RSV, but were more resistant to pneumococcal 

infection (212,213,215).  

. 

These differences in susceptibility stem from the genetic background of the mice. For 

example, the increased susceptibility of the CBA/ca to pneumococcus results from 

decreased expression of TNF in lung airways that are critical for bacterial clearance 

(219). On the other hand, Balb/c mice show efficient activation of p38, NF-kB, ERK1/2 

signalling and expression of TLR9 (220). It has been shown by Neil et al. that, FoxP3+ 

T reg cells control susceptibility to invasive pneumococcal pneumonia in mice (221) 

The authors showed that, after inhibition of TGF-ɓ, BALB/c mice which are known to 

resistant to pneumococcal disease, demonstrated severe infection and bacterial 

dissemination from lungs. Conversely, adoptive transfer of T regulatory cells to 

CBA/Ca mice, prior to pneumococcal infection, prolongs survival and decreases 

bacterial dissemination from lungs to blood.  

 

Potent immune responses aid rapid clearance of the bacteria, thus making the model 

less suitable to study long term carriage or infections. Ideally, the best mouse strain 

would be one where the pneumococcal carriage is maintained, while also offering 

susceptibility to invasive diseases of both pneumococcus and RSV infection. The 

mouse, therefore, has huge potential to study the mechanistic detail of pneumococcal 

-RSV coinfections while choosing the appropriate model is challenging but crucial.  
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 Omics approaches to study S. pneumoniae -RSV 
coinfection 

Many years of research on the molecular biology of pathogen infections have 

established the host-pathogen interactions at the molecular level. During the last 

decade, omics approaches have developed as useful tools in basic, translational, and 

clinical research for the study of biological pathways involved in pathogen replication, 

host response, and disease progression. The integration of proteomics with other 

biochemical and molecular biology methods, as well as with other omics approaches, 

such as has genomic, transcriptomic, and metabolomic, provide a systems-level 

understanding of the infection process (222). 

 

The single or integrative approach of transcriptomic, metabolomics and proteomics 

have been exploited to study pathogenesis and virulence of several viruses including 

RSV (223,224) and IAV (225,226) as well as bacteria including S. pneumoniae (227ï

230). However, the adoption of this approach to coinfection is scarce. The 

transcriptional adaptation of S. pneumoniae and human pharyngeal cells has 

provided insight into the molecular basis of coinfection with further knowledge of 

alteration of pneumococcal virulence triggered by RSV and HPIV3 infection (160). 

The role of IAV infection on pneumococcal biofilm formation has also been studied 

employing a transcriptomic approach (231). The dramatic augmentation of 

pneumococcal virulence has been described by Smith et al. during RSV coinfection 

by confirming the upregulation of virulence genes through transcriptomics analysis 

(170). Thus, while a number of studies have found to elaborate dynamics changes in 

pneumococcal virulence during coinfection at the transcriptome level, no single study 

found to adopt the proteomic approach to investigate this aspect. Nevertheless, 

proteomics is an excellent tool to elucidate host-pathogen protein interaction 
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networks, alterations in the composition and organisation of the bacteria and host cell 

proteome, and infection-induced post-translational regulations  (222). 

 Scope of the project  

1.8.1 Project background: 

Streptococcus pneumoniae and Respiratory Syncytial Virus (RSV) are important 

human pathogens, which are both associated with severe upper and lower respiratory 

tract infection, particularly in young children (5,80). Several studies have investigated 

the existence of a potential association between RSV and pneumococcal infection 

(8,150,163). In clinical settings, the distinction between these 2 types of infection 

remains challenging to achieve, as both pathogens share a similar site of infection, 

seasonal peaks, predisposing factors and disease symptoms (147,232). Numerous 

in vitro and in vivo studies have shown exacerbated host responses to bacterial 

infection upon exposure to RSV, and several mechanisms have been postulated to 

explain the interaction as summarised in this chapter.  

 

To date, however, most RSV-pneumococci coinfection models, either in vitro or in 

vivo, aimed to study the secondary pneumococcal infection after a primary RSV 

exposure. Very few studies have investigated the situation whereby RSV is 

introduced subsequently to pneumococcal colonisation, even though the most likely 

scenario is that pneumococcal colonisation occurs at a younger age prior to any 

exposure to viral pathogens (68). Nguyen et al. demonstrated enhanced RSV 

replication and syncytium formation in the nasopharynx of cotton rats following 

colonisation with pneumococci (162). In a separate study, the same authors showed 

that pre-treatment with pneumococcal pathogen-associated molecular patterns 

(PAMPs), lipopeptide Pam3-Cys-Ser-Lys4 (Pam3CSK4), significantly increased the 
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adhesion of RSV to epithelial cells and leukocytes (233). Barretto et al. 2003 showed 

that bacterial neuraminidase might enhance RSV infection by cleaving sialic acid 

moieties, hence promoting interaction between viral G and F glycoproteins and its 

cellular receptor  (234). 

 

Therefore, this study adopted an infection protocol where S. pneumoniae pre-

exposed mice were superinfected with RSV to understand how the virus facilitates 

pneumococcal carriage density, duration or dissemination and how it promotes 

pneumococcal pneumonia to cause more severe disease.   

1.8.2 Hypothesis 

RSV superinfection promotes S. pneumoniae growth and invasive disease during 

pneumococcal colonisation or pneumonia. 

1.8.3 Aim and objectives 

The project aims to gain mechanistic insight into the interplay between RSV, 

pneumococci and host immunity and how this contributes altogether to pneumococcal 

colonisation and invasive disease. 

 

The objectives of this project are: 

Á To develop a robust murine S. pneumoniae and RSV coinfection model closely 

mimicking the clinical features observed in humans 

Á To investigate the impact of RSV exposure on pneumococcal nasopharyngeal 

carriage and invasive disease 

Á To characterise the immunological responses triggered upon coinfection with 

RSV and pneumococci. 
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 Material and Methods 

 Microbiology 

2.1.1 Streptococcus pneumoniae strain  

Streptococcus pneumoniae D39 (NCTC 7466) was used for both in vitro and in vivo 

studies. D39 is the lab adapted serotype 2 strain of S. pneumoniae, a derivative of 

which was used in experiments by Avery and co-workers to demonstrate that DNA is 

the genetic material (235ï237). While being isolated almost a century ago, D39 

genome remained quite stable during propagation, and itôs genome sequence 

remained extremely close to that of the D39 progenitor strain. This strain has been 

used in a wide range of pneumococcal pathogenesis studies due to its consistent 

virulence in an animal model of infection throughout the decades (2,238). Though 

some of the coinfection studies have used other serotypes of S. pneumonia, in this 

study, the most widely used serotype 2 (D39) was chosen to allow comparison with 

other studies.  

Non-passaged bacterial stocks were used for all in vitro experiments whereas mouse 

passaged D39 pneumococci were used for the in vivo experiments. 

 

2.1.2 Preparation of the non-passaged stock of S. pneumoniae: 

D39 serotype 2 was obtained from the Kadioglu bead collection stored at -80 C̄. As 

needed, bacteria were streaked on 5% (v/v) blood agar plates. Following overnight 

incubation in a candle jar, single and sweep colonies were inoculated into Brain Heart 

Infusion (BHI) broth and incubated overnight at 37 C̄. In the following day, bacteria 
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were pelleted and resuspended in BHI supplemented with 20% FCS to reach OD500 

~0.70 and cultured statically for few hours until it reaches mid-log growth phase 

(OD500Ó 1.2), Then the bacterial suspension was aliquoted and stored at -80°C until 

use. Viable counts of frozen bacterial stocks were calculated using the Miles and 

Misra method (239).  

 

2.1.3 Preparation of the passaged stock of S. pneumoniae: 

To prepare the passaged stock of bacteria, CD1 mice were intraperitoneally 

inoculated with the non-passaged stock of bacteria at a dose of 1 x 106 CFU (colony 

forming unit) per mouse in 100µl. Mice were followed up for 22-28 hours until they 

become 2+ starey and then they were culled with increasing dose of CO2 to collect 

blood by cardiac puncture. Fifty microliters of collected blood were inoculated in BHI 

broth and incubated statically for 16-20 hours at 37 C̄. After incubation, the cloudy 

suspension from the top was collected without disturbing the sediment and 

centrifuged at 3000rpm (~1500g) for 15 minutes. The pellet was resuspended in BHI 

serum broth (80% v/v BHI broth and 20% v/v filtered foetal calf serum) to reach 

OD500~0.70 and incubated statically for 5 hours at 37 C̄.  When the OD500 value 

reached Ó1.2, bacterial suspension was aliquoted and stored in -80 C̄. Viable counts 

of frozen bacterial stocks were calculated using the Miles and Misra method (239).  

 

2.1.4 Determination of viable count by Miles and Misra method: 

After thawing an aliquot of frozen bacterial stock, it was serially diluted by 10-fold from 

neat to 106 dilutions using a round-bottomed microlitre plate. Then 60 ml of the 

appropriate dilutions was spotted on to dry Blood agar base (BAB) + 5% v/v blood 
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plates and allowed to dry. Plates were incubated in a CO2 gas jar overnight at 37 C̄ 

and colonies were counted in the sector where 30-300 colonies were visible. The 

number CFU in the original aliquot/ sample was determined by using the following 

equation. 

CFU per ml = Number of colonies in sector x dilution factor x (1000/60) 

 

2.1.5 Respiratory Syncytial Virus (RSV)  

Human RSV type A2 strain was kindly provided by Professor Jürgen Schwarze 

(Department of Child Life and Health, Queenôs Medical Research Institute, University 

of Edinburgh, UK).  

 

Among several stains of human RSV, the most widely used strain in RSV 

pathogenesis studies is A2 (182,240ï242). Few of the clinical strains have been 

proven to be more virulent than A2 in mouse, for example, RSV A2001/2-20 and 

A2001/3-12 resulted in greater disease severity and had higher lung viral loads than 

laboratory RSV A2 strain in Balb/c mice (243). However, I aimed to develop a 

coinfection model which can consistently produce an immune response and disease 

symptoms without exerting overwhelming reaction in mice. Otherwise, it may not 

allow monitoring any synergistic activity of the immune system in my model system.  

Additionally, as A2 is the most frequently used strain by researchers; thus, the result 

of this study would be more readily comparable with their data. Therefore, RSV A2 

strain has been used for the development of the RSV as well as coinfection model in 

this project. 
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2.1.6 Propagation of RSV A2  

RSV liquid stocks were propagated by a standard protocol. Before infection, 5x106 

HEp2 cells (ATCC CCL-23Ê) were seeded in T175 flasks in Dulbeccoôs Modified 

Eagleô Medium (DMEM) +10% Fetal calf serum (FCS) and left to grow to 

approximately 70% confluence at 37oC in the presence of 5% CO2. When confluent, 

the cells were washed with Phosphate-buffered saline (PBS) and inoculated with RSV 

A2 at a multiplicity of infection (MOI) of 0.1 in 5ml DMEM. Flasks were incubated at 

37oC for 2 hours with intermittent rocking every 15 minutes. Then 30ml of DMEM 

+10% FCS was added onto each flask and incubated for a further 24 hours at 37oC. 

FCS content was reduced to 2% on the following day and further incubated at 37oC 

until the appearance of Ó50% cytopathic effect, which generally occurred 48 hours 

following infection. When the cytopathic effect was evident, or about 50% of cells 

started floating, cells were harvested followed by centrifugation at 1500rpm for 10 

minutes at 4oC. The supernatant containing RSV was aliquoted in 1ml cryovials, snap 

frozen in liquid nitrogen and then stored in-80°C until use. Infectivity of RSV stocks 

was determined by the immuno-plaque assay as described below. 

One flask of Hep2 cells were mock infected with media. Mock supernatant was then 

collected and used as a control vehicle in both in vitro and in vivo experiments.  

 

2.1.7 Purification of RSVA2 

RSV was propagated according to the method described above. On the day when 

the cells showed 50% cytopathic effect, they were harvested, sonicated and 

centrifuged for 20 min at 2900g and 4oC. The supernatant was mixed with 100mM 

MgSO4 and 10% polyethene glycol (PEG) and placed on stirrer at 4oC for 1 hour and 

30 minutes. After that, the suspension was centrifuged at 2900g at 4oC for 20 minutes, 
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and the pellet was resuspended in Neutralise Tagment Buffer (NT) and slowly 

pipetted onto discontinuous sucrose gradient consisting 30%, 45% and 60% sucrose. 

After ultracentrifuge at 35000 rpm for 1 hour and 30 minutes at 4oC, the band 

consisting purified RSV in between 30% and 45% sucrose was collected, aliquoted 

and snap-frozen in liquid nitrogen. The purified virus was then stored at -80oC.  

 

2.1.8 UV irradiation RSVA2 

The cell culture supernatants containing an infectious respiratory syncytial virus 

(RSV) was inactivated by ultraviolet light to use as a negative control in vitro assays. 

Short-wavelength UV radiation has been employed to inactivate RSV by using CL-

1000 UVP Crosslinker (UVP, Upland, CA, USA). Briefly, 1ml aliquots of clarified tissue 

culture supernatant were transferred into individual wells of a 6-well tissue culture 

plate. Then the plate was placed into the UV Crosslinker, ensuring a minimum 

distance of 5cm from the sample to the UV source and irradiated with UV energy 

exposure at the rate of 0.9999 J/cm2 each cycle. Three cycles were completed, which 

took approximately 15 to 20 minutes in total. Aliquots of the inactivated virus were 

stored at -80ęC or processed as appropriate for an ongoing experiment.  

To validate the inactivation of the virus by UV exposure, samples were inoculated 

onto monolayers of Hep2 cells, and a plaque assay was performed. Inactivation was 

confirmed by identifying no plaques in the cell monolayer.  
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2.1.9 Heat inactivation of RSV 

Heat inactivation of the RSV was accomplished according to Jaovisidha et al. (244). 

The viral stock was taken into a microcentrifuge tube and placed in a water bath for 

45 minutes at 65°C.  

 

2.1.10 Determining the viral titre by immuno-plaque assay 

Infectivity of RSV stocks was determined by immuno-plaque assay (245). Hep-2 cells 

were grown in a monolayer in 96 well tissue culture plate. RSV stock was titrated out 

to have double dilutions starting from 1/100 and inoculated onto the monolayer of 

Hep2 cells in a volume of 50µl/well. After initial incubation for 2 hours at 37oC in the 

presence of 5% CO2, 150µl/well DMEM+10% FCS was added and further incubated 

for overnight. Viral plaques were stained by using a primary monoclonal goat anti-

RSV antibody (ABD serotec, UK), followed by a secondary extravidin peroxidase 

conjugate and an Amino-ethylcarbazole substrate (both obtained from Sigma-Aldrich, 

UK). Plaques were counted in the wells containing 20-200 plaques and expressed as 

the number of plaque forming units per 1 ml of Hep-2 cell supernatant (PFU/ml) using 

the following formula. 

PFU/ml = Number of the plaques x Dilution x 20 
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 In vitro study of pneumococcal-RSV coinfection 

2.2.1 Cell lines  

Immortalised human pulmonary epithelial cell line A549 (ATCC CCL-185Ê) and 

laryngeal cell line Hep-2(ATCC CCL-23Ê) were cultured in glucose-enriched DMEM 

supplemented with 2 mM L-glutamine and 10% FCS. Immortalised human 

pharyngeal carcinoma cells (Detroit 562) (ATCC CCL-138Ê) was cultured in 

Minimum Essential Media (MEM) media (Sigma-Aldrich, UK) supplemented with 1M 

Non-essential amino acids (Sigma) and 1% Sodium pyruvate (Gibco, UK). All media 

were supplemented with 10% FCS and 100 I.U./ml penicillin and 100ug/ml 

streptomycin. Cells were maintained in T25 flasks at 37°C with 5% CO2. All in vitro 

infection experiments were carried out in antibiotic-free media.   

 

Primary Human Nasal Epithelial Cells (HNEpC) were obtained from PromoCell GmbH 

(Germany). Cells were isolated from normal human nasal mucosa, which stains 

positive for cytokeratin. Cells were grown on PromoCell Airway Epithelial Cell Growth 

Medium. It is a serum-free medium optimised by the company for the in vitro 

cultivation of epithelial cells from large air passages. The medium contains the 

following supplement to aid the growth of the primary cells.  
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Table 2.1 Supplement to add with the basal medium for growing HNEpC. 

Supplements Concentration 

Bovine Pituitary Extract 0.004 ml / ml 

Epidermal Growth Factor (recombinant human) 10 ng / ml 

Insulin (recombinant human) 5 ɛg / ml 

Hydrocortisone 0.5 ɛg / ml 

Epinephrine 0.5 ɛg / ml 

Triiodo-L-thyronine 6.7 ng / ml 

Transferrin (recombinant human) 10 ɛg / ml 

Retinoic Acid 0.1 ng / ml 

 

2.2.2 In vitro coinfection models 

2.2.2.1 Pneumococcal growth dynamics upon RSV coinfection  

A checkerboard approach was adopted using varying concentrations of each 

pathogen. Pneumococcal growth curves were examined in the presence of A549 cells 

in DMEM vs cell-free BHI broth (Figure 2.1).  

 

A sterile flat bottom 96 well tissue culture plate was seeded with A549 cells at a 

density of 2x104 cells/well and incubated for 24 hours before infection. Both D39 and 

RSV titres ranged from 103/well to 106/well and were simultaneously added into the 

well in a final volume of 100µl (Fig. 2). Following the addition of D39 pneumococci 

and RSV, the plate was incubated at 370C, 5% CO2 in a BMG Labtech FLUOstar 

OMEGA microplate reader (BMG Labtech, Aylesbury, UK) and OD500 nm were 

captured every 15 minutes for 18 hours.   
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Figure 2.1 The 96-well plate layout for pneumococcal growth dynamics experiment.  
Letters in red and blue indicate varying concentrations (103/well to 10 6/well) of D39 
pneumococci and RSV, respectively. Wells contained either a confluent monolayer of A549 
cells (yellow shading) or cell-free BHI broth (blue shading).  

 
 
 

2.2.2.2 Immune responses to bacterial and viral co-infection  

A549 and Detroit 562 cells were seeded at a density of 2 x 104 cells/well in a 96-well 

tissue culture plate and incubated for 24 hours before infection. Cells were infected 

with bacteria (MOI:0.01), 2 hours before superinfection with RSV (MOI:1) and 

incubated at 370C, 5% CO2. Controls consisted of wells containing bacteria only, virus 

only, Hep2 cell mock supernatant and media only. Supernatants were removed at 3, 

6- and 12-hours post infection to assess the secretion of IL-6, IL-8 and TNF-Ŭ 

cytokines.  
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2.2.3 Determination of cell viability 

Cell viability was determined at each time point by trypsin treatment followed by viable 

cell counting using haemocytometer. 

2.2.4 Transepithelial Electrical Resistance measurements (TEER) 

To test the effect of coinfection on epithelial cell monolayer integrity and measure the 

translocation of pneumococci through the monolayer, Detroit 562 and A549 cells were 

seeded onto the 12-well cell inserts (Greiner ThinCertTM cell culture inserts, 3µm pore 

size, 113.1 mm2 surface area) at a density of 5x104 cells/well. Plates were incubated 

for 3 days prior to infection at 370C, 5% CO2. Plates were then washed with Phosphate 

Buffer Saline (PBS) and inoculated with non-passaged S. pneumoniae D39 (MOI: 

0.01) and/or RSV A2 (MOI: 1) in triplicate wells. The cells were first infected with 

bacteria, incubated for 2 hours at 370C, 5% CO2 and subsequently superinfected with 

RSV. Controls consisted of wells containing bacteria in media only (cell-free) or 

bacteria in cells. The trans-epithelial electrical resistance (TEER) of the epithelial cell 

layer was used as an indicator of cell monolayer integrity and was measured in Ohms 

using an EVOM2 Epithelial Voltohmmeter (WPI) at 3, 6 and 12 hours after post 

infection.  Supernatant collected from both top and bottom compartments of the insert 

wells were plated onto 5% blood BAB plates to determine bacterial CFU and assess 

translocation of pneumococci across the monolayer. Wells with media only (no cells) 

used as a blank measurement which was subtracted from each insert. Blank 

corrected resistance values were then multiplied by 0.94 (the surface area of insert) 

to give a TEER reading in Ohms x cm2.  
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Figure 2.2 Epithelial barrier function and bacterial transmigration model.  
Schematic presentation of the Transwell experiment shows the cell monolayer grown on the 
semipermeable membrane, Sp-RSV infection and measurement of the TEER in (A). Transwell 
cell inserts in 24 well plates (C) was seeded with Detroit 562 or A549 cells and infected 
sequentially with Sp (MOI:0.01) and RSV (MOI:1) at an interval of 2 hours. Samples were 
taken from the apical and basal chambers to check bacterial density at 3, 6, and 12 hours 
post-infection. TEER was measured at the same time points using an EVOM2 Epithelial 
Voltohmmeter (B) and expressed in Ohms x cm2 of the surface area of the insert. Observed 
TEER in test wells were normalised by subtracting the TEER in control wells containing only 
insert membrane without cells.  
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 In vivo study of pneumococcal-RSV coinfection 

2.3.1 Mouse source and housing 

Mice were purchased from Charles River Laboratories (Kent, U.K.). All mice were 

aged between 6-8 weeks and left for an acclimatisation period of 7 days before the 

start of the experiment and kept in a barrier facility under specific pathogen-free 

conditions.  

Mice were kept in groups of 5 in individually ventilated GM500 micro-isolator cage 

(IVC) racks. All murine experiments were conducted following the strict guidelines 

from the animal welfare committee and under the authority of the UK Home Office 

licence (project licence PB6DE83DA, personal licence PIL I0969CB88)  

 

Female Balb/c, CBA/ca and MF1 mice were tested for the susceptibility for 

pneumococci and RSV. After that, Balb/c mice were used for all in vivo coinfection 

studies. Female CD1 mice used to prepare the passaged stock of D39.  

 

2.3.2 Dose preparation 

Bacteria: Once the stock had been prepared, and the CFU determined, dosing for 

infection models could be done. Frozen 1ml aliquots of stock were thawed at room 

temperature and centrifuged at 10,000xg for 2 minutes. The supernatant was 

discarded, and sterile PBS was added to dilute suspension to the desired 

concentration (Table 2.2). 

 

Virus: RSVA2 frozen stock or Hep2 cell supernatant as the sham solution was 

thawed and directly used for mouse infection.  
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2.3.3 Intranasal infection 

The intranasal route of infection was used to introduce pneumococci or RSV into the 

lungs to establish invasive pneumonia or nasopharynx for induction of carriage. See 

table below for doses and volumes:  

 

Table 2.2 Bacteria and virus dose for different infection models 

A. For D39 bacteria: 

Model Inoculum dose  Inoculation 
volume 

CFU/ml 

Nasopharyngeal (NP) 
carriage 

1X105 CFU 10ml 1x107 

 

Invasive pneumonia 1x106  CFU 50ml 2x107 

 

 

B. For RSV: 

Model Inoculum dose  Inoculation 
volume 

PFU/ml 

NP inoculation (Low 
inoculum) 

105 PFU 10ml 1x107 

NP inoculation (High 
inoculum) 

5x106  PFU 10ml 5x108 

 

Lung inoculation 2.5x105  PFU 50ml 5x105 

 

 

 

Mice were mildly anaesthetized with 2.5% v/v Isoflurane over oxygen (1.4-1.6 

litres/min). When sufficiently anaesthetised, appropriate volume and concentration of 

bacteria and virus were equally distributed between both nostrils in a drop-wise 

fashion. Following infection, bacterial dose was measured for viable counts using 

Miles and Misra method. 
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2.3.4 Monitoring weight change and disease symptoms 

Following all infections, body weight was measured every day; mice were not allowed 

to go beyond 20% weight loss compared to the starting weight taken before the 

infection was initiated.    

 
Table 2.3 Details of the pain scoring system to monitor disease severity in mice. 
Numbers in brackets represent the pain score number given. 
 

Score  Description 

Normal (0) 
Mouse is moving around cage normally and has a 

normal coat 

Hunched + (1) Mouse is slightly arched over and walks on tip toes 

Hunched ++ (2) Mouse is very arched over and walks on tip toes 

Starry/piloerect + (1) The fur is upright around the neck area 

Starry/ piloerect ++ (2) The coat is upright all over the mouse 

Lethargic + (5) Mouse is slowly moving around the cage 

Lethargic ++ (7) 
Mouse is not moving around the cage unless 

encouraged 

Moribund 
Mouse has stopped moving, coat is start and is upright, 

breathing is very laboured 

 

 

Mice were monitored closely for physical signs of disease. The scoring system above 

was used to assess the course of infection and the wellbeing of the mice. In all 

experiments, once the mice had reached the level of  ólethargic +/++ô they were culled 

in accordance with the severity limits imposed by the UK Home Office License.  
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2.3.5 In vivo mouse models infection protocol 

Mice grouped into 3 different groups for each time points:  

Group 1: Pneumococci-only single infection (n= 15 mice)  

Group 2: RSV only single infection (n= 15 mice)  

Group 3: RSV-pneumococci coinfection (n= 15 mice)  

All infection models are described in detail with the relevant results in chapter 3. 

 

2.3.6 Tissue harvesting and processing  

Lungs and NP tissues were harvested, and the tissue weight was extrapolated by 

comparing the weight of the tube before and after the addition of the tissue. After 

weight was recorded, tissue was homogenised using the BeadBugTM (Benchmark 

scientific, Edison, NJ, U.S.A) system, according to the manufacturerôs instruction. An 

aliquot of homogenate was removed to assess for CFU by the Miles and Misra 

method, and another aliquot was centrifuged, and the supernatant was stored at-800C 

for future cytokine analysis. Blood was collected by cardiac puncture under terminal 

anaesthesia and transferred into the tubes containing 2ml of Heparin (10units/ml, 

Sigma) to prevent the blood clotting. 20ml of blood was then taken to assess the CFU 

levels by Miles and Misra method.  

 

2.3.7 Assessing bacterial load in mouse tissue  

Bacterial load in lungs, NP, and blood, were determined using the Miles and Misra 

method and expressed in CFU/ml blood or mg/tissue for lungs and NP. Recovered 

bacteria were confirmed as pneumococci by morphology and optochin sensitivity test.   
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2.3.8 Assessing viral load in mouse tissue  

To determine the viral titre, 96 well tissue culture plates were prepared a day before 

the mouse samples were collected. Briefly, 2 x 104 HEp2 cells/well were seeded into 

a 96 well, flat-bottomed plate in DMEM +10%FCS and left overnight at 370C. Next 

day, Hep2 cell monolayer was washed with serum-free DMEM or PBS and all liquid 

precisely taken off. A separate 96 well plate was prepared with DMEM to titrate the 

samples in duplicate.  

 

Mouse tissue homogenates were centrifuged at 1500 rpm for 5 minutes, at 4°C. After 

centrifugation, tubes were directly placed on the ice. After centrifugation, a distinct 

middle liquid layer was visible between the top fatty layer and bottom tissue 

precipitate. This middle layer was carefully taken off and added on to the titration plate 

to make a 2-fold serial dilution starting from neat.  Fifty microliters of titrated samples 

were added on to the 96 well plates with pre-washed Hep2 cells. The plates were 

incubated for 2 hours at 370C. Then 150ul of DMEM+10%FCS was added to each 

well and incubated overnight at 370C in a CO2 incubator. Next day, PFU was 

determined according to the method described in section 2.1.10.  

 

 

 

 

 

 



 

87 

 

2.3.9 Flow cytometry-based analysis of immune cell population in 

mouse tissue 

Fluorescence-activated cell sorting (FACS) method was exploited to determine 

different immune cell populations in the mouse specimen. First, a single cell 

suspension was prepared and then stained with fluorescent dye-tagged antibodies 

and sorted by using FACSCantoTM flow cytometer (BD Biosciences). 

 

2.3.9.1 Preparation of lung single cell suspension for FACS  

Lung tissue was harvested, weighed, placed into a petri dish, and then cut into smaller 

pieces using a scalpel blade. Then the tissues were treated with 1mg/ml of 

Collagenase Type IA-S (Sigma Aldrich, U.K.) and incubated at 37°C for an hour. After 

digestion, lung tissue lysate was filtered through a 40µm cell strainer (BD 

Biosciences) with repeated washes. Single cell suspensions were then centrifuged at 

400 x g for 5 minutes, and the supernatant was taken for storage at -80oC for cytokine 

analysis. The cell pellet was re-suspended in 1x Red blood cell lysis buffer (Sigma) 

to lyse all red blood cells. After 5 minutes of incubation, the reaction was quenched 

with PBS. The cell suspensions were then centrifuged at 400 x g for 5 minutes. The 

supernatant was then discarded, and cell pellet re-suspended in FACS buffer (PBS  

2% FBS) and proceeded for antibody staining.  

 

2.3.9.2 Preparation of NP single cell suspension for FACS   

NP tissue was harvested and placed into bijou tubes containing 3mls of sterile PBS. 

The tissue was then passed through a 40µm pore cell-strainer and washed through 

twice with 1 ml of PBS. Delicate NP tissue was not homogenised, instead pressed 



 

88 

 

with the plunger of a syringe while passing through the cell strainer. The cell 

suspension was then centrifuged at 400 x g for 5 minutes. The supernatant was 

aliquoted and stored at -800C for later cytokine analysis. The cell pellet was re-

suspended in FACS buffer for FACS analysis on the same day. 

 

2.3.9.3 Flow cytometry 

NP and lung tissue were collected and prepared as described above (2.3.9.1 and 

2.3.9.2). Cells were plated onto a round bottom 96 well plate and washed twice with 

FACS buffer (PBS  2% FBS) before being incubated with a 1/200 dilution of purified 

anti- CD16/CD32 Fc blocking antibody (eBiosciences) for 30 minutes at room 

temperature. Following incubation with blocking antibody, cells were washed with 

FACS buffer; cell surface markers were stained using a combination of monoclonal 

antibodies conjugated with fluorochromes. An intracellular monoclonal antibody panel 

was used to detect both intracellular cytokines and transcription factors for different 

CD4+ T cell subsets along with BioscienceÊ Foxp3 / Transcription Factor Staining 

Buffer Set. Intracellular staining was performed after fixation and permeabilisation 

step. To assess the intracellular cytokines, T cells were stimulated with a combination 

of PMA (a phorbol ester, a protein kinase C activator) and anti-CD3 antibodies. After 

staining, the samples were acquired using FACSCantoTM flow cytometer (BD 

Biosciences). Data analysis was performed by using software Flowjo version 10.  
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Table 2.4 Anti-mouse antibodies and fluorochrome panel used for FACS 
analysis 
 

Target Cell Antibodies used 

Live cells 7-AAD Pacific blue 

Neutrophils CD45 Amcyan, Ly6G APC-Cy7 

Macrophages CD45 Amcyan, F4/80 APC, CD11b PE 

Dendritic cells CD45 Amcyan, F4/80 APC (-), CD11c PE-Cy7, MHCII 

PerCp-Cy5.5 

CD8 T cells CD45 BV421, CD3 Alexa700, CD8 FITC 

CD4 T cells CD45 BV421, CD3 Alexa700, CD4 BV786 

 

T regulatory cells 

 

CD45 BV421, CD3 Alexa700, CD4 BV786, FoxP3 PE 

TGFb 

secreting cells 

CD3 Alexa700, CD4 BV786,  

TGFb PerCp-Cy5.5 

IFN-Ὓ  

secreting cells 

CD45 BV421, CD3 Alexa700, IFN-Ὓ APC 

 

TNF-Ŭ 

secreting cells 

CD45 Amcyan, TNF-Ŭ FITC 

IL-17  

secreting cells  

CD45 BV421, CD3 Alexa700, CD4 BV786, IL-17A PE-Cy7 
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2.3.10 Cytokine measurement by ELISA 

Cytokines from the in vitro cell culture supernatants and murine samples were 

determined by using commercial kits following the manufacturerôs instruction. Briefly, 

96-well plates (NUNC Maxisorp) were coated overnight with capture antibodies in 

PBS, at 4 °C.  The following day, plates were washed with PBS + 0.05% v/v Tween 

20 (Sigma Aldrich) and then blocked for 2 hours at room temperature with assay 

diluent. Standards and samples were added after washing in duplicate and left for 2 

hours at room temperature. Next, the plates were washed, and detection antibodies 

were added. After 1-hour incubation and washing diluted Avidin-HRP (1:1) in assay 

diluent was added to the wells and incubated at room temperature for 30 minutes.  

Then, TMB substrate solution was added to all wells and incubated for 15 minutes at 

room temperature in the dark. Finally, colour development was stopped by 0.16M of 

sulphuric acid (life technologies), and absorbance was measured at 450nm and 570 

nm or 650 nm, depending on the cytokine and company, in order to create the 

standard curve and determine the level of cytokines in cells supernatants or mouse 

samples.  

 

Cytokines assessed in the in vitro cell culture supernatants are human Interleukin-6 

(IL-6), Interleukin-8 (IL-8) and tumour necrosis factor -Ŭ (TNF-Ŭ) from R&D system 

(Abingdon, United Kingdom). For in vivo immune response cytokines and 

chemokines analysed are mouse IL-6, IL-1ɓ, IL-17A, TNF-Ŭ, Interferon -Ὓ (IFN-Ὓ), 

IFN-ɓ, Keratinocyte chemoattractant (KC) and Macrophage Inflammatory Protein- 2 

(MIP-2) from R&D system (Abingdon, United Kingdom) or Peprotech (United 

Kingdom).  
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2.3.11 Real-time PCR analysis  

Mouse samples (either lung or nasopharynx) were homogenized and lysed in buffer 

containing 1% ɓ-mercaptoethanol followed by RNA extraction using Ambion RNA 

isolation kit (Life Technologies, U.K.). Concentrations of extracted RNA was 

measured using the Nanodrop 1000 spectrophotometer (Thermo Scientific) and 

reverse transcribed to cDNA by Precision nanoScript® Reverse transcription kit 

(Primerdesign, UK). Quantitative TaqManÊ real-time PCR (qPCR) was carried out in 

order to detect the presence of the L viral gene using the universal gene expression 

Mastermix® (Applied Biosystems, UK). cDNA was amplified by 40 cycles (95°C 15s, 

60°C 1min). Primers and probe were used at final concentrations of 500nM and 

200nM, respectively. The standard curve was established using a serial dilution of gel 

purified L gene amplicons (prepared before the experimental run). Threshold cycle 

(CT) values were recorded and analysed by the absolute quantification method.  

 

L gene primer sequence:  

Forward (5ô-3ô) GAA CTCA GTG TAG GTA GAA TGT TTG CA,  

Reverse (5ô-3ô) TTT CAG CTA TCA TTT TCT CTG CCA AT,  

Probe (FAM-TAMRA) TTT GAA CCT GTC TGA ACA TTC CCG GTT 
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 Label-free quantitative proteomics 

2.4.1 Sample preparation 

Primary human nasal epithelial cell line (HNEpC), non-passaged D39, and RSV A2 

were used for the proteomics experiment. All infection conditions (Figure 2.3) and 

experimental protocol (Figure 2.4) are depicted in the following figures. Sample 

preparation, mass spectrometry, and analysis was adapted from Dong et al. (246) 

 

 

 

Figure 2.3 Experimental conditions for infection or sham. 
Upon ι80% confluence, Cells were infected with either pneumococci or RSV or both in 
triplicate. Uninfected cells were treated with cell culture medium and processes after that with 
the infected samples in a similar way. 

 
 
 
Briefly, HNEpC cells were grown to confluence in 12 well tissue culture plate and then 

infected with pneumococci (MOI:0.01) and/ or RSV (MOI:1) in triplicate wells. Infected 

cells were then incubated for 18 hours at 370C. After incubation supernatant was 

removed and centrifuged for 2 minutes at 14000g to isolate the planktonic bacteria. 

Cells were harvested by using trypsin+0.02% EDTA, centrifuged, and pelleted. In the 

next step, cell pellet and the bacterial pellet (isolated from the supernatant) were 

pulled together and washed twice with PBS. After the final washing step, PBS was 

completely removed, and dry pellets were preserved in -800C freezer for further 

proteomic work stream which was performed by Dr. Stuart Armstrong from 

Department of Infection Biology, IGH. 



 

93 

 

 
 

 
 
 
Figure 2.4 Schematic presentation of the sample preparation for label-free mass 
spectrometry-based proteomic analysis.  
HNEpC cells were grown to confluence in 12 well tissue culture plate and then infected with 
pneumococci (MOI:0.01) and/ or RSV (MOI:1) in triplicate wells. Infected cells were then 
processed as described in the previous section. The final pellets were preserved in -800c 
freezer for further proteomic workstream. 
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2.4.2 Homogenisation and protein digestion 

Cell pellets were lysed in 1% w/v sodium deoxycholate (Sigma) in 50mM ammonium 

bicarbonate followed by 3 cycles of sonication on ice (Vibra-cell 130PB sonicator, 

20Hz, with microprobe, 10 seconds sonication alternating with 30 seconds incubation 

on ice). Samples were then centrifuged at 13,000 x g for 10 minutes at 4°C. The 

supernatant was removed and retained, and the samples were stored at -80°C until 

use. Bradford protein assay (Thermo) was used to determine protein concentrations 

in the samples.  Samples were heated at 80°C for 10 minutes followed by reduction 

with 3 mM DTT (Sigma) at 60°C for 10 minutes, cooled, then alkylated with 9 mM 

iodoacetamide (Sigma) at room temperature (RT) for 30 minutes in the dark; all steps 

were performed with intermittent vortex-mixing. Proteomic-grade trypsin (Sigma) was 

added at a protein: trypsin ratio of 50:1 and incubated at 37°C overnight. Sodium 

deoxycholate was removed by adding trifluoroacetic acid (TFA) to a final 

concentration of 0.5% (v/v). Peptide samples were centrifuged at 13,000 x g for 30 

min to remove the precipitate. 

 

2.4.3 NanoLC MS ESI MS/MS analysis. 

Peptides were analysed by on-line nanoflow LC using the Ultimate 3000 nano system 

(Dionex/Thermo Fisher Scientific). Samples were loaded onto a trap column (Acclaim 

PepMap 100, 2 cm Ĭ 75 ɛm inner diameter, C18, 3 ɛm, 100 ¡) at 9ɛl /min with an 

aqueous solution containing 0.1 %(v/v) TFA and 2% (v/v) acetonitrile. After 3 minutes, 

the trap column was set in-line an analytical column (Easy-Spray PepMap® RSLC 50 

cm × 75 ɛm inner diameter, C18, 2 ɛm, 100 ¡) fused to a silica nano-electrospray 

emitter (Dionex).  The column was operated at a constant temperature of 35°C and 

the LC system coupled to a Q-Exactive HF mass spectrometer (Thermo Fisher 
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Scientific). Chromatography was performed with a buffer system consisting of 0.1 % 

formic acid (buffer A) and 80 % acetonitrile in 0.1 % formic acid (buffer B). The 

peptides were separated by a linear gradient of 3.8 ï 50 % buffer B over 90 minutes 

at a flow rate of 300 nl/min. The Q-Exactive HF was operated in data-dependent mode 

with survey scans acquired at a resolution of 60,000 at m/z 200. Scan range was 350 

to 2000m/z. Up to the top 16, most abundant isotope patterns with charge states +2 

to +5 from the survey scan were selected with an isolation window of 2.0Th and 

fragmented by higher energy collisional dissociation with normalised collision 

energies of 30. The maximum ion injection times for the survey scan and the MS/MS 

scans were 100 and 45ms, respectively, and the ion target value was set to 3e6 for 

survey scans and 1e5 for the MS/MS scans. MS/MS events were acquired at a 

resolution of 30,000. Repetitive sequencing of peptides was minimised through the 

dynamic exclusion of the sequenced peptides for 20s. 

 

2.4.4 Protein Identification and Quantification  

Thermo RAW files were imported into Progenesis LC-MS (version 4.1, Nonlinear 

Dynamics) for data analysis. Runs were aligned using default settings, and the 

reference run automatically selected by the software. Only peaks with a charge state 

between +2 and +7 were chosen by the software using default settings. The reference 

run was used to normalise the peptide intensities and to highlight differences in 

protein expression between control and treated samples with supporting statistical 

analysis (ANOVA p-values). Spectral data were converted to .mgf files and exported 

to the Mascot (version 2.3.02, Matrix Science) search engine for peptide identification. 

Tandem MS data were searched against a database comprising; translated ORFs 

from the Mouse genome (Uniprot, Feb 2015), a background bovine genome (Uniprot, 

Feb 2015) and a contaminant database (cRAP, GPMDB, 2012) (combined 25513 
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sequences; 12610778 residues). The search parameters for this experiment were: 10 

ppm for precursor mass tolerance, 0.01 Da for fragment mass tolerance, two missed 

tryptic cleavages and fixed modification for Carbamidomethylation (cysteine) and 

variable modification for oxidation (methionine). In addition to this, the machine 

learning algorithm Percolator embedded within Mascot was used to validate the 

search results. The false discovery rate was <1%, while individual percolator ion 

scores >13 indicated identity or extensive homology (p <0.05) were utilised in the 

Mascot decoy database function before the results were imported into Progenesis 

LC-MS as .xml files. 

 

2.4.5 Software used for data analysis  

Proteomic data analysis was performed using free online software with default 

settings during searches.   The programmes used were:  

 

STRING Database Version 10.5. was used for assessing protein-protein interactions 

based on physical and functional interactions between the expressed proteins, which 

can give meaning biologically for their cellular function as described by Szklarczyk et 

al. (247). In my samples I used this tool to understand, to what extent the differentially 

expressed proteins were interacting and whether this interaction directed towards a 

specific biological pathway in the scenario of single pneumococci and RSV infection 

or coinfection.  

 

PANTHER Classification System Version 13.1:  PANTHER (Proteins Analysis 

Through Evolutionary Relationships) of gene families and annotated as; family and 

sub-family, protein class (biological process, molecular function and cellular 

component) and gene function (248,249).  In order to understand the functional 
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relevance of the differential expression of proteins in pneumococci-RSV coinfection 

proteins were assigned to the PANTHER Gene List Analysis tool which statistically 

analysed the experimental protein list using the predicted GO function annotations in 

the database (248).   

 

Instant clue (http://www.instantclue.uni-koeln.de/publications.html) interactive data 

analysis tool was used to make the PCA plot, volcano plots, and correlation matrix.  

 

Morpheus, https://software.broadinstitute.org/morpheus  interactive tool was used to 

see the protein cluster display as a heat map based on intensity value in my dataset. 

 Statistical analysis  

All data presented were analysed using GraphPad Prism® version 6. All statistical 

analysis was carried out using the GraphPad Prism statistical package. Results were 

analysed using multiple t-tests or one way and two-way ANOVA with appropriate post 

hoc test depending on the experimental setup. P value of <0.05 was considered 

statistically significant and categorised as *P < 0.05, **P <0.01,***P < 0.005, or  ****P 

< 0.001. 

 

 

 

 

  

http://www.instantclue.uni-koeln.de/publications.html
https://software.broadinstitute.org/morpheus
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Effect of RSV superinfection on pneumococcal 
carriage and invasive disease in mice 

 

 Introduction 

Bacterial and viral interaction in the respiratory tract is a complex process 

orchestrated by several viral, bacterial and host factors which often lead to a 

perturbation in the disease course. Among several respiratory bacterial and viral 

agents, to date, most of the coinfection studies have evolved around Influenza A 

virus (IAV) and S. pneumoniae (designated as óSpô in this thesis) which provide 

a clear causal link to secondary bacterial infections causing pneumonia (155). 

However, RSV is equally responsible for morbidity and deaths among elderly 

people (250), and it results in higher rates of hospitalisation and caregiver 

resource use among young children than is influenza (251).  Codetection of RSV 

and Sp has been reported in clinical settings across different geographical 

regions and has been linked with the severe outcome of the disease 

(8,146,232,252,253). Moreover, simultaneous activation of the host immune 

system by RSV and Sp has been shown to exert profound inflammatory 

responses that ultimately result in aggravated disease outcome (142,254,255). 

This evidence indicates that a spatiotemporal relationship is present between 

RSV and Sp and that they may act in synergy during the course of the disease, 

though the exact mechanisms of synergy still remain unexplained.  
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The current project brings the focus on the exploration of the mechanism of 

synergistic interplay between RSV and Sp by exploiting several in vivo and in 

vitro models. This chapter includes the results derived from the murine infection 

model where mice have been inoculated with RSV after establishing 

nasopharyngeal carriage or pneumonia with Sp. The idea of developing these 

models lies in the fact that young children develop Sp carriage at a very early 

stage of their life (within 2 weeks of being born in some cases). The 

consequences of RSV infection in these Sp colonised children has not been 

studied much, and there is no clear systematic evidence available which can 

explain the disease outcome in this scenario. At the same time, several studies 

had described the outcome and mechanism of secondary pneumococcal 

pneumonia following RSV infection when the counter approach did not get much 

attention (142,156,182). Thus, the present study attempted to examine the effect 

of RSV infection in the context of both Sp colonisation and pneumonia in the 

murine model to gain mechanistic insight into the RSV-Sp colonisation and 

invasive disease.   
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Figure 3. 1 Schematic presentation of the workflow adopted in this chapter to elaborate 
murine Sp-RSV coinfection model.  
Mice were inoculated with a carriage or pneumonia dose of Sp followed by inoculation with 
RSV. Mice were inspected regularly to record disease symptoms.  Nasopharynx (NP) and 
lung tissue, and blood were collected in different time-points to determine bacterial density, 
viral titre, and the immune response by FACS or ELISA during Sp-RSV coinfection.  
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 Results 

3.2.1 Developing Sp-RSV coinfection murine model 

It has been reported that the susceptibility of both Sp and RSV is dependent on the 

genetic background of the mice (213,215,217,218). Following intranasal infection with 

Sp type 2 strain, inbred BALB/c mice were found to be resistant and CBA/Ca as 

susceptible to pneumococcal pneumonia (215). On the other hand, CBA/ca has been 

reported as highly resistant to RSV infection (213). Balb/c mice showed intermediate 

susceptibility, which has been extensively used to study the immune-pathogenesis of 

human RSV (256). The outbred mouse strain, MF1, which has been widely used for 

pneumococcal studies, has never been used for RSV infection studies (214,216).  

 

 

 

Figure 3. 2 Susceptibility of different mouse strain for RSV infection.  
RSV copy numbers in NP (a) and lungs (b) of MF1 and CBA/Ca mice showed no significant 
difference in different time points. Each point represents a single mouse (n=5/group/time 
point). 
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As part of the development of murine models, it was necessary to choose a mouse 

strain that is considerably permissive to both of the pathogens, Sp and RSV. Thus, 

as a first step, a susceptibility experiment was set up using the outbred mouse MF1, 

and inbred CBA/Ca and Balb/c to determine the effect of RSV infection (Figure 3.2). 

In this pilot experiment, MF1, CBA/Ca and Balb/c mice were intranasally inoculated 

with 106 PFU/ml of RSV A2 and the titre of RSV RNA in NP and lungs were 

determined by qRT-PCR. 

 

RSV copy numbers in the NP and the lungs of MF1 and CBA/Ca mice were 

remarkably low and insufficient to signify successful infection and replication of the 

virus. At day 5, in particular, no detectable level of RSV viral RNA was observed. 

These result shows that Sp-permissive MF1 or CBA/ca strains are suboptimal in vivo 

models for the investigation and modelling of RSV infection. 

 

On the other hand, as expected, in Balb/c mice the viral titres reached as high as ι105 

on day 2 following infection, and remained high and stable for 5 days, suggesting that 

the Balb/c mouse strain represents a better host model for RSV infection studies. 
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3.2.2 Selection of mouse strain: testing for S. pneumoniae growth 

As Balb/c mice are well permissible for RSV infection, this mouse strain was then 

tested for the growth of Sp (Figure 3.3). Mice were inoculated with 106 CFU of Sp in 

50µl volume so that it directly reaches the lungs to cause pneumonia in the mice.  

 

Bacterial load was assessed in lungs at 2, 5- and 7-days post infection. Sp was 

isolated from more than 60% of the infected mice, though the bacterial load was not 

critically high. Moreover, infected mice did not show any disease symptoms over 7 

days except for one mouse, which presented mild symptom at 24 hours post infection 

and recovered thereafter.  No bacteria found in the blood at any of the time points 

tested.  

 

 

 

Figure 3. 3 Susceptibility of Balb/c mouse strain for S. pneumoniae infection.  
Fifteen mice were inoculated with Sp at a dose of 106 CFU in 50µl. Mice were monitored for 
disease symptoms, and 5 mice were culled at day 2, 5 and 7 post-infection to determine the 
bacterial load in the lung tissue. Sp was consistently detected in at least three mice over 7 
days, which ranges from 102 to 104 CFU/gm of lung tissue.  
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Following the susceptibility experiments, Balb/c mouse strain was chosen to use in 

the current study. Although this mouse strain did not appear to be strongly supportive 

of pneumococcal growth, it was expected that RSV infection would modulate the host 

immune system and make the Balb/c mice more susceptible for the bacterial infection. 

 

3.2.3 Sp-RSV interaction in the nasopharynx: RSV infection during 
pneumococcal carriage in Balb/c mice 

Sp is a common coloniser of the upper respiratory tract, which may spread to the 

lower tract to cause invasive pneumococcal disease (IPD). On the other hand, RSV 

infection generally remains conýned to the upper respiratory tract. However, it 

frequently causes progressive lower respiratory tract disease with more severe 

symptoms. Interaction between Sp and RSV may occur at any stage of the 

colonisation or infection, both in the NP or in the lungs.  

 

 
Figure 3. 4 Sp and RSV nasopharyngeal carriage model.   
Mice were IN inoculated with 105 CFU of Sp (blue dashed arrow) in 10µl three days prior to 
inoculation with 5x105 PFU of RSV (green dashed arrow) in the same volume. Possible 
dissemination routes for the bacteria have shown by the solid blue arrows from NP to lung or 
blood, and from lungs to the blood.   
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In the first model, a stable nasopharyngeal colonisation was established in Balb/c 

mice by intranasal (IN) inoculation of 105 CFU Sp serotype 2 (D39) in 10 µl volume. 

After 3 days, 10 µl of RSV was introduced to the NP of the mice at a dose of 105 

PFU/mouse. The small volume of the doses (10 µl) restricts the inoculum distribution 

only in the NP of the mice and prevents direct entry into the lower respiratory tract. 

Infection protocol illustrated in Figure 3.4. An equal number of mice were also 

inoculated with similar doses of single Sp or RSV alongside the coinfected mice. 

Following infection, mice were monitored for 28 days to record any disease 

symptoms. Five mice per group were culled at each time point post infection to collect 

nasopharyngeal and lung tissues and blood to assess 1) bacterial and viral density in 

the NP, 2) duration of the carriage in the NP, 3) dissemination of the bacteria to the 

lungs or blood, and 4) changes in the host immune response during coinfection with 

Sp and RSV.  

 

3.2.3.1 Monitoring weight changes following Sp and RSV infection  

Following infection, mice were monitored to assess changes in the body weight and 

appearance of any disease symptoms.  Weight change over time was compared with 

the weight recorded on the day of infection (Figure 3.5). Neither any disease symptom 

nor a significant weight loss was observed over 28 days post infection in any of the 

infected group. 
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Figure 3. 5 Weight change in Balb/c mice following nasopharyngeal infection with RSV 
during pneumococcal carriage.  
Following IN inoculation with 105 CFU of Sp and 105 PFU of RSV in 10µl, weight change was 
monitored daily and plotted as a percentage of the starting weight recorded before infection 
with Sp or RSV. Each point and bar represent means ± SEM (n=5) per time point per condition. 
Blue and green arrows indicate the time of inoculation of Sp and RSV, respectively. 
Significance of weight change over 28 days in the same groups of mice was analysed by Two-
way ANOVA with Tukey's multiple comparisons test. P value ᾽0.05 considered as statistically 
significant while comparing the weight change in between Sp, RSV and coinfected groups. 
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3.2.3.2 Bacterial and viral load in the nasopharynx following RSV 

superinfection in Sp-colonised mice 

Coinfection with respiratory viruses is one of the key factors that influence bacterial 

density in the upper respiratory tract and subsequent systemic dissemination (157). 

This phenomenon has been extensively studied and characterised in the context of 

Sp with influenza virus infection (173) but not many with RSV. Additionally, while 

existing literature mainly focuses on the investigation of viral influence on bacterial 

growth, there is a relative paucity of studies describing the bacterial influence on viral 

replication and dissemination.  Here, an attempt had been made to explore how RSV 

infection affects nasopharyngeal carriage density and duration of Sp as well as how 

the colonising bacteria alter viral replication and dissemination to the lower respiratory 

tract.  

 

The results in Figure 3.6 demonstrate higher density of Sp in the NP of RSV 

coinfected mice compared to the mice infected with single Sp throughout 28 days 

post infection. The highest density observed at day 4 and day 7 post RSV infection, 

which reached statistical significance. At 28 days post infection, Sp was cleared from 

the NP of single Sp infected mice, whereas coinfected mice still carried the bacteria 

in the NP.  

 

Dissemination of bacteria to the lungs was sporadically observed in both single and 

coinfected mice at different time points. However, during the course of infection, 

bacteria were isolated from the lungs of five coinfected mice compared to two single 

infected mice. Sp was not detected in the blood at any point of time in either group of 

mice.  
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Figure 3. 6 S. pneumoniae growth dynamics in nasopharynx during Sp-RSV 
coinfection.  
Following IN inoculation with Sp and RSV, five mice per group were culled, and bacterial loads 
were determined in NP (A), lungs (B) and blood (C) by Miles and Misra method at 1, 4, 7, 14, 
and 28 days post infection. The Figure also includes a bacterial load of day 0 immediately 
after pneumococci inoculation (before RSV introduction).  Each point in the graphs A, B and 
C represents a single mouse (5 mice/ group/ time point). Statistical analysis was performed 
using Two-way ANOVA with Sidak's multiple comparisons test. Asterisks represent significant 
difference as *P < 0.05 while comparing Sp with Sp+RSV group.   
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Having observed increased bacterial growth, I then attempted to determine whether 

bacterial growth influenced the replication of RSV during coinfection. Sp colonised 

mice were inoculated with RSV or DMEM and live viral titre was determined at 

different time points by immune plaque assay. The virus was detectable only at day 

4 post-infection in the NP of both Single-RSV and coinfected mice at which point viral 

dissemination also ensued in the lungs of both RSV and coinfected groups (Figure 

3.7 A, B).  

 

Generally, by immunoplaque assay, live RSV is detectable in the mouse NP or lungs 

(depending on the site of inoculation) from day 2 post-infection, peaking at day 4 to 6 

and remain detectable until day 7 to 9 (257,258).  It was unlikely to have no detectable 

virus during time points other than day 4. To rule out whether RSV in the NP after 

inoculation via intranasal route was in sufficient amount to cause successful infection, 

a more sophisticated method; qPCR was adopted to quantify viral mRNA in the NP.  

 

RSV RNA was present in the NP from a very early time (6 hours) to 7 days post-

infection, the titre ranging from 102 to 104 copy numbers per mouse in NP (Figure 

3.7). Though a trend of increased viral copy number observed in the coinfected mice, 

it did not reach statistical significance except at 6 hours. RSV titre in the coinfected 

mice was 4.3-folds higher than the single RSV infected mice at 6 hours, and 1.7-, 1.7-

, and 1.8-folds at day 1, 4 and 7, respectively.   
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Figure 3. 7  RSV growth dynamics in the upper and lower respiratory tract with low 
volume RSV infection in the nasopharynx during pneumococcal carriage.  
Following IN inoculation with Sp and RSV, five mice per group were culled and RSV titre was 
determined in NP (A) and lungs (B) by immune-plaque assay at 0, 1, 4, 7, 14, and 28 days 
post infection. Viral mRNA concentration was measured in the NP (C) by qRT-PCR at 0, 1, 4, 
and 7 days post infection. Each point in the graphs A, B and C represents a single mouse (5 
mice/ group/ time point). Statistical analysis was performed using Two-way ANOVA with 
Sidak's multiple comparisons test. Asterisks represent significant difference as **P < 0.01 
while comparing RSV with Sp+RSV group.    
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3.2.3.3 RSV induced cellular and cytokine responses in the 

nasopharynx during S. pneumoniae colonisation  

 

The dynamics of nasopharyngeal colonisation of Sp is finely regulated by the 

proinflammatory and regulatory arms of the immune system. Several studies have 

demonstrated that viral infections can modulate the chemokine and innate defences 

as well as cellular response to bacteria during coinfection and thus influence bacterial 

clearance or persistence in the NP (173,259,260). While some studies provide 

evidence of strong inflammatory responses in coinfection (174,261), others suggest 

immune system dysfunction in response to virus infection (176,180,262).  In this 

section, an attempt has been made to extensively study the inflammatory, and 

regulatory cell populations in the Sp colonised Balb/c mice following exposure to RSV 

in the NP. FACS gating strategies for the target cells and FMO control are included 

in the appendix A. 
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3.2.3.4 Nasopharyngeal neutrophil, macrophage and dendritic cell 
numbers in response to single and co-infection with RSV and 
pneumococcus 

 

Flow cytometry-based analysis of the nasopharyngeal tissue from Sp and RSV single 

or coinfected mice was performed to assess changes in the recruitment of major 

inflammatory cells, neutrophils, macrophages and dendritic cells (Figure 3.8 A, B and 

C, respectively).  

 

Neutrophil recruitment was moderately high in all three conditions, single Sp or RSV 

and coinfection, which peaked at day 4 post infection and then gradually decreased 

towards day 28. A total number of neutrophil in coinfection found to be significantly 

lower than that of single RSV infection but not than single Sp infection at day 4 (P < 

0.001).   

 

A trend of the reduced number of macrophages in coinfection observed throughout 

28 days of the experiment compared to Sp infection which reached statistical 

significance at 4- and 7-days post-RSV infection (P < 0.001 and P < 0.05 

respectively). The recruitment was significantly lower in coinfection than RSV single 

infection at day 4 as well (P < 0.005).  

 

In the current study, coinfection with RSV led to a significant increase in the number 

of classical CD11c+ DC in the NP at day 4 and 7 post RSV infection, the period which 

is crucial for antigen presentation by DC after RSV exposure. Total number of DC 

gradually increased with time in the Sp infected mice. However, it never exceeded 

the level of RSV or coinfected mice over 28 days. 
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Figure 3. 8 Neutrophil, macrophage and dendritic cells recruitment in the nasopharynx 
following RSV infection during pneumococcal carriage.  
Following infection, as mentioned in Figure 3.4, nasopharyngeal tissue was collected at 
different time points, and cells from the single cell suspension were stained with antibodies to 
CD45, Ly6G, F4/80, MHC II, CD11b and CD11c. Total number of (A) CD45+Ly6G+ 
neutrophils (B) F4/80+CD11b+ macrophages and (C) MHCII+CD11c+ dendritic cells per NP 
are presented as box and whisker plot with median and interquartile range (n=5). Two-way 
ANOVA with Tukeyôs multiple comparisons was performed to determine statistical differences 
between Sp vs RSV or Sp vs Sp+RSV or RSV vs Sp+RSV groups for each time point (*P < 
0.05, **P < 0.01, ***P < 0.005, or ****P < 0.001). 
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3.2.3.5 Nasopharyngeal TNF-Ŭ and IFN-ɔ secreting cell numbers 

after RSV superinfection in Sp-colonised mice 

Many studies reported a robust cytokine response in coinfection, with increases in 

proinflammatory cytokines such as TNF-Ŭ and IFN- ɔ (260,263). Increased secretion 

of these cytokines can influence downstream event such as recruitment and 

activation of the macrophage and neutrophil, which aid the clearance of bacteria 

(173,174).  Levels of IFN-ɔ were shown to elevated in nasopharyngeal tissue of high 

inoculum Sp colonised mice, which mediated clearance of bacteria earlier than the 

low inoculum coloniser where IFN-ɔ was not elevated (216). In contrary, TNF-Ŭ 

production was downregulated during viral infection, which may lead to a decrease in 

the clearance of Sp and increase susceptibility to secondary bacterial infection (216).  

 

As coinfection led to the higher density of Sp in the NP (Figure 3.6), it was 

hypothesised that TNF-Ŭ and IFN-ɔ might be decreased in the coinfected mice which 

failed to clear the bacteria from NP in my colonisation model.  

 

The total number of TNF-Ŭ and IFN-ɔ secreting cells in the NP of the Sp and RSV 

colonised mice were determined over 28 days of post-RSV infection by FACS.  No 

significant difference observed between groups except day 7 when coinfection hugely 

increased the level of TNF-Ŭ (P᾽0.01) compared to the single RSV or Sp infection 

(Figure 3.9A).   

 

IFN-ɔ in RSV infection demonstrates significant boosting during day 4 and 7. 

Coinfected mice showed the trend of high IFN-ɔ during the same time points but 

reached significance only at day 7 (Figure 3.9B).  
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Figure 3. 9 Tumour necrosis factor (TNF-Ŭ) and Interferon-gamma (IFN-ɔ) secreting cell 
population in the nasopharynx during Sp-RSV coinfection.  
Nasopharyngeal tissues were collected on predesignated timepoints after infection with either 
Sp or RSV or both.  Cells were stained with antibodies to CD45, CD3 surface markers followed 
by fixation and permeabilisation to stain TNF-Ŭ and IFN-ɔ for FACS analysis. Total number of 
(A) CD45+ TNF-Ŭ+ and (B) CD45+ IFN-ɔ+ cells per NP are presented as box and whisker plot 
with median and interquartile range (n=5). Two-way ANOVA with Tukeyôs multiple comparison 
was performed to determine statistical differences in between Sp, RSV and Sp+RSV (*P < 
0.05, **P < 0.01, ***P < 0.005, or ****P < 0.001).  
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3.2.3.6 Nasopharyngeal IL-17A and TGF-ɓ secreting cell numbers 

after RSV superinfection in Sp-colonised mice 

Results from earlier studies suggested an inverse relationship between Th17-

mediated inflammation and immune-modulating T regulatory cells (Tregs) (216,264). 

Th17 cells have been reported to promote Sp clearance from the NP by producing IL-

17A. T regulatory cells, on the other hand, plays an essential role in controlling the 

exacerbated immune response by secreting IL-10 and TGF-ɓ and helps the 

maintenance of the Sp colonisation in the NP. Co-infection with influenza virus elicited 

a robust innate IL-17A response (265) and pronounced activation of TGF-ɓ (266), 

both of which led to increased bacterial load and disease in mice. I aimed to 

understand how the balance between these cell population is established during RSV 

coinfection in the murine Sp colonisation model.   

 

In my coinfection model, no boosting effect observed in IL-17A secreting cell 

population in coinfection and all three groups showed an almost similar trend in cell 

numbers over time (Figure 3.10A). A slight increase in the IL-17A secreting cells were 

observed in the mice infected with the single RSV at day 4 compared to Sp infected 

mice (P᾽0.05) when coinfected mice showed no difference with the other two groups.  

 

TGF-ɓ was increased at day 4 in all three experimental conditions compared to Day1 

and decreased after that. A significant difference (P᾽0.05) was observed in 

coinfection compared to Sp, but not with RSV, only at day 7 post-RSV infection 

(Figure 3.10B). TGF-ɓ secreting cell number was highest in coinfection at day 14 as 

well, but the difference was not statistically significant.  
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Figure 3. 10  IL-17A and TGF-ɓ secreting cell population in the nasopharynx during Sp-
RSV coinfection.  
Nasopharyngeal tissues were collected on days 1, 4, 7, 14, and 28 after infection with either 
Sp or RSV or both.  Cells were stained with antibodies to CD45, CD3, CD4 surface markers 
followed by fixation and permeabilisation to stain IL-17A and TGF-ɓ to analysed by FACS. 
Total number of (A) CD4+ IL-17A + cells and (B) CD4+ TGF-ɓ+ cells per NP are presented 
as box and whisker plot with median and interquartile range (n=5). Two-way ANOVA with 
Tukeyôs multiple comparisons was performed to determine statistical differences in between 
Sp, RSV and Sp+RSV (*P < 0.05).  
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3.2.3.7 Sp-RSV interaction in the nasopharynx: early events during 

coinfection  

In the first set of experiments with RSV coinfection in Sp carriage, bacterial CFU and 

immune parameters measurement were started after 24 hours of infection with RSV. 

From the results, bacterial density, as well as most of the pro-inflammatory immune 

cells, appeared to reach a higher level at day four post-RSV infection.  Therefore, the 

question of whether there was an early host response that regulated the downstream 

events of bacterial growth, survival and immune response at the later stage of 

coinfection was investigated.  

 

The first recognition of S. pneumoniae by the host is mediated by several Toll-like 

receptors (TLRs), among them TLR2 and TLR9 which play essential roles by 

regulating the production of inflammatory mediators, including TNF-Ŭ, IL-1ɓ, IL-6, 

IFN-Ŭ/ɓ, KC, MCP-1, and MIP-2, via stimulation of the transcription factor NF-kB 

and/or IRF3/7 (195).  

 

Moreover, Ply mediated  IL-1ɓ secretion through activation of NLRP3 inflammasome 

has also been reported (109). These early cytokines have tremendous influence in 

shaping nasopharyngeal carriage or invasive disease by Sp, as discussed earlier. 

Therefore, I set out to profile the early host response by measuring key cytokines 

such as TNF-Ŭ, IL-1ɓ and IL-6, and chemokine MIP-2 in the NP tissues at 1, 2, 3, and 

6 hours post-RSV infection in mice having established Sp carrier state.  
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3.2.3.8 Pneumococcal load in the nasopharynx of single Sp and Sp-

RSV coinfected mice at hours of infection 

 
 

 
 
Figure 3. 11 S. pneumoniae growth dynamics in the nasopharynx at the early stages of 
Sp-RSV coinfection. 
Following IN inoculation with Sp and RSV at a dose of 105 CFU in 10µl each, five mice per 
group were culled, and bacterial loads were determined in NP by Miles and Misra method at 
1, 2, 3, and 6 hours post infection. Each point in the graph represents a single mouse (5 mice/ 
group/ time point). Statistical analysis was performed using Two-way ANOVA with Sidak's 
multiple comparisons test. Asterisks represent significant difference as *P < 0.05 while 
comparing Sp with Sp+RSV group.    
 

 

As shown in the figure 3.11, during the early stage of Sp colonisation, RSV 

superinfection exerts an overall augmented effect on the density of bacteria in NP. All 

coinfected mice were positive for Sp at all time points when Sp single infected mice 

showed variable rate. Bacterial CFU became significantly higher in the coinfected 

mice at 6 hours post-RSV infection (P᾽0.05).  
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3.2.3.9 Proinflammatory cytokine response in the nasopharynx of 

single Sp or RSV and Sp-RSV coinfected mice at early hours of infection 

 

Cytokine analysis by ELISA at 1, 2, 3- and 6-hours post RSV infection revealed strong 

IL-6 response in the coinfected mice which was significantly higher than that of the 

RSV infected mice at all time points tested (Figure 3.12A).  

 

 

RSV modestly induced all the cytokines tested relative to Sp infected mice, whereas 

Sp induced a broader range of cytokines at higher levels. Coinfection hugely 

increased all the cytokines tested relative to both single infections, particularly than 

single RSV infection. IL-6 was significantly higher than both single infection at 3 hours 

and higher than RSV at 2- and 6-hours post infection.   

 

 

No significant differences observed in the level of TNF-Ŭ among different infection 

groups (Figure 3.12C). 

 

 

Chemokines such as MIP-2 and cytokine IL-1ɓ also measured in the NP (Figure 

3.12B and D, respectively). All three groups appeared to induce MIP-2 and IL-1ɓ 

almost equally over 6 hours after RSV infection. However, MIP-2 level showed a trend 

of a gradual decrease in the coinfected mice, which became significantly lower than 

Sp at 6 hours (P < 0.01).  
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Figure 3. 12 Host cytokine response in nasopharynx of Sp colonised and RSV superinfected mice at the early stages of infection.   
Following IN inoculation with Sp and RSV at a dose of 105 CFU in 10µl each, five mice per group were culled, and nasopharyngeal tissue was collected 
to assess the concentration of IL-6, MIP-2, TNF-Ŭ and IL-1ɓ by ELISA. Bar graphs represent mean Ñ SEM for n = 5 mice per condition per time point. 
Statistical analysis was performed by two-way ANOVA with Tukeyôs post hoc test (*P < 0.05, **P < 0.01, ***P < 0.005, or ****P < 0.001). 
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3.2.4 Sp-RSV interactions in the nasopharynx: effect of high 

inoculum RSV infection on nasopharyngeal carriage of Sp 

 
 

Inoculum size is an important determinant of successful infection in both children and 

adults during RSV infection. Data from several murine studies suggest that RSV 

induced host response and disease symptoms are strictly dependent on the inoculum 

size used for infection (267). Analysis of bronchoalveolar lavage fluid (BALF) showed 

a dose-dependent increase in the levels of IL-1ɓ, TNF-Ŭ, INF-ɔ IL-12, IL-6, MIP-1Ŭ, 

and RANTES (267). The recruitment and activation of CD4 and CD8 T cells were also 

shown to related to the dose of RSV administered in the mice (268).  

 

Therefore, to create a model with stronger immune response and observe the effect 

of immune mediators on Sp carriage dynamics, mice were inoculated with the usual 

carriage dose of Sp (105 CFU) followed by a high dose of RSV (5x106 PFU) after 

three days.  The volume used was 10 µl with the principle of restricting the response 

to NP only.  Following infection, bacterial load, as well as key cytokine concentrations, 

were measured in the NP of the single and coinfected mice.  
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3.2.4.1 Pneumococcal load in the nasopharynx of single Sp and Sp-

RSV coinfected mice after high inoculum RSV infection 

 

Figure 3.13A demonstrates that bacterial density in the nasopharynx was highly 

elevated by the high dose RSV infection at all the time points over 7 days. The Sp 

density appeared to be significantly higher in the coinfected mice than the single 

infection at 6 hours and day 4 post RSV infection.  High dose coinfection also led the 

bacteria to spread to the lungs successfully (Figure 3.13B). Bacterial titre in the lungs 

was much higher than the single Sp infected mice at all time points though it found to 

be significant only one day after RSV infection. To be noted, out of total 30 mice per 

group at all time points, only 6.6% single Sp infected mice possessed bacteria in the 

lungs, whereas 33.3% of coinfected mice had Sp disseminated to the lungs. No 

dissemination of bacteria occurred in the blood except for two coinfected mice at day 

4 post-infection (Figure 3.13C). 
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Figure 3. 13 S. pneumoniae growth dynamics in nasopharynx, lungs and blood during 
Sp-RSV coinfection with a high inoculum of RSV.  
Following IN inoculation with 105 CFU of Sp and 5x106 PFU of RSV in 10µl, five mice per group 
were culled and bacterial loads were determined in NP (A), lungs (B) and blood (C) by Miles 
and Misra method at 3 hours, 6 hours and 1, 4, and 7 days post infection. Each point in the 
graphs A, B and C represents a single mouse (5 mice/ group/ time point). Statistical analysis 
was performed using Two-way ANOVA with Sidakôs multiple comparisons test. Asterisks 
represent significant difference as *P < 0.05 and ***P < 0.005 while comparing Sp with 
Sp+RSV group.    
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3.2.4.2 Innate immune cell recruitment in the nasopharynx of single 

Sp or RSV and Sp-RSV coinfected mice after high inoculum RSV 

infection 

 
Results in Figure 3.14 depicts the changes in the neutrophil and macrophage 

numbers in the Sp colonised mice after treating with a high dose of RSV. Interestingly, 

the number of neutrophils followed a different trend than the low dose RSV infection. 

Instead of decreasing the number like low dose infection, here, coinfection 

significantly increased the recruitment of neutrophils in the NP at day 4, compared to 

RSV infection alone (P < 0.005). Neutrophil recruitment in the coinfected mice was 

also higher than the single Sp colonised mice though it was not statistically significant 

(Figure 3.14A).  

 

As presented in Figure 3.14B, Macrophage number in the NP of coinfected mice was 

significantly reduced compared to Sp colonised mice at day 4 and 7 post-infection. 

There was no difference in macrophage recruitment in RSV vs coinfected groups over 

7 days. 
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Figure 3. 14 Neutrophil and macrophage recruitment in the nasopharynx following high 
inoculum RSV infection during pneumococcal carriage. 
 Mice were sequentially infected with either Sp or RSV or both IN at a dose of 105 CFU of SP 
and 5x106 PFU of RSV in 10µl each. Nasopharyngeal tissues were collected on predetermined 
time-points after infection. Cells were stained with antibodies to CD45 and Ly6G for isolation 
of neutrophil (A) whereas F4/80 and CD11b were used to select macrophages (B). Total 
number of neutrophils and macrophages per NP are presented as box and whisker plot with 
median and interquartile range (n=5). Two-way ANOVA with Tukeyôs multiple comparison was 
performed to determine statistical differences between Sp vs RSV or Sp vs Sp+RSV or RSV 
vs Sp+RSV groups for each time point (*P < 0.05, **P < 0.01 and ***P < 0.005).  
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3.2.4.3 Cytokine response in the nasopharynx of single Sp or RSV 

and Sp-RSV coinfected mice after high inoculum RSV infection 

 
While examining the humoral components in the NP of these mice, there was a trend 

of gradual increase in the cytokines over time (Figure 3.15). A robust upregulation 

was observed in IL-6, TNF-Ŭ, and IFN-ɓ concentration in coinfected mice. IL-6 level 

in coinfected mice did not show a significant difference from the RSV infected mice, 

but it was higher than that of the Sp colonised mice at 6 hours as well as one day 

post-RSV infection (Figure 3.15A).  

 

The TNF-Ŭ concentration found to be consistently higher in coinfection than the other 

two groups (Figure 3.15C). Of particular, 1st and 7th post-infection days showed the 

highest and significant changes compared to single Sp colonised mice. Likewise, IFN-

ɓ demonstrated a consistently higher level of cytokine in coinfection except day 7 

when it went a little down (Figure 3.15E). At day 1 and day 4, the IFN-ɓ concentration 

in coinfection was highest, which was significantly different from Sp and RSV single 

infection. Coinfection causes significant changes in the level of IFN-ΐ and IL-17A 

compared to single Sp colonised mice at day 7 and day 4, respectively (Figure 3.15D 

and F). No difference was observed in the level of KC and IL-1ɓ at any of the time 

points tested (Figure 3.15B and G).   
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Figure 3. 15 Cytokine response in nasopharynx following high inoculum infection with RSV during Sp-RSV coinfection.   
Following IN inoculation with 105 CFU of Sp and 5x106 PFU of RSV in 10µl, the concentration of IL-6, MIP-2, TNF-Ŭ, IFN-ɔ, IFN-ɓ, IL-17A and IL-1ɓ 
were assessed in the nasopharyngeal tissue by ELISA. Bar graphs represent mean ± SEM for n = 5 mice per condition per time point. Statistical 
analysis was performed by two-way ANOVA with Tukeyôs post hoc test (*P < 0.05, **P < 0.01, ***P < 0.005, or ****P < 0.001).
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3.2.5 Sp-RSV interaction in the lungs: RSV lung infection during 

pneumococcal carriage   

 
Next, the effect of Sp and RSV interaction in the lungs were examined in the scenario 

of RSV lung infection in Sp colonised mice. Using the Balb/c mice, A murine model 

was developed where mice were colonised with Sp 3 days prior to intranasal 

inoculation with RSV.  

  

Notably, instead of intratracheal instillation, a more natural intranasal route was 

chosen to inoculate the virus in the lungs. Thus, there was a possibility of trapping 

some viruses in the upper respiratory tract. However, it did not affect the comparative 

analysis of single and coinfection in lungs as single infected mice were treated with 

an appropriate vehicle solution to rule out any mechanical transmission of Sp from 

NP.  

 

The hypothesis generated around this model was that RSV lung infection might cause 

an exaggerated immune response in lungs and drive RSV disease, which may exert 

an effect on Sp carriage dynamics in NP. As a result, more efficient systemic spread 

of bacteria may occur to cause invasive pneumococcal disease.   
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Figure 3. 16 RSV lung infection during pneumococcal nasopharyngeal carriage model. 
Mice were intranasally inoculated with 105 CFU of Sp (blue dashed arrow) in 10µl three days 
prior to inoculation with 2.5x105 PFU of RSV in 50µl (green dashed arrow). Possible 
dissemination routes for the bacteria have shown by the solid blue arrows from NP to lung or 
blood, and from lungs to the blood.   

 
 

 
Balb/c mice were intranasally inoculated with 105 CFU of Sp in 10µl volume per 

mouse. After 3 days, mice were intranasally inoculated with 2.5x105 PFU of RSV A2 

in 50 µl. Mice were then monitored to observe weight loss pattern, bacterial density 

and viral titre in different tissues (Figure 3.16).   
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3.2.5.1 Weight change and pain score after RSV lung infection in 

the mice with nasopharyngeal pneumococcal carriage 

The mice, who are only colonised with Sp without any RSV exposure, showed no 

significant weight loss or disease symptoms over 14 days. On the other hand, mice 

having RSV infection in lung, whether colonised with Sp or not, showed significant 

weight loss. As depicted in Figure 3.17, weight loss, along with mild disease 

symptoms, was started from day 5 and continued to drop until day 6 at which point 

mice showed most severe symptoms such as 2+ hunching and 2+ piloerection. The 

disease score in different time point has been plotted in Figure 3.17B, according to 

Morton and Griffithôs monitoring criteria (269). Mice started to recover from the next 

day, as evident by a gradual weight regain and decreasing disease symptoms. By 

day 8, all RSV infected mice achieved complete recovery, but the RSV infected mice 

who had Sp in the NP needed one more day to reach that level. That says, though 

the weight loss or disease score did not show much difference in Sp colonised or non-

colonised mice after RSV infection, there was delayed recovery from the disease in 

coinfected mice.  
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Figure 3. 17 Disease monitoring in mice having RSV lung infection with pneumococcal 
nasopharyngeal carriage.  
Mice were IN inoculated with 105 CFU of Sp in 10µl 3 days prior to RSV infection with 2.5x105 
PFU in 50 µl. (A) Weight change in the mice with single or dual infection of Sp and RSV were 
monitored daily and plotted as a percentage of the weight recorded before the introduction of 
Sp or RSV. (B) Pain scores were assessed and plotted against a scale ranging from 1 to 5, 
indicating the increasing severity of symptoms in ascending order. Each point and bar 
represent means ± SEM (n=5) per time point per condition. Blue and green arrows indicate 
the time of instillation of Sp and RSV, respectively. Significance of weight change and pain 
score over 14 days were analysed by multiple t-tests with correction for multiple comparisons 
using the Holm-Sidak method. Asterisks represent significant difference as (*P < 0.05, **P < 
0.01, or  ****P < 0.001) for Sp vs Sp+RSV; (#P < 0.05, # #P < 0.01, or  # # # # P < 0.001) for 
Sp vs RSV; and ($ P < 0.05) for RSV vs Sp+RSV 
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3.2.5.2 Pneumococcal load in the lungs of pneumococci colonised 

mice with or without having RSV lung infection 

 

 

 

 
Figure 3. 18 S. pneumoniae growth dynamics in the lungs and blood of mice having 
nasopharyngeal Sp carriage with or without having RSV lung infection.  
Following IN inoculation with 105 CFU of Sp in 10µl and 2.5x105 PFU of RSV in 50µl, five mice 
per group were culled, and bacterial load was determined in lungs (A), and blood (B) by Miles 
and Misra method at 4, 7, and 14 days post infection. The Figure also includes a bacterial 
load of day 0 immediately after pneumococci inoculation (before RSV introduction).  Each 
point in the graphs A and B represents a single mouse (5 mice/ group/ time point). Statistical 
analysis was performed using Two-way ANOVA with Sidak's multiple comparisons test.  
 
 
 

Figure 3.18 shows Sp dissemination to the lung was nonsignificant and completely 

absent in the blood. The only difference seen was that 60% of coinfected mice had 

bacterial dissemination from NP into lungs at day 4 post infection compared to 0% in 

ósingle Spô group.  

 
 



 

136 

 

3.2.5.3 RSV titre in the lungs of pneumococci colonised or non-

colonised mice following RSV lung infection 

 

Figure 3. 19 RSV growth dynamics in the lungs following high volume RSV lung 
infection in mice having pneumococcal carriage with or without pneumococcal 
colonisation.  
Following IN inoculation with 105 CFU of Sp in 10µl and 2.5x105 PFU of RSV in 50µl, RSV 
titre was determined in the lungs of Sp colonised and non-colonised mice by immune-plaque 
assay at 4, 7, and 14 days post infection. Each point in the graph represents a single mouse 
(5 mice/ group/ time point). Statistical analysis was performed using Two-way ANOVA with 
Sidak's multiple comparisons test. P value ᾽0.05 considered as statistically significant while 
comparing the RSV titre between RSV and coinfected group.      
 
 

Viral load was measured in the lungs by immunoplaque assay (Figure 3.19). There 

was also no difference in viral titre among Sp colonised and non-colonised groups. 

However, 3 mice who had nasopharyngeal Sp carriage, had RSV in lungs at 7 days 

post-infection when noncolonised mice had cleared the virus off from the lungs. That 

means Sp colonised mice had influence on the lung viral replication. Among these 

three mice one had Sp in the lungs as well (Figure 3.18A).     
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3.2.5.4 Innate immune cell recruitment in the lungs of Sp colonised 

or no-colonised mice after RSV superinfection in the lungs 

 
RSV infection elicits a substantial systemic and especially respiratory tract innate 

cellular response that is activated during the initial pathogenesis of RSV in the lower 

respiratory tract (LRTI) (42). Neutrophils are the predominant cell type in 

bronchoalveolar lavage (BAL) þuid from the lungs of infants presenting severe RSV 

bronchiolitis or milder infection (270). Macrophages are major effector cells in RSV 

infection, which serve as significant sources of proinflammatory cytokines such as 

TNF-Ŭ, IL-6 and IL-8 (271). Likewise, DCs perform the vital role of antigen 

presentation during RSV infection, depletion of which results in a pathologic response 

while increased numbers correlate with protection (44).   

 

During examining the recruitment of innate immune cells, e.g. neutrophil, 

macrophage and dendritic cells in the lungs after RSV lung infection in Sp colonised 

vs non-colonised mice, a similar pattern was observed for all three cell types (Figure 

3.20). Immune cell recruitment was highest at day 4 RSV infection, which is the peak 

of viral replication in the lungs. After that, the numbers gradually went down toward 

day 14 post-infection. In most of the time points, RSV infected group (no Sp 

colonisation) showed higher accumulation of cells compared to the other two groups. 

At day 4, RSV infected mice who had Sp colonisation, showed a significant increase 

in all three cell types compared to only Sp colonised mice P value of which are less 

than 0.05 for neutrophils, and less than 0.001 for macrophages and dendritic cells.  
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Figure 3. 20 Innate immune cells recruitment in the lungs following RSV lung infection 
in the mice with or without pneumococcal carriage.  
Mice were sequentially infected with either Sp or RSV or both IN at a dose of 105 CFU of SP 
in 10µl and 2.5x105 PFU of RSV in 50µl. Lungs were removed at different time points, and 
tissue was dispersed by collagenase digestion. Cells were stained with antibodies directed 
against CD45, Ly6G, F4/80, MHC II, CD11b and CD11c cell surface markers. Total number 
of neutrophils (A), macrophages (B) or DCs (C) per lungs are presented as box and whisker 
plot with median and interquartile range (n=5). Two-way ANOVA with Tukeyôs multiple 
comparison was performed to determine statistical differences between Sp vs RSV or Sp vs 
Sp+RSV or RSV vs Sp+RSV groups for each time point (*P < 0.05, **P < 0.01 and ****P < 
0.001). 
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3.2.5.5 Adaptive immune cells recruitment in the lungs following 

RSV lung infection during pneumococcal carriage 

 
T-cell-mediated cellular immune responses have a critical role in virus clearance. In 

murine models, ablation of either CD4+ or CD8+ T cells after RSV infection has been 

shown to decrease disease severity and illness, indicating the critical role of T cells 

in immune pathology (50,272). FoxP3 Tregs are not well-studied in the context of 

acute RSV infection. One study has described the association of FoxP3+ Tregs 

depletion with increased RSV pathogenesis, which indicates a protective role of this 

cell population during RSV lung infection (50).  

 

Given the higher number of RSV in the lungs of Sp colonised mice having RSV lung 

infection, I hypothesised that the decreased clearance of virus could result from 

decreased in local T cell activity. To test this possibility, lungs tissues were harvested 

from the mice at different times and analysed by FACS. Figure 3.21 represents the 

differential recruitment of T cell subsets in the lungs of Sp colonised and non-

colonised mice showing no difference in the CD4 T cell number among three 

experimental groups over 14 days.  

 

An increase in the CD8 T number was observed in presence of RSV irrespective of 

Sp status until day 7 post infection. CD8+ cell number became significantly higher in 

the coinfected mice compared to both single infection group at day 14.  

 

FoxP3+ Tregs cell numbers also assessed in the current experiment over 14 days. 

Total FoxP3+ Tregs number did not show any difference among different infection 

groups until day 14, when in the Sp colonised mice who had lung infection, it appeared 

to be significantly higher than both single infection conditions (P᾽0.001).  
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Figure 3. 21 Adaptive immune cells recruitment in the lungs following RSV lung 
infection during pneumococcal carriage. 
 Mice were sequentially infected with either Sp or RSV or both IN at a dose of 105 CFU of SP 
in 10µl and 2.5x105 PFU of RSV in 50µl. Lungs were removed at different time points, and 
tissue was dispersed by collagenase digestion. Cells were stained with antibodies directed 
against CD45, CD3 and CD8 cell surface markers as well as stained for FoxP3 after fixation 
and permeabilization of the cells. Total number of CD4 T cells (A), CD8 T cells (B) or FoxP3 
expressing CD4 T cells (C) per lungs are presented as box and whisker plot with median and 
interquartile range (n=5). Two-way ANOVA with Tukeyôs multiple comparisons was performed 
to determine statistical differences between Sp vs RSV or Sp vs Sp+RSV or RSV vs Sp+RSV 
groups for each time point (****P < 0.001).  
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3.2.6 Sp-RSV interaction in the lungs: RSV lung infection during 

pneumococcal pneumonia 

Having a comprehensive picture of the dynamics of bacterial and viral growth, and 

changes in the immune response in the NP and lungs of Sp colonised mice, I set 

out to assess the effects of RSV infection during pneumococcal pneumonia. To 

test this, a murine model was developed where the Balb/c mice were first 

inoculated with a 106 CFU of Sp in 50µl which is capable of creating pneumonia 

in mice (214) (Figure 3.22).  After one day mice were inoculated with 2.5x105 of 

RSV or DMEM in 50µl in and then monitored for 14 days to record weight change, 

disease symptoms, bacterial and viral load in the lungs, and recruitment of 

different innate and adaptive immune cells.  

 

 

 

Figure 3. 22 RSV lung infection during pneumococcal pneumonia model.   
Mice were intranasally inoculated with 106 CFU of Sp (blue dashed arrow) in 50µl one day 
prior to inoculation with 2.5x105 PFU of RSV in 50µl (green dashed arrow). Possible 
dissemination routes for the bacteria have shown by the solid blue arrows from NP to lung or 
blood, and from lungs to the blood.  
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3.2.6.1 Weight change and pain score after RSV lung infection in 

the mice with or without having pneumococcal pneumonia 

While developing the óRSV superinfection in pneumococcal pneumoniaô model, one 

of the speculations was that dual infection in a high volume of bacterial and virus 

would exert a more pronounced effect on the health of the mice than what observed 

in the previous models. To assess this proposition, mice were closely monitored daily 

for 14 days to record the weight change and pain score described by Morton and 

Griffith (269).  

As illustrated in Figure 3.23, Sp infected mice did not show any significant weight loss 

or disease symptoms over 14 days compared to day 0. Mice inoculated with the single 

RSV demonstrated typical weight loss and disease pattern, as shown by other 

authors and my previous model (46,50). Typically, the weight loss starts at about day 

4 to 5, peaks at day 6 to 8 and then the mice start to recover and end up with complete 

recovery by 2 to 4 days (46,50).  

In this model, RSV infected mice followed this trend but not the coinfected mice. At 

the next day of RSV inoculation coinfected animal transiently lost weight which was 

significantly lower than that of the ósingle RSVô group. Pain score of these mice also 

demonstrated a sharp peak at this time, which resulted from the severe symptoms 

developed in two mice in this group. After a period of brief recovery, mice started 

losing weight by day 5, which reached its maximum point at day 7. Both RSV- and 

coinfected animals regained weight afterwards, and the disease symptoms gradually 

disappeared. Notably, in the coinfected mice, the recovery phase was slow and long, 

and they failed to reach the level of RSV infected group until the end of the 

experiment. Like day 2, the pain score of the coinfected mice was significantly higher 

at day 7 than the RSV group indicating coinfection of Sp and RSV produced more 

severe disease in this mouse model.  
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Figure 3. 23 Disease monitoring after RSV lung infection during pneumococcal 
pneumonia.  
Mice were inoculated with 106 CFU of Sp in 50µl one day prior to RSV infection with 2.5x105 
PFU in 50 µl. (A) Weight change in the mice with single or dual infection of Sp and RSV were 
monitored daily and plotted as a percentage of the weight recorded before the introduction of 
Sp or RSV. (B) Pain scores were assessed and plotted against a scale ranging from 1 to 5, 
indicating the increasing severity of symptoms in ascending order. Each point and bar 
represent means ± SEM (n=5) per time point per condition. Blue and green arrows indicate 
the time of instillation of Sp and RSV, respectively. Significance of weight change and pain 
score over 14 days were analysed by multiple t-tests with correction for multiple comparisons 
using the Holm-Sidak method. Asterisks represent significant difference as (*P < 0.05, or  ****P 
< 0.001) for Sp vs Sp+RSV; (# P < 0.05, or  # # # # P < 0.001) for Sp vs RSV; ($ P < 0.05, 
$$$ P < 0.005, or  $$$$ P < 0.001) for RSV vs Sp+RSV. 
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3.2.6.2 Bacterial and viral load in the lungs during pneumococcal 

pneumonia with or without RSV superinfection 

Then the same question was asked if RSV infection could promote bacterial growth 

at the infection site in this model. As expected, Sp density was hugely boosted in the 

lung of the coinfected animals. The number of mice harboured Sp in the lungs was 

higher in the group who had RSV superinfection relative to the mice who had single 

Sp (19 vs 13). The mean bacterial titre was higher in the coinfected group all over the 

experiment and the highest difference recorded at day 2 and 4 though it was not 

statistically significant. Few mice from each group had Sp dissemination in the blood, 

but no definite pattern was observed.   

 

The virus was detected in the lungs of both single- and coinfected animals from day 

2 to day 7. Even though there was a trend of higher viral titre in coinfection at all time 

points, the difference was significant only at day 4 post-RSV infection (P< 0.001).  
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Figure 3. 24 S. pneumoniae and RSV growth dynamics in lungs and blood during 
pneumococcal pneumonia.  
Following IN inoculation with 106 CFU of Sp and 2.5x105 PFU of RSV in 50µl, five mice per 
group were culled, and bacterial load was determined in NP (A) and lungs (B) by Miles and 
Misra method at 1, 2, 4, 7, and 14 days post infection. The Figure also includes a bacterial 
load of day 0 immediately after pneumococci inoculation (before RSV introduction). RSV titre 
was determined in the lungs by immune-plaque assay at the same time points.  Each point in 
the graphs A, B and C represents a single mouse (5 mice/ group/ time point). Statistical 
analysis was performed using Two-way ANOVA with Sidak's multiple comparisons test. 
Asterisks represent significant difference as ****P < 0.001 while comparing the viral titre in the 
RSV group with that of the Sp+RSV group.    
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3.2.6.3 Innate immune cells recruitment in the lungs during 

pneumococcal pneumonia with or without RSV superinfection 

During severe lung infection with Sp and RSV in this model, neutrophils, 

macrophages and dendritic cells showed differential expression at different time 

points (Figure 3.25). Neutrophil influx to the lung was always lower in the RSV 

infected mice compared to the other two groups. Significant increase in the neutrophil 

number was noted in the Sp treated group at day 1 (Sp vs RSV and coinfection) and 

2 (Sp vs RSV) and in the coinfected mice at 4 (Coinfected vs RSV). Afterwards, all 

three groups showed almost identical number of cells in the lugs.  

  

No difference was observed in the total number of macrophages in the lungs between 

Sp and coinfected mice over 14 days. Nevertheless, the number was higher than the 

RSV infected group at day 1, 4 and 14.  

 

Another major determinant of RSV pathology, DC, was counted in the lungs and 

found to be significantly higher in coinfection on day 4, which was not evident in the 

other two groups. DC number dropped in the lung of coinfected mice and followed 

the trend of Sp until day 14. There was a sharp peak in the DC number in ósingle RSVô 

group on day 7, which also fell subsequently 
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Figure 3. 25 Innate immune cells recruitment in the lungs following RSV infection 
during pneumococcal pneumonia.  
Mice were sequentially infected with either Sp or RSV or both IN at a dose of 106 CFU of SP 
in 50µl and 2.5x105 PFU of RSV in 50µl. Lungs were removed at different time points, and 
tissue was dispersed by collagenase digestion. Cells were stained with antibodies directed 
against CD45, Ly6G, F4/80, MHC II, CD11b and CD11c cell surface markers. Total number 
of neutrophils (A), macrophages (B) or DCs (C) per lungs are presented as box and whisker 
plot with median and interquartile range (n=5). Two-way ANOVA with Tukeyôs multiple 
comparison was performed to determine statistical differences between Sp vs RSV or Sp vs 
Sp+RSV or RSV vs Sp+RSV groups for each time point (**P < 0.01, ***P < 0.005 and ****P < 
0.001). 
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3.2.6.4 Adaptive immune cells recruitment in the lungs during 

pneumococcal pneumonia with or without RSV superinfection 

 
Like the previous Sp colonisation model, CD4 T cell numbers did not show significant 

differences in the pneumonia model following RSV superinfection (Figure 3.26A). The 

only difference evident was the higher number of CD4 T cells in the coinfected mice 

compared to single RSV group at day 7 post-infection.  

 

CD8 T cell number did not change in the initial stage of infection, but markedly 

increased after day 4 when coinfected mice had significantly more CD8 T cells in their 

lungs relative to Sp infected animals (Figure 3.26B). Notably, the number was also 

higher than the RSV group on day 7 and day 14. 

 

Figure 3.26C shows the changes in the Tregs number over time in the lungs. The 

total number of FoxP3+ Tregs was significantly higher in the coinfected mice at both 

day 4 and 7 compared to single RSV infection. No difference was observed with the 

single Sp group. 
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Figure 3. 26 Adaptive immune cells recruitment in the lungs following RSV infection 
during pneumococcal pneumonia.  
Mice were inoculated with either Sp or RSV or both IN at a dose of 106 CFU of SP and 2.5x105 

PFU of RSV in 50µl. Lungs were removed at different time points, and tissue was dispersed 
by collagenase digestion. Cells were stained with antibodies directed against CD45, CD3 and 
CD8 cell surface markers as well as stained for FoxP3 after fixation and permeabilization of 
the cells. Total number of CD4 T cells (A), CD8 T cells (B) or FoxP3 expressing CD4 T cells 
(C) per lungs are presented as box and whisker plot with median and interquartile range (n=5). 
Two-way ANOVA with Tukeyôs multiple comparison was performed to determine statistical 
differences between Sp vs RSV or Sp vs Sp+RSV or RSV vs Sp+RSV groups for each time 
point (*P < 0.05, **P < 0.01 and ***P < 0.005).  
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3.2.6.5 IFN-ɔ and IL-17A secreting cells in the lungs during 

pneumococcal pneumonia with or without RSV superinfection 

 
IFN-ɔ producing cells, both T cells and NK cells, play a protective role during RSV 

infection in the lungs (273). Similarly, these cell populations are important in the 

clearance of Sp during pneumonia (216). Likewise, the significance of IL-17A in 

protection from Sp and RSV disease has been described by several authors and 

discussed earlier in this chapter though evidence of altered Th-17 function during 

coinfection has been reported (265).   

 

Given the increased number of Sp and RSV in the lungs of coinfected mice, it was 

postulated that IFN-ɔ might be decreased in the lungs of coinfected mice which may 

appeared to be inadequate for the clearance of the pathogens from the lungs.  

 

Only at day 4, a significant increase in the number of IFN-ɔ secreting cells was 

observed in a coinfected group compared to the Sp infected group. However, it 

showed a marked reduction compared to the RSV infected group (Figure 3.27A). No 

difference was observed among any of the infected groups at any time points.  

 

Similarly, IL-17A secreting cell went up in the coinfected group only at one-time point, 

day 7, and it reached statistical significance compared to single RSV group (Figure 

3.32A). No difference observed with Sp alone infection. 
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Figure 3. 27 IFN-ɔ and IL-17 secreting cell population in the lungs during Sp-RSV 
coinfection.  
Lung tissue was collected on predesignated timepoints after infection with either Sp or RSV 
or both.  Cells were treated with collagenase prior to staining with antibodies to CD45, CD3, 
CD4 surface markers. Cells were then fixed and permeabilised to stain IFN-ɔ and IL-17A for 
FACS analysis. CD45+ cells were gated to select CD3+ and CD4+ cells followed by a 
selection of the total number of IFN-ɔ secreting CD3 cells (A) and IL-17A secreting CD4 cells 
(B) as shown in figure 3.15. Total number of IFN-ɔ+ or IL-17A+ cells per lungs are presented 
as box and whisker plot with median and interquartile range (n=5). Two-way ANOVA with 
Tukeyôs multiple comparisons was performed to determine statistical differences in between 
Sp, RSV and Sp+RSV (*P < 0.05 or ****P < 0.001). 
 

. 
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Figure 3. 28 Overview of the effect of RSV infection in the nasopharynx after high vs 
low inoculum RSV infection. (*) denotes level of statistical significance and (-) denotes 
no difference.  
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Figure 3. 29 Overview of the effect of RSV infection in the lungs of mice having S. 
pneumonia carriage or pneumonia. *) denotes level of statistical significance and (-) 
denotes no difference.  
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 Discussion: 

3.3.1 Sp-RSV interactions in the nasopharynx 

 

One of the major factors governing pneumococcal carriage density, duration and 

dissemination is concurrent viral infections (274). By developing a novel murine model 

of pneumococcal ï RSV coinfection, the present study aimed to explore the effect of 

RSV superinfection on the dynamics of pneumococcal carriage and invasive disease.  

 

The data generated in this chapter show that RSV superinfection positively influence 

pneumococcal load and carriage duration in NP. This increase in Sp density, would 

suggest two possibilities. Firstly, RSV may stimulate Sp growth by some direct or 

indirect mechanism, thus increasing the density of bacteria in the nasopharynx. 

Secondly, RSV may promote bacterial persistence by exerting a negative effect on 

the host epithelial and immune mechanisms of clearance.  

 

RSV infection leads to the production of copious amount of mucus, mainly in the lungs 

but also in the nasopharynx, which acts as a rich carbon source for resident bacteria 

(86,242). Sp in coinfected mice may have utilised RSV-induced excess mucus to 

grow in the nasopharynx. There have also been other mechanisms described by 

different authors in support of the increased bacterial load in the presence of RSV 

such as impairment of mucociliary clearance, overexpression of host cell receptors to 

offer more binding sites for bacteria or upregulation of virulence genes by direct 

binding of Sp and RSV (170,187). In my study, I have not focused on these factors 

and instead have tested the second hypothesis by analysing immune modulators in 

the NP during coinfection.  
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Clearance of Sp colonisation largely depends on the successful recruitment and 

activation of neutrophils and tissue resident macrophages, into the respiratory tract 

(104). During Sp colonisation I observed a significant reduction in macrophage 

numbers in coinfected animals. It is possible that the reduction of tissue resident 

macrophages contributed to the reduced clearance of Sp from the NP of coinfected 

mice. In the same vein, Nakamura et al. (170) have shown that influenza virus and 

Sp coinfection during nasopharyngeal colonisation impairs the recruitment of 

macrophages in a type I IFN dependent manner. They have shown that synergistic 

type I IFN responses in coinfection led to decreased production of the chemokine 

CCL2 and, thereby, inhibits the recruitment of macrophages which results in the poor 

Sp clearance. While I have not tested the type I IFN response in this particular model, 

in the model where mice were inoculated with a higher inoculum of RSV, coinfection 

led to a significant increase in the level of IFN-ɓ in the NP within 24 hours of RSV 

infection. These mice also possessed significantly higher numbers of Sp and fewer 

macrophages in the NP. This result is in line with the proposition established by 

Nakamura et al. and indicates an immunological event in Sp-RSV coinfection that 

also takes place in the settings of IAV-Sp dual infection.  

 

While my results show reduced recruitment of macrophages in NP of coinfected 

animals, neutrophil infiltration remained almost identical to the Sp colonised animals 

over 28 days. This is in contrast to previous studies where massive neutrophil 

infiltration occurred during secondary pneumococcal infection following IAV infection 

(259,263) accompanied by increases in the levels of the chemokine MIP-2 and the 

cytokine TNF-Ŭ, which are known to be associated with neutrophil recruitment at sites 

of inflammation (275). During the analysis of early innate responses in the NP in my 

model, the proinflammatory cytokines and neutrophil-recruiting chemokines such as 

IL-6, TNF-Ŭ, IL-1ɓ and MIP-2 secretion was evident mainly in Sp colonised and 

coinfected mice, but not in the ósingle RSVô infected animals, possibly reflecting the 
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recent bacterial stimulus. These preceding immune events explain why there was no 

difference in the neutrophil number among these two groups at the later stage of 

infection.  

 

IFN-ɔ plays a critical role in both viral and bacterial clearance from the respiratory 

tract. Though there was a brief increase in the level of IFN-ɔ during coinfection, 

clearly, it did not have any effect on the early dynamics of bacterial colonisation during 

coinfection and, additionally, higher bacterial CFU until 28 days post-infection 

indicates IFN-ɔ was not fully functional to clear the bacteria. Other factors that could 

possibly help with this process, e.g. IL-17A, were not elevated either.   

 

The idea of testing the high inoculum RSV infection in my murine model originated 

from the quest for factors that contribute to the dissemination of Sp from NP 

colonisation. Having seen a varied pattern of Sp dissemination into the lungs and no 

dissemination at all into blood with the low dose RSV infection model, it was 

speculated that higher doses of RSV may contribute to more inflammation and may 

initiate bacterial spread from the NP. During the high dose secondary RSV infection 

following Sp colonisation, Sp dissemination was indeed considerably increased in the 

lungs but not in the blood (Figure 3.13). It was accompanied by heightened 

inflammatory response as well (Figure 3.15). It was not surprising that more 

inflammatory mediators were released with a high infective dose of RSV because the 

immune response after RSV infection is highly dependent on the viral titre in the 

inoculum (269). Moreover, it emphasised the role of increased inflammation as one 

of the potential factors which regulate and drive the transition of Sp carriage towards 

invasive disease. This finding is in contrast with that of Nguyen et al. who showed no 

Sp dissemination from the NP into the lungs with the same infection regime tested in 

a cotton rat model of coinfection (162). Their finding of enhanced RSV replication in 

NP during coinfection is also in contrast to my data as I did not observe any 
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enhancement in RSV replication in the NP of the Sp colonised mice. This discrepancy 

may be because they used cotton rats in their study, which may differ in the 

pathogenicity to RSV infection than mice. Moreover, they used different clinical strains 

of Sp (serotypes 8, 15A, 19A, 19F and 23F) and most importantly, a different 

recombinant Human RSV B virus that possibly behaves differently than the most 

frequently used RSV A2.  

 

The role of TGF-ɓ in maintaining the density and duration of Sp carriage was recently 

described (216). Although there is a general paucity of studies on the relationship of 

RSV infection with TGF-ɓ, some authors have described TGF-ɓ as a major regulator 

for RSV-induced T-cell responses and RSV replication (276,277). Yet, no studies 

have been found that could associate TGF-ɓ with nasopharyngeal infection or 

coinfection. In my coinfection model, there was evidence of increased TGF-ɓ after 

RSV superinfection compared to single Sp infection alone. It can be argued that, the 

increased carriage density and duration of SP, in this model, was partly regulated by 

increased levels of TGF-ɓ. However, as there was no increase in the viral titre in the 

NP or in the lungs of coinfected animals, no association could be drawn between 

TGF-ɓ level and RSV replication.  

 
 

3.3.2 Sp-RSV interaction in the lungs 

Given the prior published evidence of RSV infection increasing susceptibility to Sp 

infection (146,232,278), this study set out to examine Sp-RSV coinfection in the lower 

respiratory tract adopting two unique approaches. Firstly, RSV lung infection 

preceded by pneumococcal carriage (with no pneumococcal infection in the lower 

airways) and secondly, RSV lung infection preceded by pneumococcal pneumonia.  
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In the first approach, the main goal was to see if RSV lung infection exerted a remote 

effect on Sp carriage in the nasopharynx and promoted the downwards translocation 

of bacteria. Then, the aim was to see how the óacquired coinfectionô affected viral 

growth, disease pattern and the lung immunology. After RSV infection, in lungs of Sp 

colonised mice showed classical weight loss and disease patterns as generally 

demonstrated by RSV infection (46). Additional weight loss was noted in the 

coinfected animals during the recovery phase (at day 8 and 10), which indicated a 

delayed recovery from disease in these mice.  

 

There was an increase in the NP carriage density and dissemination of bacteria into 

the lung during RSV superinfection in the lungs and the, but the effect was not as 

great as in the óhigh dose RSV modelô. It was difficult to ascertain whether the 

increased bacterial load in the NP is a remote effect of RSV infection in lungs or the 

effect of any virus that might have remained in the NP during inoculation.  

 

To identify the changes in the innate and adaptive immune cellular response, lung 

neutrophil, macrophages and dendritic cells were assessed by FACS. Unlike the 

colonisation model, neutrophil, macrophage and dendritic cell numbers were highly 

increased in the coinfected mice during coinfection, which coincided with the peak of 

RSV replication. The previous observation of decreased macrophage accumulation 

is in contrast with this finding. However, careful analysis of the data reveals that, 

though the cell numbers were increased in coinfection, they always maintained the 

level similar to single RSV infection. So, it is possible that the apparent changes in 

the immune cell populations were mainly driven by RSV and that the changes are 

indeed very typical for RSV lung infection (273). No additional effect observed during 

coinfection. 
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Both CD4 and CD8 T-cells are essential in the regulation of viral clearance and 

disease severity, CD8 T cells being a more critical mediator of illness (42). Ventilated 

patients present an elevated level of granzyme B, expressed by CD8 T cells,  in the 

lower respiratory tract during  RSV bronchiolitis, suggesting the direct correlation of 

CD8 T cell with disease severity (279). Though T cell activation and function during 

infection is strictly antigen dependent, I wanted to see if there were any additional 

changes in the total CD4 and CD8 T cell number in coinfected animals and if it 

correlated with the viral titre and disease severity in my murine model.   

 

A temporal relationship has been observed among the recruitment of CD8 T cell, 

clearance of virus from the lungs and the disease severity in mice. This is in contrast 

with the study where the Sp superinfection led to a signiýcant decrease in the 

Influenza virus-speciýc CD8 T cell response in the lung (273). The inconsistency in 

the T cell number may be due to their data presented only the IAV specific CD8 T 

cells in contrast to the total number of CD8 T cells recorded in this study. 

Nevertheless, in my model, the higher number of CD8 T cells in coinfected mice 

correlated with more severe disease and the delayed recovery in this group. The 

authors showed an inverse relationship between the number of CD8 T cells and 

Tregs.  A positive correlation have also been demonstrated  between decreased 

Tregs number and increased CD4 and CD8 T cells as well as enhanced weight loss 

in Balb/c mice (273). In contrary, I have observed a significant increase in Treg cell 

numbers at day 14 while CD8 T cell number was still high. This would not be 

surprising, because, FoxP3+ CD4 Treg cells were shown to responsible for the early 

recruitment of CD8 T cells in the lungs after RSV infection and by modulating CD8 T 

cell response, T reg cells limit the immunopathology in the lungs (280,281). Therefore, 

this is possible to observe high CD8 T cell number along with high Treg cells for time 

being in the course of this pathogenesis. As I did not follow up on the later time points, 
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it is also possible that, the cell repertoire will show different pattern at later time points 

of coinfection.  

 

Next, I attempted to explore the parallel events in the model of óRSV lung disease 

preceded by pneumococcal pneumoniaô. When RSV was inoculated into mice who 

already had pneumococcal pneumonia, they developed significant weight loss and 

disease symptoms compared to any of the single infection groups. These mice also 

had an overall higher number of bacteria in their lungs all throughout the experiment 

signifying, again, the potential role of RSV in promoting bacterial growth or 

persistence in the infection site. Bacterial spread to the blood, however, was not 

consistent or significant in coinfection. Additionally, while RSV infection augmented 

the bacterial load in lungs, bacterial infection also positively influenced viral replication 

during coinfection, demonstrating the dual effect of co-infection in the lungs.  

 

One important observation is that, despite having a massive infiltration of immune 

cells into the lungs, bacterial clearance was not mounted efficiently in this model. The 

possible reason may be due to the higher numbers of bacteria and virus coinfecting 

the lungs, thereby,  overwhelming the immune system (3) or the skewing of the 

immune response from one geared to clear pneumococcal infection to one dealing 

with a viral infection. Several studies have described the synergistic effect of 

coinfection on immune responses, leading to cytokine storm and migration of innate 

immune cells. At the same time, there is a growing body of literature which 

demonstrated the phenomenon of the dysfunctional immune system, which failed to 

clear the pathogens, during coinfection. For instance, IFN-ɔ mediated inhibition of 

macrophage activity, inefficient phagocytic activity of virus-infected monocytes or 

impaired functionality of neutrophils and NK cells during coinfection have been 

attempted by several authors (174,178ï180). This might be the case in my model as 
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well where the immune cells were recruited successfully but failed to clear the 

bacteria from the infection site.  

 

Finally, this model allowed comparatively early and marked recruitment of the T cell 

subsets compared to the previous lung infection model where RSV was inoculated in 

the lungs of Sp colonised mice. The lung co-infection model is indicative of a stronger 

inflammatory response contributed by both pathogens in the lungs while the response 

in the previous (Sp in NP and RSV in lungs) model was driven principally by RSV. 

Like the previous model, high CD8 T cell numbers in coinfected animals both during 

the disease-peak and -recovery phase provide more obvious evidence of worsening 

disease outcome and delayed recovery during Sp-RSV coinfection.  

 Concluding remarks 

The present work aimed to gain mechanistic insight into RSV-Sp colonisation 

and invasive disease. Using a murine model of both Sp carriage and invasive 

disease, and a novel approach of RSV superinfection, the following observations 

have been made.  

1. RSV superinfection increased pneumococcal carriage density and duration 

in the NP. The magnitude of RSV-induced bacterial growth was more 

pronounced during Sp carriage compared to pneumonia (Figure 3.4 vs 

Figure 3.22) 

2. During Sp colonisation and RSV infection in the lungs, coinfection led to a 

reduction in macrophage recruitment and thereby hampered the bacterial 

clearance from NP. On the other hand, during pneumonia (both pathogens 

in the lung) there was increased infiltration of innate immune cells including 

neutrophil and macrophages; yet, bacterial density remained high. 
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3. While RSV replication was not promoted by Sp colonisation in the NP, 

replication was boosted in the lung during pneumococcal pneumonia  

4. Sp carriage did not produce additional disease symptoms except delayed 

recovery from RSV-induced disease. RSV superinfection in the lungs 

resulted in significant weight loss and increased severity of disease in mice 

with pneumococcal pneumonia. Coinfected mice also experienced a delayed 

recovery from the disease; 

5. Disease severity in coinfected mice was correlated with the high CD8+ T cell 

number in the lung after RSV lung infection, in both pneumococcal carriage 

and pneumonia model (Figure 3.16 vs Figure 3.22) 

6. Most of the events, such as increased bacterial load or immune cell infiltration 

occurred at Day 4 post RSV infection which coincided with the peak of viral 

replication; 

7. Increased inflammation was shown to be one of the driving factors for Sp 

dissemination from nasopharynx to lungs  

8. RSV superinfection does not cause bacteraemia in Balb/c mice or mortality 

in Balb/c mice. 
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Streptococcus pneumoniae in vitro growth dynamics and 

host response during RSV coinfection 

 Introduction 

Bacterial and viral coinfection in the respiratory tract is a complex process where 

all three players, bacteria, virus and the host, play an individual and/ or 

complementary role in determining the outcomes. Through my in vivo mouse 

model, I have made the critical observation of pneumococcal outgrowth in the 

nasopharynx and dissemination to the lower respiratory tract during RSV 

infection in mice previously colonised with the bacteria. This could result from a 

cumulative effect of exaggerated host cytokine response, increased receptor 

expression on the epithelial cell surface, bacteria and virus-induced epithelial 

damage or failure of the immune cells, e.g. neutrophils and macrophages, to 

clear pneumococci from the nasopharynx (187). Direct interaction of Sp and RSV 

has also been proposed to increase pneumococcal virulence and binding to the 

epithelial surface (170,187). Therefore, further investigation was required to 

elucidate the specific mechanisms responsible for bacterial outgrowth during 

RSV coinfection. In vivo models of coinfection have more translational proximity, 

but the particular interaction between bacteria and virus (and host) is 

complicated to elaborate in this setting due to multiple systems involvement. On 

the other hand, despite limitations, in vitro models are useful to dissect a specific 

mechanism involved in this multifaceted process.  
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Therefore, in this chapter, I aim to explore the possible factors that might 

contribute to pneumococcal growth in coinfection settings, by using in vitro cell 

cultures as well as cell-free coinfection models. I designed an in vitro model of 

upper respiratory tract infection using the nasopharyngeal immortalised Detroit 

562 cell line, as well as a model of lower respiratory tract infection using the 

human alveolar basal epithelial cell line, A549. I then studied pneumococcal 

growth dynamics in a time-lapsed manner at different phases of the growth cycle 

in the presence of various PFU of RSV.  

 

To further extend the investigation into host interaction level, I sought to examine 

the effect of RSV-pneumococci coinfection in modulating host immune response 

and epithelial integrity. Many authors have demonstrated altered inflammatory 

responses during Sp infection in the presence of RSV or other viruses by using 

human cell lines (170,282,283).  However, most of these studies have examined 

RSV infection followed by a secondary bacterial infection where the counter 

approach has remained under-explained.  Also, whereas RSV induced epithelial 

damage has been widely described in coinfection studies, transmigration of Sp 

across epithelial barriers has not been reported yet in RSV-Sp coinfection. To 

explain the increased incidence of invasive pneumococcal disease during RSV 

coinfection, the impact of RSV infection on epithelial integrity and transmigration 

of Sp were examined, using the transwell tissue culture platform.  
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The mechanisms of Sp-RSV coinfection in the context of RSV infection preceded 

by Sp infection was investigated. Broadly, the following aspects are described in 

this chapter.   

1) Pneumococcal growth dynamics during RSV coinfection 

2) Impact of bacterial and/or viral growth on host immune response 

3) Influence of coinfection on respiratory epithelial integrity and 

pneumococcal transmigration through the epithelial barrier 

 

 

 

 
Figure 4. 1 Experimental outline of the current chapter. 
Bacterial liquid growth media (BHI) or human nasal (Detroit 562) and /or bronchial (A549) 
epithelial cell lines were infected with S. pneumoniae, and RSV and the tests shown in 

the figure were completed. Study objectives are shown in green boxes w and the 

experimental readout in blue ww .  

 

 

 

 

 










































































































































































































































