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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-1β. 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 (8–10).  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). 



20 

 

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 15–20 hours. Progeny viruses begin to release by 10–12 

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 (2·7–3·8) 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 confined 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-specific 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 ‘RSV vaccine and mAb snapshot’ (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 κ-light-chain-enhancer of activated B cells (NF-κB), 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)-α and IL-12 (35). TLR2 and TLR6 interaction with G 
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protein mediates the section of IL-6, TNF-α, 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-κB. (RIG)-I leading to the induction of IFN-α and IFN-β (36). 

 

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

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

antiviral response via inhibitor of kappa B (IκB) 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 

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

RSV infection include, β-chemokines CCL3 or macrophage inflammatory protein-1 

(MIP-1α), 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-1β, IL-6, IL-8, IL-10, IL-12 and TNF-α, 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-ɣ, which has substantial effects on 

developing αβ-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-κB via MyD88. RSV 
upregulates NF-κB via IκB 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 ‘maternal vaccination for neonatal protection’ (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 (54–56). Th17 and possibly 
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double negative and ɣδ 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 inflammatory mediators, e.g., TNF and IFN-α/β. 
NK cells and polymorphonuclear (PMN) cells are recruited in the first 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 inflammatory 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-ɣ. 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 -β and IFN-stimulated gene-15 (60). G protein also interferes with Toll 

IL-1 receptor domain-containing adaptor molecule-1 or NF-κB 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 

‘DNA- as a genetic material’ 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:  

“Given this wealth of possibilities, the future of pneumococcal research promises to 

be at least as exciting as its past.” 

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 (72–74). 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 



35 

 

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 50–64 year-old age group: 

12F, 9N, 8 and in the 15–59 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


37 

 

  
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 significantly 

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) 



39 

 

Table 1.3 Important virulence factors of pneumococci and their role in bacterial pathogenesis 

 

virulence factor 

Function 

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

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

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

Pneumolysin (Ply) 

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

• Activates chemokine and cytokine production causing inflammation  

• Drives host-to-host transmission 

Autolysin  
• Cell lysis and break down peptidoglycan  

• Exposes hosts cell to Ply and teichoic acid 

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

• Aids in colonisation by adhering to the epithelial cell membrane 

Pneumococcal surface protein C (CbpA) 

• Protects against the complement system of the host 

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

and invasion the nasopharynx  

Pneumococcal surface adhesin A 

(PsaA) 

• Transports magnesium and zinc into the cytoplasm of the bacteria  

• Exert resistance to oxidative stress 

Other choline-binding proteins: LytB, 

LytC,  CbpC, CbpG 

• Promote bacterial colonisation of the nasopharynx 

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

• Important for host cell recognition 

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

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

Enolase (Eno) • Binds to plasminogen 
 

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

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

• Inhibits phagocytosis by immune cells 

Bacteriocin • Inhibits the growth of competing bacterial cells 

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

• Aids with cell adherence 

IgA protease • Cleaves human IgA1 
 

Lipoteichoic acid • 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 α-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 (87–89). 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-α, 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-α, IL-6, KC and pro-IL-1β. While functional TNF-α, 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-1β into mature IL-1β. 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-1β, 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-β1, 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 proinflammatory response (94). Other mediators 

needed for clearance, including interleukin-1β (IL-1β), 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 defined as 

isolation of bacteria from a normally sterile site, such as blood, cerebrospinal fluid, 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- α 

(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-β -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 α- 

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, 



 

48 

 

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 acute‐phase 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)- ɣ and 

IL-17A by T cells (109). NLRP3 mediated IL-1β 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 β2 

integrin Mac-1 and α4/β1 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.  



 

50 

 

 

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-γ and perforin-dependent manner and 

to regulate the IL-17 response via TGF-β, 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 (121–123) 

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 define 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 ≥ 65 

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

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 (Synflorix™, 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 affinity (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 4–8 weeks, PCV13’s 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 (134–136). 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 (8,142–145), some observed no 

association (10,146–148).  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 “microbiota” 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 (151–154).  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 (142,155,156,158–161). 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 (168–170) 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-γ 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 (190–192) 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 (110,195–197), while RSV is primarily 

detected by TLR2, TLR4, TLR6, RIG-I and NOD2 (54,198–200). 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 



 

63 

 

interferon-β) leading to the induction of an array of transcription factors such as IRF3, 

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

primarily activate the NF-κB-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- α 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). 



 

66 

 

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 ‘Air liquid 

Interface (ARI) model’. 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 (214–216). 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 (213–218). 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-β, 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 (227–

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: 

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

mimicking the clinical features observed in humans 

▪ To investigate the impact of RSV exposure on pneumococcal nasopharyngeal 

carriage and invasive disease 

▪ 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 (235–237). While being isolated almost a century ago, D39 

genome remained quite stable during propagation, and it’s 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 -80C. 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 37C. 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 

(OD500≥ 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 37C. 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 

OD5000.70 and incubated statically for 5 hours at 37C.  When the OD500 value 

reached ≥1.2, bacterial suspension was aliquoted and stored in -80C. 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 l 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 37C 

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, Queen’s Medical Research Institute, University 

of Edinburgh, UK).  

 

Among several stains of human RSV, the most widely used strain in RSV 

pathogenesis studies is A2 (182,240–242). 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-23™) were seeded in T175 flasks in Dulbecco’s Modified 

Eagle’ 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 ≥50% 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 -80˚C 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-185™) and 

laryngeal cell line Hep-2(ATCC CCL-23™) were cultured in glucose-enriched DMEM 

supplemented with 2 mM L-glutamine and 10% FCS. Immortalised human 

pharyngeal carcinoma cells (Detroit 562) (ATCC CCL-138™) 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 μg / ml 

Hydrocortisone 0.5 μg / ml 

Epinephrine 0.5 μg / ml 

Triiodo-L-thyronine 6.7 ng / ml 

Transferrin (recombinant human) 10 μg / 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-α 

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 10l 1x107 

 

Invasive pneumonia 1x106  CFU 50l 2x107 

 

 

B. For RSV: 

Model Inoculum dose  Inoculation 
volume 

PFU/ml 

NP inoculation (Low 
inoculum) 

105 PFU 10l 1x107 

NP inoculation (High 
inoculum) 

5x106  PFU 10l 5x108 

 

Lung inoculation 2.5x105  PFU 50l 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  ‘lethargic +/++’ 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 manufacturer’s 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 2l of Heparin (10units/ml, 

Sigma) to prevent the blood clotting. 20l 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.  
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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 
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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 Bioscience™ 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 

TGF 

secreting cells 

CD3 Alexa700, CD4 BV786,  

TGF PerCp-Cy5.5 

IFN-ɣ  

secreting cells 

CD45 BV421, CD3 Alexa700, IFN-ɣ APC 

 

TNF-α 

secreting cells 

CD45 Amcyan, TNF-α 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 manufacturer’s 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 -α (TNF-α) from R&D system 

(Abingdon, United Kingdom). For in vivo immune response cytokines and 

chemokines analysed are mouse IL-6, IL-1β, IL-17A, TNF-α, Interferon -ɣ (IFN-ɣ), 

IFN-β, 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% β-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 TaqMan™ 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 (5’-3’) GAA CTCA GTG TAG GTA GAA TGT TTG CA,  

Reverse (5’-3’) 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 ˃80% 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. 
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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 × 75 μm inner diameter, C18, 3 μm, 100 Å) at 9μl /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 μm inner diameter, C18, 2 μm, 100 Å) 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 – 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 ‘Sp’ 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 ˃ 105 

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 confined 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.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

109 

 

 
 

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 Tukey’s 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-α and IFN-γ 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-α and IFN- γ (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-γ 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-γ was not elevated (216). In contrary, TNF-α 

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-α and IFN-γ might be decreased in the coinfected mice which 

failed to clear the bacteria from NP in my colonisation model.  

 

The total number of TNF-α and IFN-γ 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-α (P˂0.01) compared to the single RSV or Sp infection 

(Figure 3.9A).   

 

IFN-γ in RSV infection demonstrates significant boosting during day 4 and 7. 

Coinfected mice showed the trend of high IFN-γ 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-α) and Interferon-gamma (IFN-γ) 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-α and IFN-γ for FACS analysis. Total number of 
(A) CD45+ TNF-α+ and (B) CD45+ IFN-γ+ cells per NP are presented as box and whisker plot 
with median and interquartile range (n=5). Two-way ANOVA with Tukey’s 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-β 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-β 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-β (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-β 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-β 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-β 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-β to analysed by FACS. 
Total number of (A) CD4+ IL-17A + cells and (B) CD4+ TGF-β+ cells per NP are presented 
as box and whisker plot with median and interquartile range (n=5). Two-way ANOVA with 
Tukey’s 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-α, IL-1β, IL-6, 

IFN-α/β, KC, MCP-1, and MIP-2, via stimulation of the transcription factor NF-kB 

and/or IRF3/7 (195).  

 

Moreover, Ply mediated  IL-1β 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-α, IL-1β 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-α among different infection 

groups (Figure 3.12C). 

 

 

Chemokines such as MIP-2 and cytokine IL-1β also measured in the NP (Figure 

3.12B and D, respectively). All three groups appeared to induce MIP-2 and IL-1β 

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-α and IL-1β 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 Tukey’s 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-1β, TNF-α, INF-γ IL-12, IL-6, MIP-1α, 

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 Sidak’s multiple comparisons test. Asterisks 
represent significant difference as *P < 0.05 and ***P < 0.005 while comparing Sp with 
Sp+RSV group.    
 

 

 

 

 



 

126 

 

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. 

 

 

 

 

 



 

127 

 

 

 

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 Tukey’s 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-α, and IFN-β 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-α 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-

β 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-β concentration 

in coinfection was highest, which was significantly different from Sp and RSV single 

infection. Coinfection causes significant changes in the level of IFN-ˠ 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-1β 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-α, IFN-γ, IFN-β, IL-17A and IL-1β 
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 Tukey’s 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 Griffith’s 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 

‘single Sp’ group.  
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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) fluid 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-α, 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 Tukey’s 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 Tukey’s 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 ‘RSV superinfection in pneumococcal pneumonia’ 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 ‘single RSV’ 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 ‘single RSV’ 

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 Tukey’s 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 Tukey’s 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-γ and IL-17A secreting cells in the lungs during 

pneumococcal pneumonia with or without RSV superinfection 

 
IFN-γ 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-γ 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-γ 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-γ 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-γ 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-γ secreting CD3 cells (A) and IL-17A secreting CD4 cells 
(B) as shown in figure 3.15. Total number of IFN-γ+ or IL-17A+ cells per lungs are presented 
as box and whisker plot with median and interquartile range (n=5). Two-way ANOVA with 
Tukey’s 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 – 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-β 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-α, 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-α, IL-1β and MIP-2 secretion was evident mainly in Sp colonised and 

coinfected mice, but not in the ‘single RSV’ 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-γ 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-γ 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-γ 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-β 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-β, some authors have described TGF-β 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-β with nasopharyngeal infection or 

coinfection. In my coinfection model, there was evidence of increased TGF-β 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-β. 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-β 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 ‘acquired coinfection’ 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 ‘high dose RSV model’. 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 significant decrease in the 

Influenza virus-specific 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 ‘RSV lung disease 

preceded by pneumococcal pneumonia’. 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-γ 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 (174,178–180). 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 .  
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 Results 

4.2.1 Streptococcus pneumoniae in vitro growth dynamics during 
RSV coinfection 

 
Based on the previous finding of increased pneumococcal colonisation density during 

RSV coinfection, in vitro growth dynamics of Sp serotype 2 (strain D39) was 

investigated in the presence of RSV. A range of Sp and RSV concentrations were 

tested in a checker-board fashion to identify any dose-dependent response in the Sp 

growth pattern exerted by RSV.  

 

In vitro cell culture model was used to monitor pneumococcal growth in the presence 

of RSV infection where A549 cell line or cell-free bacterial liquid growth media, BHI, 

was simultaneously inoculated with different concentrations (103/well, 104/well, 

105/well, and 106/well) of Sp and RSV, measured in colony forming unit (CFU) and 

Plaque forming unit (PFU), respectively. Growth was monitored in clear flat bottom 

96 well plate by measuring OD500 nm in FLUOstar Omega plate reader throughout 18 

hours. Readings were taken automatically every 15 minutes after briefly shaking the 

plate by the machine. 

 

Pneumococcal growth curves were compared by maximum OD500 nm recorded during 

different growth phase over 18 hours. All data were adjusted to the OD500 nm of control 

well containing only A549 cells and growth media.  
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Figure 4. 2 Streptococcus pneumoniae growth pattern in the A549 cell line when 
interacting with different PFU of RSV.  
Pneumococcal growth was monitored in clear flat bottom 96 well plate by measuring 
OD500nm in FLUOstar Omega plate reader. Each graph depicts the growth pattern of a single 

CFU of bacteria (103/well or 104/well or 105/well or 106/well) in the presence of different PFU 
(103/well, 104/well, 105/well, in corresponding graph (as labelled in the figures).All ODs were 
normalised against the OD500nm of control media DMEM. One-way repeated measure 

ANOVA with Dunnett's multiple comparison test was used to calculate the statistical 
significance of overall bacterial growth in 18 hours between Sp and Sp+RSV conditions of 
different concentrations. (*P < 0.05, **P < 0.01 and ***P < 0.005) 
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Figure 4. 3 Streptococcus pneumoniae growth pattern in BHI when interacting with 
different PFU of RSV.  
Pneumococcal growth was monitored in clear flat bottom 96 well plate by measuring OD500 
nm in FLUOstar Omega plate reader. Each graph depicts the growth pattern of a single CFU 
of bacteria (103/well or 104/well or 105/well or 106/well) in the presence of different PFU 
(103/well, 104/well, 105/well, and 106/well) of RSV.  ‘Single Sp’ represent the bacteria 
without RSV exposure having a specific CFU of the corresponding graph (as labelled in the 
figures).  All ODs were normalised against the OD500nm of control media BHI. One-way 

repeated measure ANOVA with Dunnett's multiple comparison test was used to calculate 
the statistical significance of overall bacterial growth in 18 hours between Sp and Sp+RSV 
conditions of different concentrations. (*P < 0.05, **P < 0.01, ***P < 0.005 and ****P < 0.0001) 

 
 

 

 

 

 

 

 

 

 

Each graph in figures 4.2 and figure 4.3 illustrates the growth of a specific CFU of 
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Sp in the presence or absence of RSV exposure. Pneumococcal growth showed 

a dose-dependent augmentation in growth rate in the presence of increasing PFU 

of RSV, which was reflected by the gradual shortening of the lag phase of growth 

curve. This lag phase of growth curve indicates the time required by the bacteria 

to become metabolically active and to prepare for the next stage of growth. During 

log phase, when exponential growth started, pneumococci exposed to 106 /well 

RSV consistently showed significantly higher OD reading (P<0.005) at all four 

bacterial concentrations in comparison to bacteria alone at an equivalent 

concentration. During the stationary phase, Sp growth rate at all PFU of RSV 

levelled off as the rate of bacterial cell death began to equal the rate of cell division 

due to exhaustion of available nutrients and development of toxic products (284). 

 

Pneumococcal growth followed a similar trend both in A549 cells and cell-free BHI 

broth. However, the overall growth rate appeared to be slower in A549 as 

represented by the longer lag phase and lower peak exponential phase compared 

to the equivalent bacterial CFU in BHI broth.  

 

Interestingly, both in Figure 4.2 and 4.3, the distance between the growth curves 

of RSV non-exposed and exposed pneumococci tend to be gradually reduced 

with the increasing CFU of bacteria. To have a better visual impression of this 

change, RSV exposed, and non-exposed pneumococcal growth curves were 

plotted together against a specific PFU of RSV in Figure 4.4.  
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Figure 4. 4 Streptococcus pneumoniae growth in A549 cell line (a) or BHI (b) with and 
without exposure to RSV (Overlay of Figure 4.2 and Figure 4.3).  
Pneumococcal growth was monitored in clear flat bottom 96 well plate by measuring 
OD500nm in FLUOstar Omega plate reader. Each graph presents four different CFU of 
Sp (103/well, 104/well, 105/well, and 106/well) exposed to a single PFU of RSV (RSV+Sp). 
‘Single Sp’ represent the bacteria not exposed to RSV. All ODs were normalised against 
the OD500nm of control media DMEM or BHI. Statistical analysis was performed by one-
way ANOVA, which have already been shown in the previous graphs (Figure4.2 and 
Figure 4.3). 
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The growth pattern of all four CFU ranges of Sp in the presence or absence of 

varying PFU of RSV is shown in Figure 4.4. In the presence of A549 cell 

monolayer, at the lowest PFU of RSV (103/well), there was no augmentation 

in pneumococcal growth rate for any of the CFUs used. At the same PFU of 

RSV in BHI, pneumococcal growth enhancement was only observed in the 

103/well CFU. In both A549 and BHI, the addition of 104/well PFU of RSV had 

similar effects, whereby an increase in growth rate was only observed when 

the pneumococcal concentration was lower than RSV concentration. At the 

highest titers of RSV; i.e. 105/well and 106/well, the growth rate of all four 

bacterial CFU were positively influenced in both A549 and cell-free BHI 

settings. These data indicate that the RSV-driven increase in pneumococcal 

growth rate requires an optimal RSV: Sp ratio, which is at least 1:1. Higher the 

ratio more the growth Sop observed. 
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4.2.1.1 Pneumococcal growth dynamics in cell and cell-free media 

 

In section 4.2.1, pneumococcal growth rate appeared to be higher in a cell-free 

BHI broth. Bacterial growth is highly dependent on growth conditions such as 

composition and pH of the media or cell type where they are grown (284). BHI 

broth and DMEM media markedly differ in their composition, which may affect 

pneumococcal growth. Therefore, a growth curve experiment was carried out 

to confirm the better pneumococcal growth rates in BHI. Pneumococci were 

grown in the presence of different cell lines (A549 and Detroit 562) and cell 

culture media (DMEM and bacterial growth media BHI). Instead of measuring 

the OD, bacterial growth was monitored by determining the viable counts/ml using 

the Miles and Misra method (284).  

 

Results in Figure 4.5 demonstrate that pneumococcal growth rates remained 

unchanged among all groups until 6 hours post inoculation, whereby 

pneumococcal density increased significantly in the cell-free BHI condition in 

comparison to all other conditions tested. This difference in growth rate 

persisted until 9 hours. By 12 hours, bacterial growth rates in BHI, DMEM, and 

A459 levelled off and showed no significant differences, while CFUs in Detroit 

562 cell line remained significantly lower than that of BHI. Overall, 

pneumococcal growth rate in cell-free BHI was considerably higher compared 

to the other 3 conditions examined (P < 0.01 in BHI vs A549 or DMEM and P 

< 0.005 in Detroit 562). No significant differences were found in viable counts 

between these 3 experimental conditions i.e. A459, Detroit 562 and cell-free 

DMEM, at any stage of the growth cycle.  
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Conditions Significance P-values 

BHI vs. A549 cells in DMEM  ** 0.0033 

BHI vs. Detroit cells in DMEM *** 0.0009 

BHI vs. DMEM only ** 0.0050 

 
 
Figure 4. 5 Pneumococcal growth in different cell line and cell-free media.  
A549 and Detroit 562 cell monolayers were grown in 12 well tissue culture plate. Both 
the cell lines, DMEM and BHI,were infected with 5x104 / well Sp and samples were taken 
3 hourly until 12 hours and then at 24 hours to measure the CFU. Values represent the 
mean of three replicates ±SEM. Statistical analysis was performed by Two-way ANOVA 
with Dunnett’s multiple comparison test, where overall bacterial growth (CFU) across 24 
hours in A549/ Detroit 562/ DMEM was compared with the CFU in BHI. (**P <0.01 and 
***P < 0.005) 
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4.2.1.2 Effect of soluble factors on pneumococcal growth 

The RSV stocks used in the growth dynamics experiments were isolated from 

preparations of supernatant collected after infecting Hep2 cell lines with RSV.As 

RSV co-incubation clearly increased pneumococcal growth rates in the 

experiments described above, and that it was possible that collected RSV 

supernatants (S/N) contained soluble factors released from Hep2 cells as a 

consequence of RSV infection, it was decided to investigate whether increased 

pneumococcal density during RSV co-administration was mediated by soluble 

factors within the supernatant or by RSV alone. To answer this question, 

pneumococcal growth was monitored in a 96 well plate format after adding 200 

µl of bacteria in BHI alone or in combination with the following preparations listed 

in Table 4.1. Details of stock preparations are described in the method section 

(Chapter 2). 

 
Table 4.1 Different RSV preparations used for in vitro experiments with their 
brief compositions 
 

RSV 
preparations 

Abbreviation Formulation 

Unpurified RSV 
Un-RSV 

 
RSV infected Hep2 cell 
supernatant (Virus +S/N) 

Purified RSV 
 

P-RSV Purified RSV (Virus-S/N) 

UV inactivated 
RSV 
 

UV-RSV 
Inactivated RSV (Killed 
virus +S/N) 

Heat-inactivated 
RSV 
 

Heat-RSV 
Killed virus + denatured 
S/N 

Mock-infected 
Hep2 cell 
supernatant 
 

Mock S/N Uninfected Hep2 cell S/N 
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Figure 4. 6 Pneumococcal growth in the presence of differently treated RSV in BHI.  

In BHI media Sp is incubated alone or in the presence of unpurified, purified, UV treated and 

heated RSV, and mock Hep2 cell supernatant. Growth was monitored in clear flat bottom 96 

well plate by measuring OD500nm in FLUOstar Omega plate reader over 12 hours. All ODs 

were normalised against the OD500 nm of control media BHI. One-way ANOVA performed 

statistical analysis with Holm-Sidak’s multiple comparison test where the mean of each 

condition was compared with the mean of every other condition. (*P < 0.05, **P < 0.01, and 

****P < 0.001) 

 

Bacterial growth in the presence of different RSV preparations was presented in 

OD500 nm measured after 12 hours of incubation. Bacterial growth rates during 

incubation with unpurified RSV was significantly enhanced compared to any other 

conditions tested. Sp, grown with purified RSV, also showed a significant growth 

enhancement in comparison to other preparations except for un-RSV. There was no 

difference in the growth rate of Sp when incubated with heat-inactivated RSV and 

mock Hep2 supernatant. 
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4.2.1.3 Effect of different RSV preparations on cytokine production 

by A549 epithelial cells 

 
 
In this section, I aimed to assess the effect of the different RSV preparations on 

cytokine production by epithelial cells. Human nasopharyngeal epithelial cells 

(Detroit 562), were seeded onto a 12-well tissue culture plate. Upon ˃90% 

confluence, the cell cultures were supplemented with (i) unpurified, (ii) purified, 

(iii) UV treated, (iv) heat-inactivated RSV or mock Hep2 cell supernatant. After 24 

hours of incubation, cell culture supernatants were collected to determine the level 

of two key cytokines (IL-8 and IL-6) associated with epithelial tissue inflammation 

(285). 

 

Results in Figure 4.7 show that unpurified RSV was capable of inducing the 

highest level of IL-8 and IL-6 from Detroit 562 cells. Interestingly, UV-RSV 

stimulation showed higher IL-6 responses and similar IL-8 response in 

comparison to the purified RSV. Purified RSV lacks the Hep2 cell secreted soluble 

products that are inevitably present in the unpurified stock of RSV. UV irradiation 

of the unpurified RSV abolishes its replicative property but still might have the 

cellular products and structural proteins which may influence cytokines secretion 

from epithelial cells. This effect appeared to be abolished upon heat inactivation 

of the RSV stock, possibly due to denaturation of the protein contents, e.g. 

cytokines or other growth factors. Mock Hep2 supernatant did not cause secretion 

of any of the cytokines tested in the experiment. 
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Figure 4. 7 Cytokine response of differently treated RSV stocks in Detroit 562 cell line. 
Confluent Detroit 562 cells was infected with unpurified, purified, UV treated or heat-
inactivated RSV (MOI:1), and mock Hep2 supernatant. After 24 hours of incubation, culture 
supernatants were harvested, and IL-8 (A) and IL-6 (B) concentrations were measured in 
duplicate by ELISA. Data presented as a concentration in pg/ml ±SEM. Results were analysed 
for statistical significance by one-way ANOVA with Tukey's multiple comparisons test where 
groups were compared with each other, as shown in the graph. (* P < 0.05, **P < 0.01, ***P < 
0.005) 
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4.2.2 In vitro host response during RSV-pneumococcal coinfection 

in Detroit 562 and A549 cell lines 

 

Acute exacerbation of symptoms in patients with RSV and pneumococcal coinfection 

results from excessive secretion of proinflammatory cytokines in the respiratory tract 

resulting from the synergistic stimulation of the host immune system by bacteria and 

virus (232,252,284).  Exposure of RSV to respiratory epithelial cells contributes to the 

release of several pro-inflammatory cytokines and may also cause immune 

impairment, thus creating an anti-viral state which paves the way for secondary 

pneumococcal infection. Conversely, RSV superinfection in Sp pre-exposed hosts 

may follow a different course of inflammatory responses which is equally important, 

although has gained less attention. Therefore, I aimed to profile the host immune 

response using in vitro cell culture models where RSV infection follows pneumococcal 

inoculation comparable to our Sp infection protocol.  

 

Detroit 562 cell line is human nasopharyngeal epithelial cells. Hence, cytokine 

response exerted by RSV-pneumococcal coinfection in this cell line is expected to 

mimic the host immune response in the human nasopharynx in a clinical scenario. 

Similarly, immortalised lung epithelial A549 cells were also used in this study to 

represent the inflammatory response takes place in the lower respiratory tract. Cell 

monolayers, when confluent, were stimulated with Sp and RSV two hours apart 

(MOI:1 for both pathogens) and the cell culture supernatants were collected at 3 hours 

interval until 6 hours and at 12 hours. The concentrations of IL-8, IL-6, and TNF-α 

cytokines were assessed by ELISA. 
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Figure 4. 8 Host immune response against RSV-pneumococcal coinfection in Detroit 
562 cell line. 
Detroit 562 cells were seeded at a density of 2.5 x 104 cells/well in a 48-well tissue culture 
plate and infected with Sp alone (MOI:1) / RSV alone (MOI:1) or both Sp and RSV at 2 hours 
interval. Culture supernatants were collected at 0, 3, 6, and 12 hours post infection to test 
secreted IL-8 (A), IL-6 (B) and TNF-α (C) by ELISA. Results present the mean ±SEM of 
reading from triplicate wells. Two-way ANOVA did statistical analysis with Dunnett's multiple 
comparisons test. P values indicate significance compared to Sp+RSV condition. (**P < 0.01, 
***P < 0.005 and ****P < 0.001). 
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Exposure of Detroit 562 cell line to Sp and RSV caused a significant release of all 

three pro-inflammatory cytokines; IL-8, IL-6, and TNF-α, in comparison to the 

uninfected cell. Significant release of cytokines started as early as 3 hours post-

infection and continued to increase up to 12 hours post infection. However, the levels 

of cytokines were not always significantly different in the coinfected condition 

compared to the single infections.  

 

IL-8 release in Detroit 562 cells seemed to be predominately exerted by RSV. 

Cytokine levels in RSV and Sp-RSV coinfection conditions remained almost identical 

and higher than single Sp infection at all time points. The differences were statistically 

significant at 3-, 6- and 12-hours post-infection (Figure 4.8A).  

 

IL-6 production in Sp-RSV coinfection showed a significant difference compared to 

RSV at 6 hours and became higher than both single infections at 12 hours post 

infection (Figure 4.8B).  

 

Similar trend was observed in TNF- α level over 12 hours in three experimental 

conditions (Figure 4.8C).  
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Figure 4. 9 Host immune response against RSV-pneumococcal coinfection in the A549 
cell line. 
Immortalised human bronchial A549 cells were seeded at a density of 2.5 x 104 cells/well in 
a 48-well tissue culture plate and infected with Sp alone (MOI:1) / RSV alone (MOI:1) or both 
Sp and RSV at 2 hours interval. Culture supernatants were collected at 0, 3, 6, and 12 hours 
post infection to test secreted IL-8 (A), IL-6 (B) and TNF-α (C) by ELISA. Results present the 
mean ±SEM of reading from triplicate wells for each condition. Two-way ANOVA did statistical 
analysis with Dunnett's multiple comparisons test. P values indicate significance compared to 
Sp+RSV condition. (*P < 0.05, ***P < 0.005 and ****P < 0.001).  
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In A549 cells, the overall concentration of all three cytokines were lower than that of 

the Detroit cell line. The trend of cytokine induction was closely similar in both cell 

lines. Like Detroit 562 cells, IL-8 production in A549 cells was higher in RSV alone 

and coinfection conditions. Significant difference observed in coinfection vs Sp at 6- 

and 12 hours post infection.  Concentrations of IL-6 and TNF-α increased with time 

and became significantly higher in coinfection compared to RSV at 6- and 12 hours 

while no difference observed between coinfection and Sp alone condition. 

 

4.2.3 Cell viability in Detroit 562 and A549 cell lines during RSV 

pneumococcal coinfection 

During cytokine analysis in Detroit 562 and A549 cells after Sp and RSV infection, 

cell viability was checked to confirm that the cytokine response observed was not due 

to cell death but due to infection.  

 

After removing the supernatants for cytokine, cells were washed and examined under 

a light microscope to observe any morphological changes due to infection. Then the 

cells were treated with trypsin and harvested to count viability by staining with trypan 

blue. Percentage of the viable cells were plotted against different time points when 

culture supernatants were sampled for cytokine assays (Figure 4.10A, Detroit 562 

and 4.10B, A549). 

 

Though the cell viability dropped significantly in the infection conditions compared to 

the uninfected cells, closely similar viability among infection groups indicates cell 

death had little or no effect on cytokine production across infection groups. The cell 

viability remained at over 60% in the Detroit cell line. In A549 cells, the viability did 

not drop below 50% until it reached the final time point. 
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Figure 4. 10 Cell viability during cytokine assay in Detroit 562 and A549  
cells after Sp and RSV coinfection. Cell monolayers were stimulated with Sp and /or different 
preparations of RSV to determine cytokine levels in culture supernatants. After removing the 
supernatants cell monolayers undergone trypsinisation and harvested to perform viable count 
using trypan blue and hemocytometer (A, Detroit 562; B, A549). Percentage of viable cells 
were plotted against time post infection. Two-way ANOVA did statistical analysis with Tukey's 
multiple comparisons test. P values are listed in the tables with corresponding figures along 
with the level of significance.  
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4.2.4 Epithelial integrity and transmigration of pneumococci 

during RSV-pneumococcal coinfection 

Viral infection is one of the most critical factors that contribute to epithelial damage 

and alteration in barrier function which makes the host vulnerable for easy access to 

harmful pathogens by paracellular migration (286). Rhinovirus is a classic example 

which has been shown to facilitate binding and paracellular migration of nontypeable 

H. influenzae (NTHi) by disrupting epithelial barrier function (193). As RSV infection 

is increasingly linked to airway diseases, including secondary bacterial infections, I 

sought to determine the effect of RSV on epithelial integrity and translocation of Sp 

through the epithelial barrier. 

 

To test this, an in vitro method was adopted where respiratory epithelial cells, Detroit 

562 and A549, were grown on a semipermeable membrane (containing 3 μm pores 

in Transwell inserts). This model provides the opportunity to compartmentalise the 

system and represent apical mucosa on top and the submucosal compartment in the 

bottom (Fig 11). The top chamber was inoculated with Sp and RSV at two hours 

intervals. Subsequently, trans-epithelial electrical resistance (TEER) was measured 

by EVOM Voltohmmeter, and transmigration was assessed by viable pneumococcal 

count in the samples from the basal compartments taken at 3, 6, and 12 hours post 

inoculation.  
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Figure 4. 11 Epithelial barrier function and transmigration of pneumococci in the 
presence of RSV in Detroit 562 cell line. 
Transwell cell inserts with a semipermeable membrane in 24 well plates were seeded with 
Detroit 562 cells and infected with Sp (MOI: 0.01) and RSV (MOI: 1) at an interval of 2 hours. 
TEER was measured, and samples were taken from the apical and basal chambers for 
bacterial viable count at 3, 6, and 12 hours post-infection. TEER in test wells were normalised 
by the TEER in control wells containing only insert membrane without cells.  Results present 
the mean ±SEM of reading from triplicate wells for each condition. Statistical significance of 
TEER among all four groups were analysed by using 2-way ANOVA with Tukey’s multiple 
comparison test and **P < 0.01 and ***P < 0.005 indicate the difference between Sp and 
Sp+RSV (A). CFU count between Sp and Sp+RSV group were compared by Mann Whitney 
test (*P < 0.05) (B).  
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As evident in Figure 4.11A, in Detroit 562 cell line, surprisingly, RSV appeared to 

enhance barrier integrity evident by the  higher TEER values measured in both RSV 

alone and Sp-RSV conditions. On the other hand, in single Sp (in the absence of 

RSV) infected well,  TEER significantly dropped at 6 hours and remained low until 12 

hours compared to coinfected well. (P value less than 0.005 for 6 hours and 0.01 for 

12 hours). 

 

Bacterial migration started at 6 hours in both conditions, but single Sp infected well 

demonstrated a higher migration rate at both 6 and 12 hours, though it did not reach 

statistical significance. In line with the increased barrier integrity by RSV, bacteria 

appeared to be restricted to the upper chamber during coinfection as evident by 

increasing CFU in the top chamber 6 hours onward, a significant differences observed 

at 12 hours post inoculation.  
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Figure 4. 12 Epithelial barrier function and transmigration of pneumococci in the 
presence of RSV in the A549 cell line.  
Transwell cell inserts with a semipermeable membrane in 24 well plates were seeded with 
A549 cells and infected with Sp (MOI: 0.01) and RSV (MOI: 1) at an interval of 2 hours. TEER 
was measured, and samples were taken from the apical and basal chambers for bacterial 
viable count at 3, 6, and 12 hours post-infection. TEER in test wells were normalised by the 
TEER in control wells containing only insert membrane without cells.  Results present the 
mean ±SEM of reading from triplicate wells for each condition. Statistical significance of TEER 
among all four groups were analysed by using 2-way ANOVA with Tukey’s multiple 
comparison test and *P < 0.05 and ***P < 0.005 indicate the difference between Sp and 
Sp+RSV whereas #P < 0.05 indicates difference between RSV and Sp+RSV (A). CFU count 
between Sp and Sp+RSV group were compared by Mann Whitney test (*P < 0.05) (B). 
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A549 cells showed a similar pattern to Detroit cells in both TEER variations and Sp 

transmigration through the epithelial cell barrier. As observed in Detroit cell line, 

epithelial integrity affected only in the Sp infected wells evidenced by the gradual fall 

in TEER over time. Coinfection showed an opposite pattern when at 6 hours it 

became significantly higher than both Sp and RSV conditions (*P < 0.05 for both 

comparisons).  At 12 hours, Sp and Sp-RSV showed biggest difference in TEER (***P 

< 0.005). 

 

By 6 hours, the bacterial CFU in the top chamber significantly increased compared to 

the single Sp infection. Bacteria appeared in the bottom compartment at 12 hours and 

showed significantly higher CFU in single Sp infected well indicates enhanced 

permeability under this condition. Conversely, lower bacterial concentration in the 

coinfected wells (bottom compartment) suggests reduced migration towards the 

bottom chamber. 

 

All in all, in both cell lines, RSV coinfection demonstrated enhanced epithelial integrity 

and decreased transmigration of Sp through the epithelial barrier. 
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 Discussion: 

Coinfection with Sp and RSV is a significant cause of acute respiratory infection in 

children and the elderly worldwide (232,287). Previous authors have attempted to 

decipher the interaction between these two pathobionts exploiting several cell culture 

and animal models (3–7). A significant knowledge gap remains; however, due to the 

complex nature of coinfection where the triangular relationship between virus, 

bacterium and host is difficult to capture. In this chapter, key questions related to this 

relationship was examined focusing on three major areas: i) Sp growth dynamics, ii) 

human host immune response and iii) epithelial integrity and passage of Sp across 

the epithelial barrier in the presence of RSV. 

 

One reported outcome of RSV-pneumococcal coinfection is increased bacterial 

density at the infection site (252). I wanted to explore the possibility of altered growth 

potential of Sp by the influence of RSV infection, which can potentially contribute to 

the increase in bacterial density.  Thus, in this chapter, the growth dynamics of Sp 

has been monitored using a cell-based system using A549 cell monolayer or cell-free 

bacterial growth medium, BHI. 

 

My results showed that the growth rate of Sp was significantly amplified upon co-

incubation with RSV, in both cell-based and cell-free conditions. The lag phase 

duration and time taken to reach the maximum OD500nm values were used as 

determinants of bacterial growth. A dose-dependent increase in the growth of S. 

pneumoniae was observed, and it was noted that at least an equal number of RSV to 

Sp is required to exert a stimulating effect on Sp growth, i.e. 1:1 ratio or more. This is 

in agreement with the studies where a similar dose-dependent effect has been shown 

in different circumstances, such as RSV replication, induction of neutrophil binding to 
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the epithelium, and stimulating respiratory epithelium for production of soluble 

substances (289–292). 

 

 Epithelial cells have the potential to synthesise a variety of proinflammatory cytokines 

upon exposure to RSV (290). Meduri and colleagues made the interesting 

observation that cytokines IL-1β, IL-6, and TNF-α can directly bind with the bacteria 

and enhance its growth in vitro through a signalling process similar to that of 

eukaryotes but involving different biochemical pathways (293). They also proposed 

that bacteria may convert cytokines into biologically active fragments that are 

transported across the bacterial cell membranes and act on specific gene 

transcription and translation (293). In my study, Sp and RSV exposure not only 

resulted in the enhancement of bacterial growth but also in the secretion of several 

inflammatory cytokines, e.g. IL-6, IL-8 and TNF-α from both A549 and Detroit cells. 

Interestingly, when IL-8 secretion in coinfection seems to be principally driven by 

RSV, IL-6 secretion was synergistically enhanced by RSV and Sp. Nevertheless, in 

my controlled in vitro system, the epithelial inflammatory response was heightened 

by RSV and Sp coinfection as also shown by others (170). Hence, in my experiments, 

pneumococcal growth enhancement may be influenced by these cytokines. However, 

I have not explored the exact mechanism of cytokine binding with pneumococcal 

growth and, additionally, epithelial cells have the ability to secret an array of soluble 

products other than cytokines that were not ruled out here, such as, epithelial cell 

fibroblast growth factor, platelet-derived growth factor, IGF-1, transforming growth 

factor-beta2, and endothelin.  

 

Interestingly, pneumococcal growth was enhanced both in cell-based and cell-free 

settings, though Sp growth rate was higher in the latter. One contributory factor may 

be the difference in the composition of growth media, DMEM vs BHI. DMEM culture 

medium used in A549 and Detroit cultures lacks the complex organic materials 
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present in BHI.  Indeed, BHI is a conventional bacteriologic growth medium specially 

made for fastidious bacteria which is rich in amino acids, salts, and glucose. 

Additionally, the presence of pro- or antibacterial mediators produced by A549 or 

Detroit cell may have an impact on the net growth of bacteria. To rule out the 

confounding factors related to OD measurements such as liquid path-length, pH or 

even colour of the media (BHI vs DMEM), I monitored Sp growth in a separate 

experiment by manual count of viable bacteria during which the same observations 

were made. 

 

The hypothesis of cell-secreted cytokine-induced growth is somewhat counterintuitive 

with the finding of bacterial growth enhancement by RSV in cell-free medium. One of 

the reasons could be the direct interaction of RSV and Sp, as per recently reported 

by Smith and colleagues (2). These authors have shown that RSV can directly bind 

to Sp through RSV G protein and pneumococcal penicillin-binding protein-1 leading 

to significant upregulation of several virulence genes as well as genes involved in Sp 

metabolism (rnhC, ldh, pfkA, cpoA, etc.), translation (rpl, rps), cell division (ftsE, fusA, 

etc.), and survival during oxidative stress (trx, sodA) (170). Given the role of these 

genes in bacterial metabolism, replication, and survival, it is possible that upregulation 

of these essential pneumococcal genes in the presence of RSV may also have a 

positive impact on its growth. Surprisingly, however, incubation with live RSV or G 

protein did not influence pneumococcal growth in their study.  The discrepancy of my 

finding may result from the fact that Smith et al., have used a ratio of Sp and RSV 

different from the current study. 

 

Another explanation for the growth enhancement in the cell-free system could be the 

use of unpurified RSV preparation in the experiments which likely contains soluble 

mediators produced during RSV propagation on Hep2 cell line. The unpurified 

preparation of RSV was chosen for these experiments because I took account of the 
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fact that, during clinical RSV infection, pulmonary epithelial cells are likely to be 

exposed to the virus itself as well as to cytokine networks. Additionally, RSV infection 

occurs through aerosol or droplet transmission from another person (transmissor). 

Practically, the aerosols or droplets are nothing but the micro-sized drops of 

respiratory tract secretion and mucus which likely to contain the soluble factors 

including cytokines produced in the transmissor (294,295) 

 

Different types of RSV preparations were examined, such as unpurified, purified, UV 

irradiated, and heat inactivated RSV. Sp incubated with unpurified virus showed the 

highest growth rate (maximum OD500 value) in comparison to all other conditions 

tested. The purified virus was able to stimulate Sp growth but not as efficiently as 

unpurified RSV. This difference may occur due to the presence of Hep-2 cell secreted 

mediators in the unpurified preparation of virus which are significantly depleted or 

absent in the purified RSV preparation. It has previously been shown that synergistic 

action of cytokines and purified RSV, is needed to induce the production of nitric oxide 

by respiratory epithelial cells (296). Significant reduction of Sp growth in the UV-RSV 

and heat-RSV stimulated conditions suggests bacterial growth is not solely 

dependent on cell secreted products but also on the interaction with live RSV. 

 

A similar observation was made while assessing cytokine production by different RSV 

preparation in the respiratory epithelium. Unpurified RSV found to be the most potent 

IL-8 and IL-6 inducer from the Detroit 562 cell line. However, UV-RSV induced 

cytokine was as high as the purified RSV. In agreement with this finding, Patel and 

colleagues demonstrated that UV inactivation does not eliminate the capacity of RSV 

to induce IL-8 production from respiratory epithelial cells (297). This suggests that 

both direct and indirect effects of RSV infection contribute to cytokine secretion from 

the epithelial cells.  

 



 

193 

 

In addition to the direct bacteria-virus physical interaction, a range of RSV-induced 

events on the epithelial surface may enhance Sp growth in vitro (18). Pneumococcal 

growth during RSV coinfection may result from RSV-induced availability of nutrients 

by the bacteria. In a coculture model of RSV and Pseudomonas aeruginosa, Hendrick 

et al. have shown that during RSV infection, transferrin-bound iron level increases in 

the airway surface liquid that is utilised by the bacteria (22). This could be the case in 

RSV-Sp coinfection, and Sp can potentially use this iron source to aid its growth and 

viability (23). 

 

Overall, despite the difference in growth characteristics between the cell-based and 

cell-free media, Sp growth remained consistently higher in the presence of RSV 

supporting my hypothesis that communication, whether direct or indirect, exists 

between RSV and Sp.   

 

Respiratory epithelium acts as a mechanical barrier against the transmission of 

harmful pathogens by maintaining its integrity through several junctional proteins 

(298). I wanted to determine if RSV infection could render an additional effect on 

epithelial barrier functions during their coexistence with Sp on the epithelial surface. 

To test this, a Transwell cell culture method was used, and the outcome was 

measured by the changes in the TEER and bacterial migration toward the bottom 

compartment of the transwell.  

 

When the epithelial membrane was exposed to Sp, migration of bacteria through the 

epithelial membrane found to be associated with a drop in TEER which is in line with 

the observation made by Lagrou et al. (299).  Three possible theories fit with this 

finding in an in vitro setting. Firstly, the paracellular migration by downregulation of 

the epithelial tight junction proteins (300) , secondly, receptor-mediated endocytosis 

followed by transcellular efflux, possibly by binding with the uptake receptors such as 
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platelet activating factor receptor (PAFr) (185) and Poly Ig receptor (PIgR) (301) and 

finally epithelial damage followed by opening the passage for free movement of 

bacteria (211). It is reasonable to argue that one or more of these mechanisms were 

involved in the process of Sp migration in my model. Surprisingly, coinfection with 

RSV appeared to increase the TEER, which resulted in increased bacterial load in 

the top compartment and decrease the migration towards the bottom chamber.  

Cellular damage is unlikely to be caused by RSV within the 24 hours of my 

experimental setup, as the formation of bigger syncytia, and cellular damage 

classically takes 3-5 days (302). The RSV-induced increase in epithelial resistance 

and inhibition of Sp migration may resulted either from upregulation of the junctional 

protein or inhibition of the receptor-mediated transcytosis of the bacteria. Kojima et 

al., have indeed demonstrated a marked induction of the expression of tight junction 

molecules such as claudin-4 and occludin,concomittantly with a significant rise in 

TEER upon infection of HNEpC with RSV (303). On the other hand, Kast et al. 

described an augmentation in the barrier integrity of a human bronchial epithelial cell 

lines after RSV infection independent of any change in tight junction mRNA 

expression (304). 

 

Since RSV was documented to upregulate the expression of cell surface receptors 

PAFr and PolyIgR on host cells, we expected that receptor mediated Sp transcytosis 

would be increased during coinfection. However, it did not happen in my experimental 

settings, which indicates a possible mechanism by which these receptors were 

downregulated or remained non-functional. LeMessurier and colleagues have shown 

that type-1 Interferon (IFN-1) leads to upregulation of the tight junction proteins and 

downregulation of the PAF receptor in the transformed human bronchial epithelial 

16HBE140 (16HBE) cells, thus limiting pneumococcal transcytosis as well as 

paracellular migration across the epithelial barrier (305). In my murine model, a 
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significant increase in IFN-β was observed in the nasopharynx of coinfected mice, 

which may be the case here in vitro as well.  

 Concluding remarks 

In this chapter, increased rates in pneumococcal growth were observed in the 

presence of RSV, whether in a purified form or in the form of culture supernatant 

containing both RSV and Hep-2 cell-secreted soluble products, such as pro-

inflammatory cytokines. Culture supplementation with RSV led to enhancement of 

epithelial resistance, resulting in the inhibition of bacterial migration across the 

epithelial barrier. It suggests a mechanism by which bacterial progression from an 

infection or colonisation site may be restricted, increasing site-specific bacterial 

density with a limited scope of dissemination. 
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Figure 4.13 Working hypothesis on the molecular and cellular events occurring at the epithelial surface during Sp and RSV coinfection.  
Upon coinfection, RSV provokes the release of various cellular products (e.g. epithelial growth factors, endothelin) and pro-inflammatory cytokines 
(e.g. IL-8, IL-6), which bind with Sp and enhance bacterial growth. Additionally, coinfection impact on the epithelial integrity, by increasing its resistance, 
thus restricting bacterial migration towards deeper tissue layers. This further contributes to an increase in bacterial density at the infection site. There 
are several cell surface receptors that may upregulate upon exposure to RSV, such as PAFr or PolyIg receptor. Sp may bind with these receptors and 
migrate via receptor-mediated endocytosis (shown by other authors)  
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Streptococcus pneumoniae and Respiratory syncytial 
virus coinfection:  Global proteomic perspective of the 

host-pathogen interaction 
 

 Introduction 

Contribution of viral and bacterial coinfection to respiratory disease severity is a highly 

complex phenomenon, particularly within the paediatric population. In Chapter 3, I 

demonstrated through in vivo infection model, that RSV could stimulate 

pneumococcal growth resulting in a higher bacterial density in the nasopharyngeal 

tissue of mice colonised with pneumococci. These mice also demonstrated 

heightened pro-inflammatory and regulatory immune responses and presented 

exacerbated disease symptoms during Sp-RSV coinfection. My results were 

supportive of the hypothesis that coinfection with pneumococci and RSV is associated 

with a heightened inflammatory response compared to a mono-infection by either 

pathogen, resulting in more severe clinical symptoms.  In Chapter 4, I confirmed 

through in vitro experiments that RSV promotes pneumococcal growth in a host 

immune response-dependant manner. These results raised the question as to 

whether RSV has a direct or indirect effect on pneumococcal metabolism and 

virulence at the infection site, which allows the bacteria to evade host immunity and 

sustain its growth in the host tissue.   

 

In order to gain a deeper understanding of the host-pathogen responses during RSV-

pneumococcal coinfection, a global proteomic approach was adopted in this chapter. 

To mimic the human nasopharyngeal colonisation scenario, primary human nasal 
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epithelial cells were grown to form a monolayer, which was sequentially infected with 

pneumococci followed by RSV. At 18 hours post-infection, bacteria and epithelial cell 

monolayer, were harvested and subjected to label-free quantitative mass 

spectrometry (MS). Protein extraction, digestion, quantification and identification were 

done in the Department of Infection Biology at the University of Liverpool by Dr Stuart 

Armstrong.  

 

Protein abundance was quantified and identified by importing the raw MS data into 

the proteomics data analysis software, Progenesis LC-MS, which were then searched 

against a combined database in Uniprot including the human genome, HRSV (A, B) 

genome and S. pneumoniae genome and a contaminant database. To reduce the 

impact of possible false positive identifications, the results were filtered based on the 

number of unique peptides in the samples (≥ 2 unique peptides) and ANOVA 

significance (p- and q-value ˂0.05). Further analysis included pairwise and multiway 

analysis on the selected proteins across all experimental conditions followed by 

functional annotation and pathway analysis using online software PANTHER and 

STRING. Schematic presentation of the workflow from protein extraction to final 

identification has depicted in Figure 5.1.  
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Figure 5. 1 Schematic representation of the ‘bottom-up’ proteomics workflow.  

HNEpC were grown in monolayer and inoculated with Sp and/ or RSV. Cells and 
supernatants were harvested after 18 hours. Protein extraction and trypsin-digestion were 
performed, and the peptides were analysed by label-free quantitative mass spectrometry, 
followed by identification and quantification of proteins using Progenesis LC-MS software.  
Mascot search engine was used to identify proteins from peptide sequence databases. 
Mascot results imported into Progenesis QI then exported as csv for downstream tools. 
Final results were imported as XML files for further analysis using different free online 
tools implementing pairwise or multiway comparison as well as functional and pathway 
analysis. 
 

 Results 

5.2.1 Principal component analysis (PCA) of proteins in all 

experimental conditions including sham treated condition 

 

A total of 2,354 human proteins have been identified and quantified from the primary 

human epithelial cell extracts challenged with Sp or RSV or with both of the 

pathogens. Principal component analysis (PCA) is an unsupervised statistical 

technique which describes how distinctly the samples are presented in the data set 

https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Peptide_sequence
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according to the protein abundance variation.  Hence, in order to obtain a simplified 

depiction of the protein abundance under different infection conditions, the relative 

protein abundances were subjected to PCA (Figure 5.2).  

 

 

Figure 5. 2 Clustering of Sp and RSV mono-, co- or uninfected samples based on host 
proteomic data.  
The principal component analysis (PCA) scatter plot represents the 2,354 host (human) 
proteins identified by mass spectrometry analysis in different Sp and RSV mono- and co-
infection conditions. In this biplot, the X and Y axis represents the first (PC1) and second 
principal component (PC2), accounting for 98.89% and 1.03% total variation, respectively. 
Biological replicates are shown in matching colours. The red dots, representing coinfection, 
clustered distinctly from the Sp (blue dots) and RSV (green dots) mono-infection as well as 
from uninfected sham (brown) on principal component 1. 
 

 

PCA biplot in Figure 5.2 showed all samples (Sp and RSV single-, co- or uninfected) 

fell into four discrete groups along PC1 and PC2, suggesting that a unique proteomic 

phenotype may be associated with each of the experimental conditions tested. A 

greater separation was observed between sham-treated and the RSV mono-infection 

or the coinfection, compared to the samples infected with Sp only. This suggests that 

the least changes occurred in the protein abundance level during pneumococcal 

mono-infection compared to RSV mono- or Sp-RSV coinfection.  
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5.2.2 Pairwise comparison of host proteins expressed in 

pneumococci, RSV or coinfected cells versus uninfected cells 

The entire data set of host proteome, extracted from the analysis in Progenesis, was 

ranked into a volcano plot to highlight the proteins which showed a significant 

difference in abundance, i.e., upregulation and downregulation, during pneumococcal 

and/or RSV infection in comparison to sham samples (Figure 5.3.A for Sp  vs sham, 

5.3.B for RSV vs sham and 5.3.C for coinfection vs sham). Statistically significant 

differences in protein abundance were determined based on the fold change with a 

cut-off of 1.5 and a t-test p-value threshold of 0.05. The cut-off value 1.5 with an FDR 

<1%, and t-test p-value ˂0.05 were selected based on previous publications with 

similar scope (226,227,306).  

 

The relative abundance of the proteins identified through Progenesis QI analysis were 

represented in a volcano plot for each of the 4 experimental conditions. Compared to 

sham-infected wells, a total of 23 proteins were found to be differentially abundant in 

Sp mono-infected cells. When HNEpC cells were exposed to both Sp and RSV 

infection, the abundance of differentially expressed proteins dramatically increased in 

comparison to the Sp alone infection and reached a total number of 154 (Table 3). 

The largest number (n=277) of differentially expressed proteins were identified during 

RSV alone infection, of which more than 80% were found to be upregulated.  

 

The same data set of differentially expressed proteins in single or coinfection (vs 

sham) was represented in Venn diagrams (Figure 5.4). Only 10.9% of all upregulated 

proteins were uniquely present in Sp -RSV coinfection whereas, interestingly, 36% of 

all downregulated proteins were found in the Sp-RSV coinfection conditions.  
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Figure 5. 3 Volcano plots showing the distribution of differentially abundant proteins 
when HNEpC are infected with Sp and/or RSV compared to uninfected cells.  
Proteins ranked in a volcano plot according to the −log10 p-value(y-axis) and the relative 
abundance ratio (log2 fold change) upon different experimental conditions compared to 
uninfected sham samples. All conditions were tested in triplicates. Off-centred spots represent 
the proteins that vary the most between the two selected groups, i.e., Sp vs sham (A), RSV 
vs sham (B) and Coinfection vs sham (C). The solid line in the graph indicates the cut-off value 
p < 0.05 for significant differential expression (Student's t-test with Bonferroni adjustment). 
Significantly changed proteins are shown as red (upregulated) and blue (downregulated) dots 
in the plots.  
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Figure 5. 4 Venn diagrams representing the overview of the unique and shared 
significantly up- or downregulated proteins in Sp and RSV mono- or coinfection 
compared to uninfected cells.  
Numbers shown in the figures indicate the percentage of proteins with relative increased- (A) 
or decreased (B) abundance upon Spalone infection (purple), RSV alone infection (green) and 
Sp -RSV coinfection (red) compared to sham-infected cells. Protein groups shown in an 
individual circle represent the average of triplicate data for each condition. Overlapping areas 
indicate the number of proteins up- or downregulated in the adjacent conditions. 
 

Table 5.1 Proteins significantly up- or downregulated upon HNEpC infection 
with Sp and RSV compared to uninfected sham cells. 
 

Comparison 
groups 

Upregulated Downregulated 

Differentially 
expressed 
proteins 
(N=2,354) 

Sp  vs. sham 14 9 23 (0.98%) 

RSV vs. sham 227 50 277 (11.8%) 

Sp + RSV vs. sham 95 59 154 (6.5%) 
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5.2.3 Multiway comparison of differentially expressed proteins in 

the presence of Sp alone, RSV alone and Sp -RSV coinfection 

 

I next sought to identify a set of up- or downregulated proteins uniquely found in the 

Sp-RSV coinfection conditions. The abundance values for biological replicates of 

filtered (≥ 2 unique peptides, ANOVA p- and q-value ˂0.05) and differentially 

expressed proteins were represented in two-dimensional colour-coded clustering 

matrices.  

 

Figure 5. 5  Correlation matrix heat map showing the Euclidean distance between Sp 
infected, RSV infected, Sp-RSV coinfected and uninfected samples.  
The darker the shade, the stronger is the correlation. 

 

 

First, the protein abundance data were represented in a correlation matrix to assess 

the similarity between observations (Figure 5.5). Unsupervised hierarchical clustering 

of the data showed a distinct grouping between all 4 conditions tested i.e.Sp infected, 
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RSV infected, coinfected and sham-infected samples. A stronger correlation was 

observed between RSV and Sp +RSV conditions, indicating the strong potency of 

RSV in altering protein abundance. On the other hand, the poor correlation between 

Sp and Sp +RSV suggests that Sp poorly contributes to the differential protein 

abundance observed during coinfection. These observations are in line with the 

pairwise comparison data represented in Figure 5.4. 

 

As part of the multiway analysis, proteins differentially expressed under all 4 

experimental conditions were subjected to two-dimensional hierarchical clustering 

and visualised using a heat map where red and blue colour indicates the highest and 

lowest relative abundance of protein, respectively (Figure 5.6). Hierarchical clustering 

categorises proteins with similar abundance levels in rows, while each of the 4 

experimental conditions is represented in columns. Six distinct clusters emerged in 

the data set and were numbered 1- 6 on the heat map.  Proteins exclusively 

upregulated (cluster 2) or downregulated (cluster 5) upon Sp-RSV coinfection, were 

highlighted in red and blue boxes in figure 5.6, and also listed in Table 5.3 and Table 

5.6, respectively. Cluster 1 represents proteins with differential abundance found in 

both Sp and Sp-RSV coinfection but absent upon RSV or sham-infection (Table 5.2). 

Cluster 3 corresponds to the proteins differentially expressed upon RSV and Sp-RSV 

coinfection, but not found in Sp or sham-infection (Table 5.4).  Cluster 4 contains the 

proteins whose abundance is downregulated in both RSV-alone and Sp-RSV 

coinfected cells (Table 5.5). Finally, cluster 6 includes proteins which were 

downregulated both upon Sp alone and Sp-RSV coinfection, suggesting inhibitory 

effects exerted by Sp (Table 5.7).   
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Figure 5. 6 Two-dimensional hierarchical clustering of differentially expressed proteins 
in Sp and RSV single or coinfection. 
Proteins were identified from uninfected HNEpC cell cultures or cell culture infected with Sp 
and RSV at 18 hours post-infection. Abundance values of the proteins having ≥ 2 peptides, ≥ 
1.5-fold change and a q-value of ≤ 0.05 were used to create the heat map by using the online 
tool, Morpheus (https:// software.broadinstitute.org/morpheus/). The columns represent 
different experimental conditions tested (in triplicates) and each row represents one individual 
protein i.e., in blue, low abundance and in red, high abundance. The major clusters are 
numbered as 1-6 at the right. 
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Table 5.2 Proteins upregulated in both Sp and Sp-RSV coinfection (Cluster 1) 

No. Accession Gene Protein 

1 Q9Y3D7 TIM16 Mitochondrial import inner membrane translocase 
subunit TIM16  

2 Q86YS6 RAB43 Ras-related protein Rab-43  

3 Q9Y4P3 TBL2 Transducin beta-like protein 2  

4 P08243 ASNS Asparagine synthetase [glutamine-hydrolyzing]  

5 Q8NBF2 NHLC2 NHL repeat-containing protein 2  

6 Q6NXG1 esrp1 Epithelial Splicing regulatory protein 1  

 

Table 5.3 Proteins exclusively upregulated upon Sp-RSV coinfection (Cluster 2) 

No. Accession Gene Protein 

1 Q9NX62 IMPA3 Inositol monophosphatase 3  

2 P19012 K1C15 Keratin, type I cytoskeletal 15  

3 Q04695 K1C17 Keratin, type I cytoskeletal 17  

4 P08727 K1C19 Keratin, type I cytoskeletal 19  

5 P08779 K1C16 Keratin, type I cytoskeletal 16  

6 P46778 RL21 60S ribosomal protein L21  

7 Q9C075 K1C23 Keratin, type I cytoskeletal 23  

8 P05187 PPB1 Alkaline phosphatase, placental type  

9 P02765 FETUA Alpha-2-HS-glycoprotein  

10 P04259 K2C6B Keratin, type II cytoskeletal 6B  

11 Q05639 EF1A2 Elongation factor 1-alpha 2  

12 P00352 AL1A1 Retinal dehydrogenase 1  

13 Q9HCJ6 VAT1L Synaptic vesicle membrane protein VAT-1 homolog-
like  

14 P09936 UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1  

15 O94788 AL1A2 Retinal dehydrogenase 2  

16 Q96IJ6 GMPPA Mannose-1-phosphate guanyl transferase alpha  

17 Q16555 DPYSL2 Dihydropyrimidinase-related protein 2  

18 Q9UM54 MYO6 Unconventional myosin-VI  

19 P11387 TOP1 DNA topoisomerase 1  

20 P00750 PLAT Tissue-type plasminogen activator 
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Table 5.4 Proteins upregulated in both RSV and Sp-RSV coinfection (Cluster 3) 
 

No. Accession Gene Protein 

1 P09914 IFIT1 Interferon-induced protein with tetratricopeptide 
repeats 1 

2 O14879 IFIT3 Interferon-induced protein with tetratricopeptide 
repeats 3  

3 P20591 MX1 Interferon-induced GTP-binding protein Mx1  

4 O95786 DDX58 Probable ATP-dependent RNA helicase DDX58  

5 Q9BYX4 IFIH1 Interferon-induced helicase C domain-containing 
protein1  

6 P28838 AMPL Cytosol aminopeptidase  

7 Q9BQE5 APOL2 Apolipoprotein L2  

8 P13688 CEAM1 Carcinoembryonic antigen-related cell adhesion 
molecule1  

9 P09913 IFIT2 Interferon-induced protein with tetratricopeptide 
repeats 2  

10 Q03405 UPAR Urokinase plasminogen activator surface receptor  

11 P09758 TACD2 Tumor-associated calcium signal transducer 2  

12 P00973 OAS1 2'-5'-oligoadenylate synthase 1  

13 Q15646 OASL 2'-5'-oligoadenylate synthase-like protein  

14 Q96AZ6 ISG20 Interferon-stimulated gene 20 kDa protein  

15 Q7Z2W4 ZCCHV Zinc finger CCCH-type antiviral protein 1  

16 P23381 SYWC Tryptophan--tRNA ligase, cytoplasmic  

17 P42224 STAT1 Signal transducer and activator of transcription 1-
alpha/beta  

18 Q9BYK8 HELZ2 Helicase with zinc finger domain 2  

19 P32455 GBP1 Interferon-induced guanylate-binding protein 1  

20 Q16666 IF16 Gamma-interferon-inducible protein 16  

21 P00749 UROK Urokinase-type plasminogen activator  

22 Q8WXG1 RSAD2 Radical S-adenosyl methionine domain-containing 
protein 2  

23 Q5K651 SAMD9 Sterile alpha motif domain-containing protein 9  

24 Q8IY21 DDX60 Probable ATP-dependent RNA helicase DDX60  

25 P61019 RAB2A Ras-related protein Rab-2A  
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26 P08648 ITA5 Integrin alpha-5  

27 P49006 MRP MARCKS-related protein  

28 Q9Y6K5 OAS3 2'-5'-oligoadenylate synthase 3  

29 P54920 SNAA Alpha-soluble NSF attachment protein  

30 Q6ZN66 GBP6 Guanylate-binding protein 6  

31 P05161 ISG15 Ubiquitin-like protein ISG15  

32 P31431 SDC4 Syndecan-4  

33 P19525 E2AK2 Interferon-induced, ds RNA-activated protein kinase  

34 O95832 CLD1 Claudin-1  

35 P29590 PML Protein PML  

36 Q8NFJ5 RAI3 Retinoic acid-induced protein 3  

37 Q99653 CHP1 Calcineurin B homologous protein 1  

38 Q01459 DIAC Di-N-acetyl chitobiase 

39 Q93050 VPP1 V-type proton ATPase 116 kDa subunit A isoform 1  

40 O75695 XRP2 Protein XRP2  

41 A8K2U0 A2ML1 Alpha-2-macroglobulin-like protein 1  

42 P08473 NEP Neprilysin 

43 Q9UBC9 SP RR3 Small proline-rich protein 3  

44 P07476 INVO Involucrin 

45 O95171 SCEL Sciellin 

46 P35321 SP R1A Cornifin-A  

47 P22528 SP R1B Cornifin-B  

48 P26447 S10A4 Protein S100-A4  

49 O60437 PEPL Periplakin  

50 P22735 TGM1 Protein-glutamine gamma-glutamyl transferase K  

51 
P25815 S100P Protein S100-P  

52 
O96011 PX11B  Peroxisomal membrane protein 11B  

53 
Q9NZQ7 PD1L1  Programmed cell death 1 ligand 1  

54 
Q8TCS8 PNPT1  Polyribonucleotide nucleotidyl transferase 1 

55 
O15118 NPC1  Niemann-Pick C1 protein  

56 
Q08380 LG3BP  Galectin-3-binding protein  
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57 
Q9Y6N5 SQRD Sulfide:quinone oxidoreductase 

58 
Q969V3 NCLN Nicalin 

50 
P05362 ICAM1  Intercellular adhesion molecule 1  

60 
Q03518 TAP1  Antigen peptide transporter 1  

61 
O15162 PLS1  Phospholipid scramblase 1  

62 
O95994 AGR2  Anterior gradient protein 2 homolog  

63 
O00560 SDCB1  Syntenin-1  

64 
P20592 MX2  Interferon-induced GTP-binding protein Mx2  

65 
Q01628 |IFM3  Interferon-induced transmembrane protein 3  

66 Q07065 CKAP4  Cytoskeleton-associated protein 4  

67 Q9Y394 DHRS7  Dehydrogenase/reductase SDR family member 7  

68 P29728 OAS2  2'-5'-oligoadenylate synthase 2  

69 P04179 SODM  Superoxide dismutase [Mn] 

70 Q8TC12 RDH11  Retinol dehydrogenase 11  

71 O60603 TLR2  Toll-like receptor 2  

72 P23497 SP100  Nuclear autoantigen Sp-100  

73 P80188 NGAL  Neutrophil gelatinase-associated lipocalin  

74 Q08AF3 SLFN5 Schlafen family member 5  

75 Q7Z2K6 ERMP1  Endoplasmic reticulum metallopeptidase 1  

76 O15173 PGRC2 
 Membrane-associated progesterone receptor 
component 2  

77 Q96LJ7 DHRS1  Dehydrogenase/reductase SDR family member 1  

78 Q9UBI6 GBG12 
 Guanine nucleotide-binding protein G(I)/G(S)/G(O) 
subunit gamma-12  

79 P08559 ODPA  Pyruvate dehydrogenase E1 component subunit alpha 

80 P07093 GDN  Glia-derived nexin  

81 P10619 PPGB  Lysosomal protective protein  

82 P33527 MRP1  Multidrug resistance-associated protein 1  

83 Q86WV6 STING  Stimulator of interferon genes protein  

84 P48723 HSP13  Heat shock 70 kDa protein 13  

85 O43657 TSN6  Tetraspanin-6  

86 Q9BXK5 B2L13  Bcl-2-like protein 13  
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Table 5.5 Proteins downregulated in both RSV and Sp-RSV coinfection 
(Cluster4) 
 

No. Accession Gene Protein 

1 O00767 ACOD Acyl-CoA desaturase  

2 P40222 TXLNA Alpha-taxilin 

3 Q9NRN7 ADPPT L-aminoadipate-semialdehyde dehydrogenase-
phosphopantetheinyl transferase  

4 Q71RC2 LARP4 La-related protein 4  

5 P98172 EFNB1 Ephrin-B1  

6 P52292 IMA1 Importin subunit alpha-1  

7 P16930 FAAA Fumarylacetoacetate 

8 Q9BVP2 GNL3 Guanine nucleotide-binding protein-like 3  

9 Q7Z434 MAVS Mitochondrial antiviral-signalling protein  

10 Q14978 NOLC1 Nucleolar and coiled-body phosphoprotein 1  

11 O75153 CLU Clustered mitochondria protein homolog  

12 O75937 DNJC8 DnaJ homolog subfamily C member 8  

13 Q06203 PUR1 Amidophosphoribosyltransferase 

14 P46087 NOP2 Probable 28S rRNA (cytosine(4447)-C (5))-
methyltransferase  

15 Q01581 HMCS1 Hydroxymethylglutaryl-CoA synthase, cytoplasmic  

16 Q9Y3Y2 CHTOP Chromatin target of PRMT1 protein  

17 Q9BYX2 TBD2A TBC1 domain family member 2A  

18 Q14444 CAPR1 Caprin-1  

19 Q14498 RBM39 RNA-binding protein 39  

20 Q01970 PLCB3 1-phosphatidylinositol4,5-
bisphosphatephosphodiesterase beta-3  

21 P82979 SARNP SAP domain-containing ribonucleoprotein  

22 O00505 IMA4 Importin subunit alpha-4  

23 Q9BWF3 RBM4 RNA-binding protein 4  

24 Q8IZW8 TENS4 Tensin-4  

25 O14530 TXND9 Thioredoxin domain-containing protein 9  
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Table 5.6 Proteins exclusively downregulated in Sp-RSV coinfection (Cluster 5) 

No. Accession Gene Protein 

1 O60678 ANM3 Protein arginine N-methyltransferase 3  

2 Q9H773 DCTP1 dCTP pyrophosphatase 1  

3 P08581 MET Hepatocyte growth factor receptor  

4 Q9Y5J9 TIM8B Mitochondrial import inner membrane translocase 
subunit Tim8B  

5 P42771 CD2A1 Cyclin-dependent kinase inhibitor 2A, isoforms 1/2/3  

6 Q9NQG5 RPR1B Regulation of nuclear pre-mRNA domain-containing 
protein 1B  

7 P01584 IL1B Interleukin-1 beta 

 

Table 5.7 Proteins downregulated in both Sp and Sp-RSV coinfection    
(Cluster 6) 
 

No. Accession Gene Protein 

1 P01024 CO3 Complement C3 

2 Q9Y2S7 PDIP2 Polymerase delta-interacting protein 2 

3 Q969S9 RRF2M Ribosome-releasing factor 2, mitochondrial 

4 Q8N6T3 ARFG1 ADP-ribosylation factor GTPase-activating protein 1 

5 Q7L2E3 DHX30 Putative ATP-dependent RNA helicase DHX30 

6 Q9UKS6 PACN3 Protein kinase C and casein kinase substrate in 
neurons protein 3 

7 Q9BYN8 RT26 28S ribosomal protein S26, mitochondrial 

8 P11047 LAMC1 Laminin subunit gamma-1 

9 Q9BYT8 NEUL Neurolysin, mitochondrial 

10 Q969Z0 TBRG4 Protein TBRG4 

11 Q9UHR4 BI2L1 Brain-specific angiogenesis inhibitor 1-associated 
protein 2-like protein 1 

12 O75843 AP1G2 AP-1 complex subunit gamma-like 2 
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5.2.4 Functional annotation and classification of differentially 

expressed proteins during Sp-RSV coinfection 

To elucidate the biological relevance of the differential protein abundance induced 

upon Sp-RSV coinfection, all significantly up- or downregulated proteins were 

subjected to ‘annotation enrichment analysis’ by using PANTHER Gene List Analysis 

tool based on the predicted GO function annotations. In Figure 5.7 are summarised 

results and pathways identified from the enrichment analysis. More than half (62.5%) 

of the upregulated proteins were found to be involved in catalytic activity including 

catalytic activity on DNA, hydrolase and oxidoreductase. One third (33.3%) of the 

downregulated proteins were assigned to a group of proteins presenting catalytic 

activity, and another third was assigned to a group of proteins with host binding 

functions. Other functional groups include molecular function regulator and structural 

molecule activity.  

 

In terms of biological functional relevance, both of the upregulated and downregulated 

protein groups were enriched for metabolic process and cellular process. The 

upregulated metabolic process encompassed metalloprotease, cysteine protease 

and hydrolase activity as well as translation elongation and initiation factor. Cellular 

processes included cell division, cellular component organisation, cellular metabolic 

process and movement of cellular or subcellular components. The most prominent 

class of downregulated proteins are involved in metabolic processes such as dCTP 

kinase inhibitor, pyrophosphatase 1, and Interleukin-1ß activity. The cellular process 

involved macromolecule and nitrogen compound metabolism, cellular response to an 

extracellular stimulus, cellular response to stress and signal transduction. 
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Figure 5. 7 Functional classifications of the host proteins exclusively up- or downregulated during Sp -RSV coinfection.  
Proteins uniquely upregulated (A and B) or downregulated (C and D) in coinfection were grouped into functional categories through GO slim annotation 
using PANTHER (http://www.pantherdb.org/) and the UniProt (http://www.Uniprot.org/Uniprot/) database. The graphs show the gene ontology (GO) 
distribution of differentially expressed proteins according to primary molecular function and biological process. The Y-axis signifies the percentage (%) 
of GO terms.

http://www.pantherdb.org/
http://www.uniport.org/uniport/
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5.2.5 Protein-protein interaction network upon Sp-RSV coinfection 

To further explore the association between the proteins that are either upregulated or 

downregulated upon Sp-RSV coinfection, a protein-protein interaction (PPI) network 

was established using a functional protein association network, STRING. This 

database of known and predicted protein-protein interactions describes the direct 

(physical) or indirect (functional) associations between proteins. Specific KEGG 

(Kyoto Encyclopedia of Genes and Genomes) pathway and Reactome pathway 

enrichment was also performed. 

 

Classically, two different strategies are adopted to carry out enrichment analysis:       

1) all differentially expressed (DE) proteins are analysed together (all-DE strategy), 

2) the up- and downregulated proteins are analysed separately (separate-DE 

strategy). Figure 5.8 shows the P-P interaction network of proteins that were 

exclusively up- or downregulated upon Sp-RSV coinfection using both strategies. All-

DE strategy demonstrated maximum P-P interactions between up- and 

downregulated proteins which is higher than the only upregulated protein interactions. 

Though there was only a single interaction present in the downregulated proteins, 

they contributed to the identification of additional interactions when combined with the 

upregulated proteins. 

 

Interestingly, though the separate-DE analysis of upregulated proteins showed less 

P-P interactions than the all-DE analysis, they showed more pathway enrichment in 

the molecular, biological, KEGG or Reactome pathways (Table 5.8).  

 

Upregulated proteins include several type I keratin (KRT15, KRT16, KRT17, KRT19, 

KRT23) proteins as well as type II keratin, KRT6B, which interact together to take part 
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in the organisation of the intermediate filament cytoskeleton, cornification, epithelial 

development, program cell death etc. Another protein, unconventional myosin-VI 

(MY06), was highly upregulated in coinfection which regulates the movement of the 

actin filament and functions in the vesicular membrane trafficking and clathrin-

mediated endocytosis in polarised epithelial cells. This protein was shown to take part 

in forming specialised junctions between cells by PANTHER GO slim molecular 

function enrichment. Other important functions of the upregulated proteins are 

multicellular organismal process and retinol metabolic process.  

 

The downregulated proteins exhibited no enrichment for any of the pathways except 

for the cytokine-cytokine receptor interaction KEGG pathway. A major host protein 

downregulated in response to Sp-RSV exposure was IL-1β. Though IL-1β did not 

show significant pathway enrichment with other downregulated proteins, it shows 

engagement in several important pathways like programmed-cell death, epithelial cell 

development and differentiation, the cellular developmental process when laid 

together with the upregulated proteins in the all-DE analysis method.   

 

Upon single infection by either Sp or RSV, several clusters of proteins were also 

uniquely found to be differentially abundant. Proteins which were upregulated in Sp 

and coinfection (cluster 1, Table 5.2) appeared to be involved in the cellular response 

to glucose starvation and organic substances. Proteins for mitochondrial gene 

expression were downregulated in both Sp and coinfected group (cluster 6, table 5.7), 

which is necessary for the conversion of mitochondrial gene sequences into a mature 

gene product such as protein or RNA.  

 

The largest cluster, comprised of 50 proteins which were upregulated in RSV and 

coinfection (cluster 3, table 5.4), was engaged in diverse antiviral response, innate 
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immune response, type-I interferon (IFN) signalling, various cytokine-mediated 

signalling, stress response, upregulation cell surface receptors and epithelial 

development. Proteins responsible for antiviral response and cytokine signalling were 

significantly upregulated in RSV and coinfection but not in Sp- or sham-infected cells, 

suggesting that the strong immune response and clinical symptoms observed during 

Sp -RSV coinfection are predominantly driven by RSV.  Proteins related to translation, 

mRNA processing and nucleocytoplasmic transport in these groups were significantly 

downregulated (Cluster 4, Table 5.5).  

 

 

 
Figure 5. 8 Putative protein-protein interaction networks derived from the differentially 
expressed host proteins.  
Proteins that were uniquely upregulated or downregulated in coinfection were assigned to the 
STRING database to create the network. Nodes in the graph represent proteins produced by 
a single, protein-coding gene locus. Edges represent protein-protein associations where the 
proteins jointly contribute to a shared function. The highest level of P-P interactions has been 
demonstrated in the all DE-strategy (A) of analysis than the separate-DE strategy for both 
upregulated (B) and downregulated (C) proteins, giving the PPI enrichment p-value as 3.78e-
13, 7.4e-11 and 0.534 respectively. 
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Figure 5. 9 Putative protein-protein interaction network derived from the differentially 
expressed host proteins involved in the interferon signalling pathways.  
Proteins that were uniquely upregulated or downregulated in coinfection were assigned to the 
STRING database (https://string-db.org/) to create the network. Network nodes in the graph 
represent proteins produced by a single, protein-coding gene locus. Edges represent protein-
protein associations where the proteins jointly contribute to a shared function. A significant 
interaction observed among proteins. PPI enrichment p-value as < 1.0e-16. 
 

 

Interestingly, a total of 13 proteins involved in interferon signalling pathways were 

identified in the analysis. Among them, Interferon-induced GTP-binding protein Mx2 

was 1721-fold upregulated in coinfection, whereas it was only upregulated by 23-fold 

in Sp-infected cells, but the highest fold change was observed in RSV-infected cells 

i.e. 3450x. This particular protein is a major factor in the Type I IFN signalling along 

with MX1, IFIT1, IFIT2 and IFIT3. Accentuating fact is, while all other IFN (other than 

MX2) proteins in coinfected cells were upregulated ranging from 1.5- to 11- fold, none 

of them reached 1.5-fold upregulation in the single Sp infection condition. However, 

the fold change in the single RSV infection was higher than the coinfected condition 

for all IFN proteins identified. Figure 5.8 shows the P-P network of these 13 

upregulated IFN proteins. A significant interaction was observed among these 

proteins, which imply the crucial contribution of IFN proteins in the mechanisms of 

Sp-RSV coinfection.   

https://string-db.org/
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Table 5.8 Different strategies of pathway enrichment analysis of the up- and downregulated proteins during Sp -RSV coinfection 

Functional 
groups 

All-DE strategy in both up- and downregulated 
proteins 

Separate-DE strategy in the upregulated proteins 
Separate-DE strategy in the 

downregulated proteins 

 No GO term No GO term No GO term 

Biological 
processes 

8 • Cornification 

• Programmed cell death 

• Epithelium development 

• Tissue development 

• Cellular developmental process 

• Epithelial cell differentiation 

• Establishment of skin barrier  

• Skin development 

 

12 • Cornification 

• Programmed cell death 

• Epithelium development 

• Multicellular organism development 

• Animal organ development  

• System development 

• Multicellular organismal process 

• Cell differentiation 

• Cytoskeleton organization 

• Retinol metabolic process 

• Intermediate filament cytoskeleton 
organization 

0 None 

Molecular 
functions 

5 • Structural constituent of cytoskeleton 

• Structural molecule activity 

• Retinal dehydrogenase activity 

• Aldehyde dehydrogenase (NAD) activity 

• Catalytic activity 

4 • Structural constituent of cytoskeleton 

• Structural molecule activity 

• Retinal dehydrogenase activity 

• Aldehyde dehydrogenase (NAD) activity 

0 None 

KEGG 
pathway 

1 • Estrogen signaling pathway 

 

3 • Estrogen signalling pathway 

• Retinol metabolism 

• Metabolic pathways 

5 • Malaria 

• Melanoma 

• MicroRNAs in cancer 

• Hepatocellular carcinoma 

• Cytokine-cytokine receptor 
interaction 

Reactome 
pathways 

3 • Formation of the cornified envelope 

• Developmental Biology 

3 • Formation of the cornified envelope 

• Developmental Biology 

0 None 
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5.2.6 Pairwise comparison of the differentially expressed 

pneumococcal proteins  

Sp was recovered from the HNEpC cell cultures after 18 hours of incubation. The 

bacterial lysates underwent protein extraction and identification by methods similar to 

those adopted for host proteomic analysis. All pneumococcal proteins were assigned 

into the volcano plot to see differentially expressed proteins in Sp vs coinfection 

conditions. Statistically significant differences in protein abundance were determined 

based on the fold change with a cut-off of 1.5 and a t-test p-value threshold of 0.05.  

 

 

Figure 5. 10 Quantitative proteomic data representing the fold-change in pneumococcal 
protein abundance levels in Sp -RSV coinfection compared to Sp mono-infection.  
Proteins ranked in a volcano plot according to the −log10 p-value (y-axis) and the relative 
abundance ratio (log2 fold change) for Sp single infection and Sp -RSV coinfection. Off-
centred Spots represent the proteins that vary the most between Sp vs Sp +RSV. The dotted 
line in the graph indicates the cut-off value of p < 0.05 for a significant differential abundance 
of the proteins (Student's t-test with Bonferroni adjustment). Proteins with significantly 
different abundance are shown in red (upregulated) and blue (downregulated) dots. 
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Table 5.9 Pneumococcal proteins upregulated during Sp-RSV coinfection of 
HNEpC cultures 
 

No. Accession Gene Protein 

1 Q8DR16 FABD Malonyl CoA-acyl carrier protein transacylase 

2 Q8CWR4 PHPA Histidine Motif-Containing protein  

3 P0A472 RPLL 50S ribosomal protein L7/L12  

4 Q04K26 RPME2 50S ribosomal protein L31 type B  

5 P0A4S2 FBA Fructose-bisphosphate aldolase  

6 Q04JK8 RPSF 30S ribosomal protein S6  

7 Q8DQD6 SP R0726 Uncharacterized protein  

8 P0A2W1 ACPP Acyl carrier protein  

9 Q04L74 RPST 30S ribosomal protein S20  

10 Q8CYY0 SP R0763 Uncharacterized protein  

11 Q8DQ39 LGUL Lactoylglutathione lyase  

12 Q8CZ15 SP R0586 Uncharacterized protein  

13 P0A496 RPMJ 50S ribosomal protein L36  

14 Q8CYE5 SP R1601 Uncharacterized protein  

15 Q8DPG4 FLAV Flavodoxin  

16 Q04JP7 DEF Peptide deformylase 

17 Q8DRK9 AGAS Tagatose-6-phosphate ketose/aldose isomerase  

18 Q04IS6 
SP 
D_1662 

UPF0154 protein SPD_1662  

19 P0A4J7 SODA Superoxide dismutase [Mn]  

20 Q8DNP9 TRXA Thioredoxin  

21 Q8DNZ0 PHNA 
phosphonate utilisation phenotype in Escherichia 
coli (E. coli)  

 

Table 5.10 Pneumococcal proteins downregulated during Sp-RSV coinfection 
of HNEpC cultures 
 

No. Accession Gene Protein 

1 Q8DNH4 SSBB Single-stranded DNA-binding protein  

2 Q8DR63 CPSO dTDP-4-dehydrorhamnose reductase 

3 Q8DNT4 SP R1558 Uncharacterized protein  

4 Q8DNU0 AROF 
Phospho-2-dehydro-3-deoxyheptonate 
aldolase  

5 Q8CZ47 BLPT Uncharacterized protein  

6 Q8DR68 CLPL ATP-dependent protease ATP-binding subunit  

7 Q7ZAK4 LYTA 
Autolysin (N-acetylmuramoyl-L-alanine 
amidase)  

8 P0A4G3 PSAA 
Manganese ABC transporter substrate-binding 
lipoprotein  
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A total of 29 pneumococcal proteins were found to have differential abundance 

following exposure to RSV, of which 21 proteins were upregulated and eight 

downregulated (Figure 9, Tables 11 and 12). Out of these 29 differentially expressed 

proteins, 16 were identified by the functional analysis tool PANTHER. However, only 

12 functional matches were found, of which 9 were upregulated and 3 downregulated. 

The functional classification of these proteins is shown in Figure 5.10.  

 

Several upregulated proteins were highly enriched in the categories ‘bacterial 

metabolism’ and ‘oxidoreductase activity’. Proteins associated with bacterial 

metabolism were identified as lactoylglutathione lyase (lguL), malonyl CoA-acyl 

carrier protein transacylase (FABD) and acyl carrier protein P (acpP). Proteins 

enriched in the category oxidoreductase activity are superoxide dismutase [Mn] 

(sodA) and thioredoxin (trxA). Among others, tagatose-6-phosphate ketose/aldose 

isomerase (agaS) enriched for localisation, phosphonate utilization phenotype in E. 

coli (PHNA) for cellular component, fructose-bisphosphate aldolase (FBA) for lyase 

protein class and 50S ribosomal protein L7/L12 for nucleic acid binding (rplL) protein 

class. Although histidine Motif-Containing protein (PHPA) was not enriched in 

PANTHER, it was one of the most highly expressed proteins among the upregulated 

proteins. Flavodoxin (flaV) and peptide deformylase (def) are two other highly 

expressed proteins that have a significant impact on Sp metabolism and growth.  

 

Upregulated proteins: 

• Lactoylglutathione lyase (lguL) is an enzyme that plays a critical role in the 

process of methylglyoxal (MG) detoxification. Methylglyoxal, a by-product of 

glycolysis, is highly toxic against intracellular macromolecules, including both 
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proteins and nucleic acids (307). Therefore, its rapid degradation by lguL is vital 

for the survival of the cells.  

 

• Malonyl CoA-acyl carrier protein transacylase (fabD) is an enzyme essential 

for the biosynthesis of fatty acid constituents found in the cell membrane of Sp. 

fabD catalyses the transfer of three-carbon precursor of fatty acid biosynthesis, 

malonyl-coenzyme A (malonyl-CoA), to the acyl carrier protein (308). 

Upregulation of fabD has been linked with the increased growth rate of several 

bacteria like Lactococcus lactis and Escherichia coli shown in the continuous 

culture of the bacteria (308,309).  

 

• Acyl carrier protein P (acpP) belongs to the acyl carrier protein (ACP) family 

which actively participates in the co-factor binding and cellular metabolic 

processes of bacteria, including histidine and lipid biosynthesis (310). AcpP 

carries the growing fatty acid chain during fatty acid biosynthesis. 

 

• Superoxide dismutase (sodA) is one of the proteins that play a role in the 

detoxification of reactive oxygen Species (ROS) produced during metabolic 

reactions in bacteria or during the oxidative burst in neutrophils and macrophages. 

This manganese-dependent antioxidant enzyme converts ROS to harmless 

products that are unable to damage cellular components (311). 

 

• Thioredoxin (trxA) is part of the conserved repair systems of Sp to cope with 

oxidative damage inflicted to proteins. This ubiquitous oxidoreductase enzyme 

takes part in the protein repair system by directly repairing oxidised cysteines 

(312) or by providing reducing equivalents to enzymes, which reduces the 

oxidised methionine (313). Collet and Messens showed that trxA plays an 
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important role in the protection of Sp against external peroxide stress and the 

establishment of long-term infection and disease (312). 

 

• Tagatose-6-phosphate ketose/aldose isomerase (agaS) belongs to the 

phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS). This 

enzyme is part of the isomerase family. Specifically, those intramolecular 

oxidoreductases are interconverting aldoses and ketoses. Reportedly, 

Staphylococci (314) and Streptococci (315) use the tagatose 6-phosphate 

pathway to metabolise galactose and lactose.  

 

• Phosphonate utilisation phenotype in E. coli (phnA) 

This protein is part of a large operon associated with alkyl phosphonate uptake 

and carbon-phosphorus bond cleavage. It is present in the cytosol of several 

bacteria including E. coli and Sp (316,317). 

 

• Fructose-bisphosphate aldolase (FBA) is a glycolytic enzyme that is highly 

conserved across Sp species (318). FBA has also been identified as an 

immunogenic surface protein in different other bacteria, e.g. Neisseria 

meningitidis, Listeria monocytogenes, Streptococcus suis etc. (319–321).  It was 

shown that FBA can function as an adhesin in Sp and immunisation of mice with 

recombinant FBA combined with alum elicits a protective immune response 

against a lethal challenge with Sp (322).  

 

• 50S ribosomal protein L7/L12 for nucleic acid binding (RPLL) is a component 

of the 50S ribosome that contributes to the accurate translation during protein 

biosynthesis in bacteria. It establishes the interaction between the ribosome and 

GTP-bound translation factor (323). As this protein is bacterial species-specific, it 



 

226 

 

has been utilised to develop an immunochromatographic tool to diagnose 

pneumococcal infection accurately and has been tested successfully in mouse 

models of pneumonia and colonisation (324).  

 

• Histidine Motif-Containing protein (phpA) is part of a large open reading frame 

(ORF) in Sp genome which possesses putative C3-degrading proteinase activity 

(325). The histidine motifs in the PhpA protein are involved in its biological function 

and divalent cation binding, specifically with the zinc ions (326). Recombinant 79-

kDa fragment of the ORF (Php-79) elicits cross-reactive antibodies against 

surface-exposed epitopes on multiple strains of S. pneumoniae. Thus it has been 

selected as a potential vaccine candidate against human pneumococcal disease 

(327).  

 

• Flavodoxins (flaV) are bacterial electron transfer proteins involved in several 

important metabolic pathways, especially in methionine synthesis. It has been 

identified as an essential protein for Sp infectivity. In particular, the Sp flavodoxin 

gene was recently reported to be essential for the establishment of meningitis in 

a rat model (328).  Since flavodoxin is critical for bacterial growth, and it is not 

present in humans, it became a promising target for the development of novel 

antimicrobial agent against Sp (329). 

 

• Peptide deformylase (def) is a metalloenzyme that catalyses the deformylation 

of the nascent protein in the cytoplasm of bacteria during protein synthesis (330). 

Type I and Type II defs are essential only in prokaryotes. However, eukaryotic 

gene sequences have been found and they have been studied extensively as a 

target for a new class of broad-spectrum antibacterial agent (331). 
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Downregulated proteins: 

 

Of the eight downregulated proteins, phospho-2-dehydro-3-deoxyheptonate aldolase 

(aroF), single-stranded DNA-binding protein (ssbB) and dTDP-4-dehydrorhamnose 

reductase (cpsO) were enriched by different PANTHER functional categories (Figure 

5.11). Other important pneumococcal proteins that did not result in any hit in the 

software are autolysin (lytA), manganese ABC transporter substrate-binding 

lipoprotein (psaA) and ATP-dependent protease ATP-binding subunit (clpL). 

 

• Phospho-2-dihydro-3-deoxyheptonate aldolase (aroF) enriched for the 

transferase activity, (transferring alkyl or aryl groups) are required in aromatic 

amino acid biosynthesis in bacteria(310). 

 

• Single-stranded DNA-binding protein (ssbB) is one of the two paralogous, 

homotetrameric, single-stranded DNA binding (SSB) proteins of Sp. While the 

SSBA protein plays a role in routine DNA replication and maintenance, the SsbB 

protein performs a specialized function in bacterial natural transformational 

competence (332). 

 

• dTDP-4-dehydrorhamnose reductase (cpsO) protein is involved in rhamnose 

production, a process occurring during Sp polysaccharide capsule synthesis 

(333). 

 

• Autolysin (lytA) or N-acetylmuramoyl-L-alanine amidase mediates autolysis of 

Sp by degrading cell wall peptidoglycan when they reach the stationary growth   
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• phase. It is one of the critical components of Sp that affect bacterial virulence and 

bacteria-induced immune response during pneumococcal infection (334).   

 

• Manganese ABC transporter substrate-binding lipoprotein (psaA) is part of 

an ATP-driven transport system for manganese which also acts as adhesion to 

the extracellular matrix. The protein psaA is genetically conserved, immunogenic 

and elicits pronounced antibody response against natural nasopharyngeal 

colonisation. These properties made psaA an ideal candidate for pneumococcal 

protein-based vaccines(335). 

 

• ATP-dependent protease ATP-binding subunit (clpL) clpA is an ATP-

dependent chaperone and part of the CLPAP protease that degrades the modified 

polypeptide during bacterial protein translation. It participates in the regulatory 

protein degradation, and the dissolution thereby prevents the accumulation of 

aberrant and incomplete proteins (336).  
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Figure 5. 11 Functional classification of pneumococcal proteins up- or downregulated during Sp -RSV coinfection.  
Proteins upregulated (A and B) or downregulated (C and D) in coinfection were grouped into functional categories through GO slim annotation using 
PANTHER (http://www.pantherdb.org/) database. The graph shows the gene ontology (GO) distribution of differentially expressed proteins according 
to major molecular function and biological process.  The Y-axis signifies the percentage (%) of GO term. 
 

  

http://www.pantherdb.org/)
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5.2.7 Protein-protein interaction network in the up- and 

downregulated pneumococcal proteins during Sp -RSV coinfection 

 

 

 
Figure 5. 12 Putative protein-protein interaction network among the up- and 
downregulated proteins expressed in Sp after exposure to RSV.  
Proteins that were uniquely upregulated or downregulated in Sp after exposure to RSV were 
assigned in the STRING database (https://string-db.org/) to create the network. Network 
nodes in the graph represent proteins produced by a single, protein-coding gene locus. Edges 
represent protein-protein associations where the proteins jointly contribute to a shared 
function. The network has significantly more interactions than any random set of proteins in 
the upregulated proteins (A). Downregulated proteins enriched for only a single interaction 
between psaA and lytA (B). PPI enrichment p-value for the up- and downregulated proteins 
are 0.000596 and 0.147 respectively.  

 

 

 

 

 

 

  

https://string-db.org/
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All pneumococcal proteins which were differentially expressed upon exposure to RSV 

were subjected to protein-protein interaction analysis using STRING. The 

upregulated proteins showed more interactions among themselves compared to a 

random set of proteins of similar size, drawn from the genome. This indicates that the 

upregulated proteins were biologically connected as a group.  However, for several 

proteins, either no matched annotations were found in the existing database, or the 

proteins were found to be not characterised yet. Consequently, despite having 

significant interactions amongst the upregulated proteins, there was no significant 

pathway enrichment observed in the categories of Biological Process (GO), Molecular 

Function (GO), Cellular Component (GO), KEGG Pathways and Reactome 

Pathways.  

 

The downregulated proteins neither showed significant interaction nor pathway 

enrichment in STRING. This could be due to the small number of proteins (only eight)  

in the data set preventing the establishment of any protein networks. The least 

interaction or pathway enrichment of the downregulated proteins may result from the 

fact that these proteins have not been studied very much and that their interactions 

might not yet be known to STRING. 
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 Discussion 

In previous chapters, I made the observations in vivo and in vitro experiments that 1) 

augmented pneumococcal growth rate and density upon RSV exposure, 2) increased 

epithelial barrier function upon coinfection compared to Sp mono-infection, and 3) 

aberrant pro-inflammatory and regulatory host immune response. In this chapter, 

quantitative mass spectrometry-based global proteomic analysis was carried out to 

gain further insight into the molecular events occurring at the nasopharyngeal 

epithelial barrier when pneumococcal and viral co-infection occurs. My first focus was 

to explore the changes detected in the host proteome upon sequential infection of 

human primary HNEpC cells with Sp and RSV. The second focus of my study was to 

interrogate the pneumococcal proteome and understand its variations following 

exposure to RSV.  

 

 Numerous proteins involved in translation and post-translational modification were 

found to be upregulated upon Sp-RSV coinfection (ef1a2, rpl21, uchl1). Ubiquitin 

carboxyl-terminal hydrolase isozyme L1 (uchl1) is related to cellular homeostasis, 

viral replication and essential anti-viral response. It causes the induction of  G0/G1 

cell cycle arrest during viral infection resulting in cellular dysregulation and apoptosis 

(337). There is no direct evidence that uchl1 is involved in RSV-mediated cell cycle 

arrest or dysregulation, however, RSV matrix protein induces lung epithelial cell cycle 

arrest through a p53 dependent pathway, and uchl1 forms complex with p53 to 

promote its’ signalling (338). The tumour suppressor p53 protein is a transcription 

factor which is induced in response to a variety of cellular stresses, including DNA 

damage (339). Interestingly, previous in vitro studies have shown that during low level 

and short pulse p53 signalling, in both RSV and pneumococcal infection, p53 can 

promote cell survival by inducing reversible cell-cycle arrest, thereby allowing for 
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DNA repair (339,340). Additionally, RSV was documented to delay apoptosis and 

to prolongs, the survival of airway epithelial cells by enhancing Akt/Mdm2 (murine 

double minute 2)-mediated p53 degradation (341). This RSV-driven survival effect 

may contribute to the maintenance of the epithelial barrier function during Sp -RSV 

coinfection.  

 

Of the proteins identified in the Sp-RSV coinfected cell samples, six of them –which 

are associated with tissue remodelling, cytoskeletal development, and epithelial 

barrier function- were found to be upregulated.  Among them, both type I (Keratin, 

type I cytoskeletal 15, 16, 17, 19, 23) and type II keratin (Keratin, type II cytoskeletal 

6B) proteins were identified, and are commonly designated as the intermediate 

filaments (IF) that form part of the cytoskeleton of epithelial cells. Typically, the keratin 

proteins of different entities act as the regulators of innate immunity, cytoskeletal 

organisation and epithelial barrier function (342). For an example, intermediate 

filaments together with actin filaments and microtubules are major components of the 

cytoskeleton, keratins-10 (K10) have been shown to actively contribute to barrier 

formation in the epidermis, K17 appears to stimulate inflammatory responses by 

cytokine induction. Upregulation of these proteins suggests that remodelling of IF 

occurs upon Sp -RSV exposure and enhancement of the intricacy of filament network. 

It may, for instance, increase the barrier function of the epithelium. It has been well 

described that a massive rearrangement occurs in the IFs during different viral 

replication, i.e., virus entry (endocytosis) and release from the cells.  

 

The unconventional myosin-VI (MYO6) protein, an actin-based motor molecule with 

ATPase activity, was also found to be upregulated during coinfection. MY06 acts as 

a cell-junction protein and is crucial for the maintenance of adhesive cellular contacts 

within  epithelial cell layers (342,343).  Another junctional protein, claudin-1, was 
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significantly upregulated in both RSV infected and Sp -RSV coinfected cultures. 

Together with the keratin proteins and MY06, claudin-1 may contribute to improved 

epithelial barrier function upon Sp and RSV exposure. This finding is supported by 

my observation of increased transepithelial electrical resistance and decreased the 

permeability of Sp through the epithelial membrane in the in vitro model (Chapter 4). 

In line with my findings, Clarke et al., have demonstrated that the claudin proteins 

(claudin 7 and 10) are key to the maintenance of epithelial barrier integrity and that 

the downregulation of these proteins interrupts this function resulting in the 

paracellular migration of Sp to cause invasive disease (300). The authors have 

exploited 16HBE14o-cells in a Transwell insert experimental setup to mimic the 

polarised human bronchial epithelium. In contrast, MY06 was shown to be involved 

in the clathrin-mediated endocytosis of bacteria through epithelial cells (344). Further 

research is required to identify the balance between the restriction vs permission of 

the paracellular vs transcellular migration of Sp across the epithelial barrier in Sp-

RSV coinfection scenario.  

 

Interleukin I beta (IL-1β) is a potent proinflammatory cytokine which induces 

neutrophil influx and activation, T-cell activation and cytokine production, and 

promotes Th17 differentiation of T-cells. Though RSV is not a strong inducer of IL-1β 

release from respiratory epithelial cells, the pneumococcal toxin, pneumolysin, was 

reported to induce IL-1β secretion upon activation of NLRP3 inflammasome (345). 

Synergistic production of IL-1β from the murine bone marrow-derived macrophages 

(BMDMs) was previously reported during coinfection with influenza A virus and Sp 

(346). Surprisingly, in our infection model, the abundance of IL-1β protein was 

significantly downregulated in coinfection condition. I propose that IL-1β induction 

may be inhibited upon preexposure to Sp though the exact mechanisms remain to be 

elucidated. This is partially supported by Robinson et al. who have shown that 
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influenza A inhibits Staphylococcus aureus-induced IL-1β production via an NF-κB 

mediated mechanism resulting in attenuation of Type 17 immunity and increased 

susceptibility to bacterial infection (347).  

 

Most interestingly, a number of pneumococcal proteins were also found to be 

differentially expressed during Sp-RSV coinfection. Proteins found most abundantly 

include lguL, fabD, agaS, phnA and FBA, which are commonly associated with 

bacterial metabolism of amino acid, fatty acid, galactose and lactose. This suggests 

that RSV may promote the process of energy production in pneumococcal cells, as 

well as its growth and maintenance of a cellular steady state. Other proteins such as 

malonyl CoA-acyl carrier protein transacylase (Fabd) and flavodoxins (flaV) were also 

shown to directly influence the growth of bacteria, including Sp (308,309,329).  

 

Another category of proteins playing a role in facilitating bacterial survival was also 

found to be differentially expressed upon Sp-RSV coinfection. Proteins such as 

lactoylglutathione lyase (lguL) play a vital role in detoxifying the toxic glycolysis by-

product, methylglyoxal, while superoxide dismutase (sodA) detoxifies ROS during 

oxidative stress and thioredoxin (trxA) takes part in protein repair and reduction of 

oxidised methionines (307,311,348). Ultimately, these proteins protect Sp from 

external oxidative stress and may enhance its’ survival and virulence during the 

course of an infection.  Thus, the upregulation of proteins related to Sp growth and 

survival further emphasise my observation of increased Sp growth, and density 

noticed upon co-infection in both the in vitro and in vivo experiments.  

 

One of the major virulence proteins of Sp, autolysin (lytA), was found significantly less 

abundantly in RSV exposed Sp. Current literature describes autolysin as the mediator 

of pneumococcal cell lysis and release of the pore-forming toxin, pneumolysin.  Along 
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with several other pathogenic functions, pneumolysin activates the host immune 

system and induce the secretion of IL-1 cytokine, especially IL-1β, which plays a 

protective role by recruiting macrophage to eliminate the bacteria from infection site 

(349). In my experimental setup, the presence of RSV might have led to 

downregulation of autolysin protein, contributing to the prevention of bacterial lysis 

and consequently, inhibition of pneumolysin-driven production of IL-1β.  

 Concluding remarks 

High-through put proteomic analysis led to the identification of 277 host proteins and 

29 bacterial proteins differentially expressed upon Sp-RSV coinfection in human 

primary nasal epithelial cell cultures. These proteins may hold the key to the 

understanding of the mechanisms underlying host responses to coinfection. 

Increased abundance of proteins associated with the cytoskeleton and epithelial tight 

junctions indicates extensive remodelling of keratin and other IFs which may be in 

turn promote RSV replication and increased epithelial barrier function. Upregulation 

of IFN pathway proteins indicates that Sp-RSV co-infection had significant modulatory 

effects on the host immune response. Downregulation of IL-1β, pneumolysin and 

autolysin, in my data, may be associated with a distinct immune response during Sp-

RSV coinfection.  Therefore, validation of the proteins identified in my proteomics 

analysis will be crucial towards establishing the biological relevance of my findings. 
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      General Discussion 

 Overall summary 

This PhD project aimed to shed light on the mechanisms underlying the immuno-

pathogenesis of Streptococcus pneumonia (Sp) and Respiratory syncytial virus 

(RSV) coinfection in the upper and lower respiratory tract and, more particularly, to 

determine the effect of RSV infection on pneumococcal colonisation and invasive 

disease.  

 

Pneumococcus and RSV both are responsible for serious respiratory infections 

among young children and account for significant morbidity and mortality worldwide 

(1,2,6). Reportedly, more than 40% of the children hospitalised with RSV 

bronchopulmonary infection presented with a concomitant bacterial infection, with 

pneumococcus one of the commonest among these isolated bacteria. Additionally, 

coinfected children needed more extended ventilation support, or hospital stays, 

indicating more severe clinical outcomes in the coinfected cases  (8–10). As more 

than 60% of young children are colonised with pneumococci (1), although the rate is 

variable across the globe, there is a strong possibility that the majority of these 

children had acquired the bacteria from the previous colonisation. Very recently, in a 

longitudinal birth cohort study of Brisbane-based children, approximately 33% of 

infants and young children with RSV infection were found to be colonised by Sp within 

four weeks prior to RSV detection. A positive correlation was also drawn between 

severity scores and co-detection of RSV and Sp in this cohort (163). 

Therefore, in the present study, the complex relationship between Sp and RSV 

infection was dissected in the scenario of Sp colonisation followed by RSV 

superinfection in a murine model.   



 

238 

 

 

One key observation resulting from this study was the increased bacterial density 

followed by a prolonged persistence of bacteria in the nasopharynx (NP) of Sp-

colonised mice following RSV superinfection. Consistent with previous studies, this 

augmentation in bacterial load occurred concomitantly with a reduction in 

macrophage recruitment in the NP (172,173). Nakamura et al. reported that, in their 

model, IAV-Sp coinfection led to the synergistic stimulation of the type I-IFNs and 

inhibition of CCL2 expression which in turn reduced the influx of macrophages and 

ultimately failed to clear Sp from the URT (173). In agreement with their observation, 

I have demonstrated a significantly higher concentration of IFN-β in Sp-RSV 

coinfected mice, which may have contributed to the decreased macrophage 

recruitment observed in the NP. Moreover, my host proteome analysis (chapter 5) 

revealed the exciting findings of upregulation of total of 13 proteins belonging to 

interferon-signalling pathways, including type I IFNs in Sp-RSV coinfected human 

primary cell line. Strikingly, the interferon-induced GTP-binding protein Mx2 (MX2) 

protein, which is involved in IFN-β production, signalling, or responses, showed a 

1721-fold upregulation in coinfected cells while single Sp infection demonstrated only 

23-fold. Upregulation of the MX2 protein has been reported in Sp infected mouse lung 

along with the MX1 protein (350), which was also upregulated in my experiment. The 

downregulation of autolysin (lytA) protein by 2.6-fold in my data contradict with the 

proposition that pneumococci undergo spontaneous autolysis and release a pore-

forming toxin, pneumolysin (Ply) which is essential for driving the type I IFN response 

(173). However, pneumococci have been shown to mediate type I IFN responses 

independently of Ply (351).  

 

Additionally, Skovbjerg et al. reported that many genes belonging to interferon-

signalling pathways were induced in monocytes interacting with intact pneumococci, 
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while their expression was downregulated after the addition of autolysed bacteria 

(351). Some of the protein-encoding genes they identified, were also found to be 

upregulated in my data set such as an interferon-induced protein with 

tetratricopeptide repeats 1, 2 and 3 (IFIT1, IFIT2, IFIT3), MX1 and MX2. Of note, Ply 

protein was also downregulated in my result in the coinfection condition, but it was 

excluded from the analysis as the fold change was only 1.3. Thus, it is tempting to 

hypothesise from my data that, Sp-RSV coinfection significantly upregulated the 

proteins involved in the interferon signalling pathway along with downregulation of 

pneumococcal protein LytA, which resulted in impaired macrophage recruitment and 

delayed clearance of pneumococci from the NP of coinfected mice. Collectively, these 

may have an additional effect on bacterial persistence in the NP.   

 

From my high throughput proteomics analysis, upregulation of several other proteins 

involved in pneumococcal metabolism and survival accentuate the ability of 

pneumococci to adapt and survive during oxidative stress as supported by Kimaro 

MIacha et al. (160).They have reported the transcriptional adaptation of pneumococci 

and human pharyngeal cells during HPIV3 coinfection by demonstrating upregulation 

of numerous host and bacterial genes that led to improved bacterial binding to the 

epithelium and survival. In my data, bacterial proteins associated with bacterial 

metabolism such as Lactoylglutathione lyase (lguL), Malonyl CoA-acyl carrier protein 

transacylase (fabD), Tagatose-6-phosphate ketose/aldose isomerase (agaS) and 

Fructose-bisphosphate aldolase (fba) were upregulated along with the proteins that 

are part of pneumococcal survival mechanisms, such as lactoylglutathione lyase 

(lguL), superoxide dismutase (sodA), and thioredoxin (trxA). Hence, upregulation of 

these proteins suggests that Sp is capable of counteracting RSV infection induced 

toxic by-products, including ROS, and of maintaining its presence in the NP.  
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Along with decreased immune-mediated clearance and increased adaptation for 

survival, bacterial growth enhancement has been proposed to affect bacterial density 

positively during viral coinfection (86).  During my investigations on the in vitro Sp 

growth dynamics, Sp growth was enhanced in the presence of an ‘unpurified’ 

preparation of RSV containing cell secreted soluble factors including cytokines. This 

bacterial growth enhancement property attributed to cytokines was reported by 

several authors including Meduri et al. who demonstrated that the growth of S. 

aureus, P. aeruginosa and Acinetobacter Spp was critically regulated by IL-1β in a 

dose-dependent manner (293,352,353). The authors described a mechanism 

whereby bacteria might have exploited signalling or biochemical pathways similar to 

that of eukaryotes, or whereby bacteria may breakdown the cytokines into biologically 

active products and use them as transcription factors or direct growth factors. 

However, the molecular factors of such mechanisms remain to be elucidated. 

Nevertheless, given the elevated concentrations of several pro-inflammatory 

cytokines, both in vitro and in vivo, it provides an insight into an intriguing mechanism 

by which RSV infection could positively affect, albeit indirectly, pneumococcal growth 

and density during coinfection.   

 

RSV infection is a potent inducer of pro-inflammatory cytokines such as TNF-α, IL-6, 

IL-8, IL-1β and IFN-ɣ involved in the immunopathogenesis of the disease (20–22). On 

the other hand, pneumococcal Ply has shown to activate the NLRP3 inflammasome 

and promotes the secretion of proinflammatory cytokines such as Il-1β and IL-18 (17). 

Yet, surprisingly, host proteomic analysis of the human primary nasal cells in my 

study, showed a downregulation of the IL-1β protein (fold change: Sp vs coinfection 

1.9; RSV vs coinfection 2.1; Sham vs coinfection 1.6), which was reported to be 

increased in IAV-Sp coinfection and regulate host defence by inducing Th17 

polarisation (346). In line with the proteomic data, the Sp colonised mice in my model 
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failed to demonstrate any significant synergistic production of IL-1β or IL-17A 

following RSV superinfection. This data is supported by Robinson et al. who have 

shown that IAV infection inhibits S. aureus-induced IL-1β production, resulting in 

attenuation of Type 17 immunity and increased susceptibility to bacterial infection. 

The authors proposed a mechanism of early suppression of NF-κB–dependent 

transcription of pro–IL-1β instead of inhibition of inflammasome as the S. aureus-

induced inflammasome activation was intact in their study.  

 

Although Sp-RSV coinfected mice did not show any difference in IL-1β or IL-17A 

induction, there was a modest increase in the production of the pro-inflammatory 

cytokines such as TNF-α, IL-6 and IFN-ɣ in the carriage model, but no change 

observed in the neutrophil number. While high pneumococcal density was correlated 

with more mucosal inflammation in NP of RSV infected children (19), in my carriage 

model, RSV induced an early response to IL-6 only with no change in the 

concentration of TNF-α and a reduction in the MIP-2. TNF-α and IFN-ɣ producing 

cells were recruited at or after day 4, which may indicate that the initial encounter of 

RSV was with an environment that is already sensitised with Sp colonisation and 

which is, theoretically, more regulatory rather than inflammatory (216,354). RSV 

mediated immune response may become apparent only after reaching its peak 

replication at day 4, RSV superinfection contributed to further recruitment of a pool of 

TGF-β producing cells, which was already present, as primarily induced by 

colonisation with Sp. 

 

Interestingly, in coinfection, TGF-β producing cells were boosted at day 7, when the 

inflammatory responses were not evident, supported by the findings of Neill et al. of 

the critical balance between pro-inflammatory and anti-inflammatory host immune 

responses underpinning pneumococcal carriage (216). While proinflammatory 
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cytokines and chemokines drive the recruitment of neutrophil or macrophages to clear 

pneumococcal infection (3,214,355), the regulatory arm of host immunity- equipped 

with Treg cells, TGF-β and IL-10 – suppresses inflammation and contributes to the 

persistence of the bacteria (216). My results drew a slightly different paradigm, where 

RSV infection failed to initiate a proinflammatory response efficient enough to clear 

Sp carriage coupled with a TGF-β mediated regulatory response which allowed the 

bacteria to persist for longer duration at a higher titre than the Sp single infected mice.  

 

Notably, RSV was capable of inducing an augmented inflammatory response after 

administration of a higher inoculum of the virus in the Sp colonised mice. Enhanced 

inflammation, characterised by increased IL-6, TNF-α and IFN-ɣ concentration, 

allowed the translocation of bacteria from the NP to the lower respiratory tract. An 

approximate two-fold increase was observed in the bacterial number in the lungs of 

coinfected animals compared to the Sp-colonised mice, which supports the 

association between heightened inflammation and bacterial dissemination in the 

respiratory tract (274). 

 

RSV superinfection in mice with pneumococcal pneumonia demonstrated a strong 

and synergistic response in terms of bacterial and viral growth, disease symptoms 

and immune phenotype expression, characterised by increased macrophage and 

neutrophil recruitment as well as T cell responses. While no mortality was observed 

in my study, in any of the Sp-RSV coinfected animals, previous authors reported 

mortality as a common outcome of overt disease upon IAV-Sp coinfections, when IAV 

viral infection was followed by a secondary bacterial infection (92,356). On the other 

hand, the same authors reported that pre-exposure to Sp was found to protect mice 

from IAV-induced severe disease symptoms (356). The protective effect observed 

upon pre-exposure to Sp was not seen in my study. Instead, Sp-RSV coinfection led 
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to significantly more severe disease symptoms and weight loss in my model. Mainly, 

the recovery phase was significantly slower in the coinfected mice. Sp-RSV 

coinfection was found to be associated with disease deterioration in numerous studies 

(8,142–145), even when the children were found to be colonised with Sp before RSV 

infection (163). These findings underscore the fact that, though there is a substantial 

overlapping in immune response and disease phenotypes between different viruses 

and bacteria, considerable differences also exist which should be considered 

independently.   

 

The disease phenotype, in my model, was associated with the increase in total 

number of CD8+ T cells in the lungs which was significantly higher in the Sp-RSV 

coinfected mice during the disease peak as well as in the recovery phase. Previous 

studies in clinical settings have stated that CD8+T cell and their activation by-

products, such as granzyme A and B, are associated with disease severity in patients 

with RSV infection, and these by-products are considered as surrogate markers to 

predict the severity of RSV-induced disease  (42,279). During coinfection, there was 

a significant accumulation of acute inflammatory cells such as neutrophil, 

macrophages and dendritic cells (DC) in the lungs of coinfected mice, before the T 

cell repertoire (CD4+ and CD8+ T cells) reach the infection site. While DCs are mainly 

involved in antigen presentation and humoral response, macrophages and 

neutrophils control bacterial density in the lungs through the phagocytic activity. In my 

pneumonia model, pneumococcal density was consistently higher in the lungs of 

coinfected mice, which indicates a mechanism which may inhibit phagocytosis and 

prevent bacterial clearance. The IFN-ɣ induced inactivation of alveolar macrophages 

was reported by Sun et al. who reported that pulmonary IFN-γ produced during T cell 

responses to influenza infection in mice inhibits initial bacterial clearance from the 

lung by alveolar macrophages (178). IFN-γ appeared to downregulate the expression 
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of class A scavenger receptor MARCO on alveolar macrophages, thus, impaired 

phagocytosis. This might happen in my Sp-RSV coinfection model as well.  

 

Additionally, a high number of Foxp3+ Treg cells were accumulated in the lungs of 

coinfected mice, which may also offer some inhibitory effect on the inflammatory cells 

and impaired bacterial clearance. Notably, there was no significant bacteraemia 

observed by the influence of RSV infection in this study suggesting no substantial 

loss in the epithelial barrier function occurred during Sp-RSV coinfection that has 

been reported by others (193,357). It may also result from the resistant nature of the 

Balb/c mice to pneumococci, which reportedly expresses a high degree of the 

regulatory immune phenotype (215,221). 

 

In the in vitro transwell model, the epithelial barrier function seemed to be improved 

by sequential infection with Sp and RSV.  TEER across the cellular monolayer was 

surprisingly higher in the coinfected monolayer. Consequently, the movement of the 

bacteria from the top to bottom chamber was significantly reduced in the Transwell 

setup. This phenomenon has been demonstrated by Sajjan et al in RSV infection, but 

not in IAV or human Rhinovirus infection (193). The authors suggested that 

Rhinovirus infection downregulates the tight junction protein ZO-1 to alter the 

permeability, whereas IAV tends to disrupt the epithelium by inducing cell death rather 

than disrupting the tight epithelial junctions (98).  In contrary, 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 (99).  This discrepancy may stem from the different 

experimental set up using different types of cell lines in these studies.   

 

In line with the in vitro transwell experiment, the proteomics data revealed a set of 

highly upregulated host cellular proteins, associated with barrier function in the 
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respiratory epithelium, such as  type I keratin (cytoskeletal 15, 16, 17, 19, 23) and 

type II keratin (cytoskeletal 6B), and tight junction protein, claudin 1. The functional 

property of the airway epithelium depends on the coordinate expression and 

interaction of these proteins in cell-cell junctional complexes (358). The keratin 

proteins are also part of intermediate filament (IF) family which act as the innate 

immune barrier against invading pathogens and takes part in the cytoskeletal 

remodelling and organisation during the process of endocytosis (342). Together these 

proteins take part in the maintenance of functional integrity of the epithelium and its 

barrier properties (358). Upregulation of these proteins may link to the events of viral 

replication such as endocytosis during entry to the host cells or budding at the time 

of the release of the complete virion from the cells. It is reasonable to connect this 

proteomics data to the transepithelial in vitro barrier model findings and to speculate 

that this RSV-induced upregulation of the cytoskeletal and junctional proteins 

improves epithelial integrity and thus limit the bacterial infection from spreading 

systemically. This is in agreement with the results of LeMessurier et al. that, IFN-I 

inhibit PAF receptor-mediated transcytosis and tight junction-dependent peracellular 

migration of pneumococci in mice, ultimately limiting the progression of site-restricted 

lung infection to invasive, lethal disease (305). Collectively, the upregulation of the 

junctional protein, claudin-1 and other cytoskeletal proteins as well as the type I IFN 

pathway proteins with improved TEER in the epithelial barrier model, provide the 

evidence of improved barrier function mechanism in the context of Sp and RSV 

coinfection.  
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 Impact of this thesis 

This is the first study to investigate the effect of RSV superinfection on pneumococcal 

carriage and pneumonia. It has made the following contributions to the field:  

1. First to describe a bacterial-viral coinfection from a global proteomics 

perspective. 

2. Further confirming the role of the macrophage in the dysfunctional immune 

clearance of the pneumococci during viral coinfection. 

3. Indicating the RSV-induced upregulation of type I IFN and its probable role in 

the inhibition of macrophage recruitment during pneumococcal colonisation, 

but not during pneumonia. 

4. Providing indirect evidence of pneumococcal growth enhancement by the 

influence of RSV-induced cytokines and, thus, suggesting a mechanism for 

increased bacterial density during RSV-pneumococcal coinfection. 

5. Providing the evidence of RSV induced downregulation of pneumococcal 

virulence proteins, such as autolysin and possibly pneumolysin. 

6. Describing a possible mechanism of improved epithelial barrier function by 

RSV during coinfection with S. pneumoniae. 

 Future direction 

Bacterial and viral coinfection is a complex and delicate process. The current study 

is the first to ascertain such interactions in the context of RSV superinfection in 

previously colonised mice or in mice which had already developed pneumonia. As 

there is considerable paucity in the current literature to provide background 

information on this unique approach particularly for pneumococci- RSV pair, the study 

encountered several challenges, yet, set the basis for several future works.  
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As suggested in the study, the density and duration of pneumococcal carriage may 

be maintained by the combined effort of type I IFN mediated inhibition of immune cells 

and the regulatory effect of Treg cells; the exact mechanisms need to be elaborated 

by further studies. The synergistic stimulation of type I IFN can be examined by 

explicitly targeting the interferon pathway proteins or chemokines or by using IFN 

knockout mice. As conflicting data offered by different authors about the function of 

pneumolysin in inducing type I IFN, detailed examination is necessary to identify the 

precise interaction. Moreover, RSV G protein, as well as NS1 and NS2 proteins, have 

shown to inhibit type I IFN (16,359), thus, the mechanism needs to further elaborate 

in the context of RSV-pneumococcal coinfection.  

 

TGF-β or Treg cells are shown to maintain the balance between the inflammatory and 

regulatory arms of the immune system (216,360), yet, its precise mechanism has not 

been delineated during coinfection. As shown my murine models, Treg cells number 

were consistently increased both in pneumococcal carriage and pneumonia in 

coinfected mice; this suggests RSV had a positive impact on the stimulation of 

regulatory mechanism during coinfection. It needs further evidence to establish if 

there is any distinct mechanism governing this process. The additional experiment 

also needed to test other important immune regulatory cytokines or chemokines such 

as CXCL-10 or IL-10 as they have been shown to have a high impact on both RSV 

and pneumococcal infection (254,283,350,361).  

 

My observation of cytokine-mediated bacterial growth enhancement requires further 

experimentation by using purified cytokines to confirm the observed effect. Meduri et 

al. have made a significant contribution to relating this bacteria-cytokine interaction 

with the mechanisms underlying nosocomial infections in patients with acute 
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respiratory distress syndrome and ventilator-associated pneumonia (353). The 

challenge now is to gather further evidence to establish a relevant mechanistic insight 

by targeted experiments. If this has proven to have a significant impact on 

pneumococcal growth, it might need to consider more seriously as a treatment 

modality to minimise cytokine response that will pave the way towards novel 

strategies in the management of this patient population. 

 

The proposition arising from this study about the improved epithelial barrier 

permeability is novel and challenging. By using fluorescent proteins to stain the 

junctional protein followed by imaging may help to identify the specific junctional 

proteins involved in this process and how they regulate bacterial transmigration during 

coinfection. A better model would be the air-liquid interface (ALI) model, which is 

physiologically closer to the human airway and will provide a more concrete idea 

about the mechanism.  

 

Finally, the proteins identified as significantly up- or down-regulated in my proteomics 

analysis need further validation by qPCR or western blot method. Notably, the 

downregulation of the pneumococcal proteins pneumolysin and autolysin has to be 

confirmed by validation followed by in vivo experimentation to identify the mechanism 

of how they may contribute to the process of coinfection.  
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 Final comment 

The major challenge in the management of bacterial-viral coinfection cases is the 

inherent complexity of coinfection.  Especially in young children, the overlapping 

clinical presentation of viral and bacterial infections make it difficult to reach a 

definitive diagnosis and prioritise treatment options. 

 

As RSV and pneumococci share several components in the immune system such as 

the PRRs and the signalling cascades as well as inflammatory pathways, drugs 

targeting these receptors or pathways may help to resolve coinfection related 

morbidity and mortality. Evidence presented in this thesis support a few unique 

propositions in indicating possible immune and regulatory mechanisms of RSV-

pneumococcal coinfection. A complete understanding of these mechanisms is crucial 

to improve patient care as well as facilitate the development of safe and effective 

preventative and therapeutic approaches. 
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Appendices 

Appendix A 

FACS gating strategies to select different cell populations in 
the nasopharynx and lungs of Sp and/ RSV infected mice 

Nasopharyngeal or lung tissues were collected from mice and processed to get single cell 

suspension. Cells were then stained using a combination of monoclonal antibodies to specific 

cell surface markers.  An intracellular monoclonal antibody panel was used to detect both 

intracellular cytokines and transcription factors for different CD4+ T cell subsets along with 

Bioscience™ 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 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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Appendix figure 1 Gating strategy to isolate neutrophils.  
Cells were stained with antibodies to CD45 and Ly6G and analysed by FACS. Single cells 
were gated through CD45 and Ly6G to select double positive cell population as neutrophil. 
Ly6G negative control was performed using Ly6G fluorescence minus one (FMO) shown in 
the figure. 
  



 

274 

 

 

Appendix figure 2 Gating strategy to isolate macrophages. 
Cells were stained with antibodies to CD45, Ly6G, F4/80 and CD11b and analysed by FACS. 

Single cells were gated through CD45 and Ly6G to select CD45+Ly6G- cells which were 
then gated against F4/80 APC and CD11b PE. F4/80+ CD11b+ cells were recorded 
as macrophage.  Ly6G negative control was performed using Ly6G fluorescence minus one 
(FMO) shown in the figure. F4/80 and CD11b negative controls were performed using 
fluorescence minus one (FMO) shown in figure.  
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Appendix figure 3 Gating strategy to isolate dendritic cells. 
Cells were stained with antibodies against CD45, F4/80, MHC II and CD11b. CD45+F4/80- 
cell were gated against MHC II and CD11c from where MHC II and CD11c double positive 
cells were recorded as DCs. MHC II and CD11c negative controls were performed using 
fluorescence minus one (FMO) for each fluorophore shown in figure. 
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Appendix figure 4 Gating strategy to isolate IFN-γ secreting cells. 
 Cells were stained with antibodies to CD45, CD3 surface markers followed by fixation and 
permeabilisation to stain IFN-γ for FACS analysis. CD3+IFN-ɣ+ cells were recorded. Negative 
controls were performed using IFN-γ fluorescence minus one (FMO) as shown in figure. 
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Appendix figure 5 Gating strategy to isolate TNF-α secreting cells. 
Cells were stained with antibodies to CD45 surface marker followed by fixation and 
permeabilisation to stain TNF-α protein. CD45+TNF-α+ cells were recorded. TNF-α negative 
control was performed using TNF-α fluorescence minus one (FMO) shown in figure. 
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Appendix figure 6 Gating strategy to isolate IL-17A secreting cells. 
Cells were stained with antibodies to CD45, CD3, CD4 surface markers followed by fixation 
and permeabilisation to stain IL-17A and analysed by FACS. Negative controls were 
performed using CD3, CD4 and IL-17A fluorescence minus one (FMO) as shown in figure. 
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Appendix figure 7 Gating strategy to isolate TGF-β  secreting cells. 
Cells were stained with antibodies toCD45, CD3, CD4 surface markers followed by fixation 
and permeabilisation to stain TGF-β and analysed by FACS. CD3+ CD4+ TGF-β positive cells 
were recorded.  Negative controls were performed using CD3, CD4 and TGF-βfluorescence 
minus one (FMO) as shown in figure. 
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Appendix figure 8 Gating strategy to isolate T cell populations. 
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. CD3+CD8+ cells 
were recorded as CD8 T cells, CD3+CD4+ cells as CD4 T cells and Treg cells were acquired 
by further gating of CD4+ cells to get CD4+ FoxP3+ population. Negative controls were 
performed using fluorescence minus one (FMO) shown in figure. 
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Appendix B 

List of proteins upregulated or downregulated after Sp and/ or 

RSV infection compared to untreated control cells. 

All proteins listed below have ≥ 2 peptides, ≥ 1.5-fold change compared to untreated control 

and a significance q-value of ˂ 0.05    

Appendix table 1 Differntially expressed proteins in single Sp infection compared to 
untreated control. 

 
A. Upregulated 14 proteins 

 

Accession Gene Protein 

Q9Y3D7 TIM16 Mitochondrial import inner membrane translocase subunit TIM16  

Q05639 EF1A2 Elongation factor 1-alpha 2  

P00352 AL1A1 Retinal dehydrogenase 1  

Q8WXG1 RSAD2 Radical S-adenosyl methionine domain-containing protein 2  

P20592 MX2 Interferon-induced GTP-binding protein Mx2  

Q9UBC9 SPRR3 Small proline-rich protein 3  

O43865 SAHH2 Putative adenosylhomocysteinase 2  

P08243 ASNS Asparagine synthetase [glutamine-hydrolyzing]  

Q9HCJ6 VAT1L Synaptic vesicle membrane protein VAT-1 homolog-like  

Q86YS6 RAB43 Ras-related protein Rab-43  

Q96IJ6 GMPPA Mannose-1-phosphate guanyltransferase alpha  

Q92817 EVPL Envoplakin  

Q8NBF2 NHLC2 NHL repeat-containing protein 2  

P35237 SPB6 Serpin B6  
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B. Downregulated 9 proteins 
 

Accession Gene Protein 

P01024 CO3 Complement C3 

O95864 FADS2 Fatty acid desaturase 2 

P16989 YBOX3 Y-box-binding protein 3 

Q9Y2S7 PDIP2 Polymerase delta-interacting protein 2 

Q969S9 RRF2M Ribosome-releasing factor 2, mitochondrial 

P05121 PAI1 Plasminogen activator inhibitor 1 

Q13835 PKP1 Plakophilin-1 

O60264 SMCA5 
SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily A member 5 

O14548 COX7R 
Cytochrome c oxidase subunit 7A-related protein, 
mitochondrial 

 
 

Appendix table 2 Differntially expressed proteins in single RSV infection compared to 

untreated control. 

 

A. Upregulated 227 proteins 
 
 

Accession Gene Protein 

P09914 IFIT1 Interferon-induced protein with tetratricopeptide repeats 1  

P20591 MX1 Interferon-induced GTP-binding protein Mx1  

O95786 DDX58 Probable ATP-dependent RNA helicase DDX58  

Q8WXG1 RSAD2 Radical S-adenosyl methionine domain-containing protein 2  

O00560 SDCB1 Syntenin-1  

O95994 AGR2 Anterior gradient protein 2 homolog  

Q9BYX4 IFIH1 Interferon-induced helicase C domain-containing protein 1  

P13688 CEAM1 Carcinoembryonic antigen-related cell adhesion molecule 1  

P00973 OAS1 2'-5'-oligoadenylate synthase 1  

P80188 NGAL Neutrophil gelatinase-associated lipocalin  

Q9UBI6 GBG12 Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit ɣ-12  

Q8IY21 DDX60 Probable ATP-dependent RNA helicase DDX60  

Q08AF3 SLFN5 Schlafen family member 5  

P20592 MX2 Interferon-induced GTP-binding protein Mx2  

P09758 TACD2 Tumor-associated calcium signal transducer 2  

P09913 IFIT2 Interferon-induced protein with tetratricopeptide repeats 2  

Q8N183 MIMIT Mimitin, mitochondrial  

P28838 AMPL Cytosol aminopeptidase  

P49821 NDUV1 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial  

O14879 IFIT3 Interferon-induced protein with tetratricopeptide repeats 3  
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Q6P2I3 FAH2B Fumarylacetoacetate hydrolase domain-containing protein 2B  

P08648 ITA5 Integrin alpha-5  

Q96AZ6 ISG20 Interferon-stimulated gene 20 kDa protein  

Q15646 OASL 2'-5'-oligoadenylate synthase-like protein  

P11177 ODPB Pyruvate dehydrogenase E1 component subunit beta, mitochondrial  

Q03405 UPAR Urokinase plasminogen activator surface receptor  

Q9BQE5 APOL2 Apolipoprotein L2  

O95168 NDUB4 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 4  

Q5K651 SAMD9 Sterile alpha motif domain-containing protein 9  

Q8TCS8 PNPT1 Polyribonucleotide nucleotidyltransferase 1, mitochondrial  

P21589 5NTD 5'-nucleotidase  

Q16666 IF16 Gamma-interferon-inducible protein 16  

Q03518 TAP1 Antigen peptide transporter 1  

Q969V3 NCLN Nicalin  

O15118 NPC1 Niemann-Pick C1 protein  

P05362 ICAM1 Intercellular adhesion molecule 1  

O15162 PLS1 Phospholipid scramblase 1  

Q9H0U3 MAGT1 Magnesium transporter protein 1  

Q01628 IFM3 Interferon-induced transmembrane protein 3  

P61916 NPC2 Epididymal secretory protein E1  

Q96HE7 ERO1A ERO1-like protein alpha  

Q9Y6N5 SQRD Sulfide:quinone oxidoreductase, mitochondrial  

P08559 ODPA 
Pyruvate dehydrogenase E1 component subunit alpha, somatic form, 
mitochondrial  

P28799 GRN Granulins  

P54920 SNAA Alpha-soluble NSF attachment protein  

Q9BWM7 SFXN3 Sideroflexin-3  

Q5VTU8 AT5EL ATP synthase subunit epsilon-like protein, mitochondrial  

P30048 PRDX3 Thioredoxin-dependent peroxide reductase, mitochondrial  

P17050 NAGAB Alpha-N-acetylgalactosaminidase  

P23381 SYWC Tryptophan--tRNA ligase, cytoplasmic  

Q9HAV7 GRPE1 GrpE protein homolog 1, mitochondrial  

Q9UBR2 CATZ Cathepsin Z  

P14927 QCR7 Cytochrome b-c1 complex subunit 7  

Q8WWC4 CB047 Uncharacterized protein C2orf47, mitochondrial  

P23497 SP100 Nuclear autoantigen Sp-100  

P05161 ISG15 Ubiquitin-like protein ISG15  

Q9HAV0 GBB4 Guanine nucleotide-binding protein subunit beta-4  

P19404 NDUV2 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial  

P32455 GBP1 Interferon-induced guanylate-binding protein 1  

Q8N5N7 RM50 39S ribosomal protein L50, mitochondrial  

Q6PI48 SYDM Aspartate--tRNA ligase, mitochondrial  

Q7Z2W4 ZCCHV Zinc finger CCCH-type antiviral protein 1  

Q9H488 OFUT1 GDP-fucose protein O-fucosyltransferase 1  
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P42224 STAT1 Signal transducer and activator of transcription 1-alpha/beta  

P23434 GCSH Glycine cleavage system H protein, mitochondrial  

P53634 CATC Dipeptidyl peptidase 1  

O60437 PEPL Periplakin  

Q6ZN66 GBP6 Guanylate-binding protein 6  

P11021 GRP78 78 kDa glucose-regulated protein  

Q08380 LG3BP Galectin-3-binding protein  

P02792 FRIL Ferritin light chain  

O60603 TLR2 Toll-like receptor 2  

Q6UXH1 CREL2 Cysteine-rich with EGF-like domain protein 2  

P48735 IDHP Isocitrate dehydrogenase [NADP], mitochondrial  

Q9BSH4 TACO1 Translational activator of cytochrome c oxidase 1  

P29728 OAS2 2'-5'-oligoadenylate synthase 2  

Q96JJ7 TMX3 Protein disulfide-isomerase TMX3  

Q03519 TAP2 Antigen peptide transporter 2  

P00749 UROK Urokinase-type plasminogen activator  

P36957 ODO2 
Dihydrolipoyllysine-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex, mitochondrial  

P07858 CATB Cathepsin B  

P82650 RT22 28S ribosomal protein S22, mitochondrial  

Q9BRQ6 MIC25 MICOS complex subunit MIC25  

Q9BXW7 CECR5 Cat eye syndrome critical region protein 5  

P80303 NUCB2 Nucleobindin-2  

P22570 ADRO NADPH:adrenodoxin oxidoreductase, mitochondrial  

P48723 HSP13 Heat shock 70 kDa protein 13  

Q07065 CKAP4 Cytoskeleton-associated protein 4  

O00217 NDUS8 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, 
mitochondrial  

P00367 DHE3 Glutamate dehydrogenase 1, mitochondrial  

Q9NZQ7 PD1L1 Programmed cell death 1 ligand 1  

P11310 ACADM Medium-chain specific acyl-CoA dehydrogenase, mitochondrial  

Q9UMS0 NFU1 NFU1 iron-sulfur cluster scaffold homolog, mitochondrial  

P35321 SPR1A Cornifin-A  

Q9UBC9 SPRR3 Small proline-rich protein 3  

O15382 BCAT2 Branched-chain-amino-acid aminotransferase, mitochondrial  

Q9UMX5 NENF Neudesin  

Q86X29 LSR Lipolysis-stimulated lipoprotein receptor  

O95171 SCEL Sciellin  

P31431 SDC4 Syndecan-4  

P05141 ADT2 ADP/ATP translocase 2  

Q9Y6M9 NDUB9 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9  

P49006 MRP MARCKS-related protein  

O15533 TPSN Tapasin  

P22033 MUTA Methylmalonyl-CoA mutase, mitochondrial  

P04179 SODM Superoxide dismutase [Mn], mitochondrial  
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O14657 TOR1B Torsin-1B  

P07476 INVO Involucrin  

Q9Y6K5 OAS3 2'-5'-oligoadenylate synthase 3  

Q8NHP8 PLBL2 Putative phospholipase B-like 2  

Q8TC12 RDH11 Retinol dehydrogenase 11  

Q13740 CD166 CD166 antigen  

Q96S52 PIGS GPI transamidase component PIG-S  

P30049 ATPD ATP synthase subunit delta, mitochondrial  

Q9HCN8 SDF2L Stromal cell-derived factor 2-like protein 1  

P12532 KCRU Creatine kinase U-type, mitochondrial  

Q7Z2K6 ERMP1 Endoplasmic reticulum metallopeptidase 1  

Q9Y394 DHRS7 Dehydrogenase/reductase SDR family member 7  

P07093 GDN Glia-derived nexin  

P15289 ARSA Arylsulfatase A  

Q9BYK8 HELZ2 Helicase with zinc finger domain 2  

P29317 EPHA2 Ephrin type-A receptor 2  

Q9C0H2 TTYH3 Protein tweety homolog 3  

P10515 ODP2 
Dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase complex, mitochondrial  

P82909 RT36 28S ribosomal protein S36, mitochondrial  

O75718 CRTAP Cartilage-associated protein  

Q9Y5J7 TIM9 Mitochondrial import inner membrane translocase subunit Tim9  

Q9UDY4 DNJB4 DnaJ homolog subfamily B member 4  

O75521 ECI2 Enoyl-CoA delta isomerase 2, mitochondrial  

Q9BXK5 B2L13 Bcl-2-like protein 13  

P13987 CD59 CD59 glycoprotein  

P33527 MRP1 Multidrug resistance-associated protein 1  

Q16762 THTR Thiosulfate sulfurtransferase  

P22528 SPR1B Cornifin-B  

P62834 RAP1A Ras-related protein Rap-1A  

O43657 TSN6 Tetraspanin-6  

P15586 GNS N-acetylglucosamine-6-sulfatase  

P12830 CADH1 Cadherin-1  

Q8N357 S35F6 Solute carrier family 35 member F6  

P10619 PPGB Lysosomal protective protein  

Q4VC31 CCD58 Coiled-coil domain-containing protein 58  

Q16740 CLPP ATP-dependent Clp protease proteolytic subunit, mitochondrial  

Q9BTV4 TMM43 Transmembrane protein 43  

O75746 CMC1 Calcium-binding mitochondrial carrier protein Aralar1  

Q9Y3D7 TIM16 Mitochondrial import inner membrane translocase subunit TIM16  

P62873 GBB1 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1  

O15173 PGRC2 Membrane-associated progesterone receptor component 2  

Q9NSE4 SYIM Isoleucine--tRNA ligase, mitochondrial  

P29590 PML Protein PML  
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P36551 HEM6 Oxygen-dependent coproporphyrinogen-III oxidase, mitochondrial  

O43615 TIM44 Mitochondrial import inner membrane translocase subunit TIM44  

Q01459 DIAC Di-N-acetylchitobiase  

Q6PIU2 NCEH1 Neutral cholesterol ester hydrolase 1  

Q86WV6 STING Stimulator of interferon genes protein  

P60468 SC61B Protein transport protein Sec61 subunit beta  

Q99538 LGMN Legumain  

O75477 ERLN1 Erlin-1  

P07602 SAP Prosaposin  

Q9UBS4 DJB11 DnaJ homolog subfamily B member 11  

Q96DV4 RM38 39S ribosomal protein L38, mitochondrial  

Q9UBD6 RHCG Ammonium transporter Rh type C  

Q9NX40 OCAD1 OCIA domain-containing protein 1  

Q9UGQ3 GTR6 Solute carrier family 2, facilitated glucose transporter member 6  

O60313 OPA1 Dynamin-like 120 kDa protein, mitochondrial  

P62256 UBE2H Ubiquitin-conjugating enzyme E2 H  

P08473 NEP Neprilysin  

Q9H7Z7 PGES2 Prostaglandin E synthase 2  

P45880 VDAC2 Voltage-dependent anion-selective channel protein 2  

Q05655 KPCD Protein kinase C delta type  

P12236 ADT3 ADP/ATP translocase 3  

Q9BPW9 DHRS9 Dehydrogenase/reductase SDR family member 9  

P07919 QCR6 Cytochrome b-c1 complex subunit 6, mitochondrial  

P61225 RAP2B Ras-related protein Rap-2b  

Q96LJ7 DHRS1 Dehydrogenase/reductase SDR family member 1  

Q9Y639 NPTN Neuroplastin  

P49748 ACADV Very long-chain specific acyl-CoA dehydrogenase, mitochondrial  

P35754 GLRX1 Glutaredoxin-1  

Q9BX68 HINT2 Histidine triad nucleotide-binding protein 2, mitochondrial  

P23786 CPT2 Carnitine O-palmitoyltransferase 2, mitochondrial  

Q96N66 MBOA7 Lysophospholipid acyltransferase 7  

P61619 S61A1 Protein transport protein Sec61 subunit alpha isoform 1  

P21796 VDAC1 Voltage-dependent anion-selective channel protein 1  

Q14108 SCRB2 Lysosome membrane protein 2  

Q99653 CHP1 Calcineurin B homologous protein 1  

P09543 CN37 2',3'-cyclic-nucleotide 3'-phosphodiesterase  

O15270 SPTC2 Serine palmitoyltransferase 2  

Q9Y2R0 COA3 Cytochrome c oxidase assembly factor 3 homolog, mitochondrial  

Q9Y2Z4 SYYM Tyrosine--tRNA ligase, mitochondrial  

Q96A35 RM24 39S ribosomal protein L24, mitochondrial  

O75352 MPU1 Mannose-P-dolichol utilization defect 1 protein  

Q96SQ9 CP2S1 Cytochrome P450 2S1  

Q96S97 MYADM Myeloid-associated differentiation marker  

P05023 AT1A1 Sodium/potassium-transporting ATPase subunit alpha-1  
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P43307 SSRA Translocon-associated protein subunit alpha  

P08195 4F2 4F2 cell-surface antigen heavy chain  

O14734 ACOT8 Acyl-coenzyme A thioesterase 8  

A1L0T0 ILVBL Acetolactate synthase-like protein  

P35354 PGH2 Prostaglandin G/H synthase 2  

A8MXV4 NUD19 Nucleoside diphosphate-linked moiety X motif 19, mitochondrial  

P51571 SSRD Translocon-associated protein subunit delta  

Q16822 PCKGM Phosphoenolpyruvate carboxykinase [GTP], mitochondrial  

Q96A33 CCD47 Coiled-coil domain-containing protein 47  

P02765 FETUA Alpha-2-HS-glycoprotein  

P37059 DHB2 Estradiol 17-beta-dehydrogenase 2  

Q8WWI5 CTL1 Choline transporter-like protein 1  

Q8NFJ5 RAI3 Retinoic acid-induced protein 3  

Q8NEW0 ZNT7 Zinc transporter 7  

O15031 PLXB2 Plexin-B2  

Q12884 SEPR Prolyl endopeptidase FAP  

P51553 IDH3G Isocitrate dehydrogenase [NAD] subunit gamma, mitochondrial  

Q15836 VAMP3 Vesicle-associated membrane protein 3  

Q9HCC0 MCCB Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial  

P09493 TPM1 Tropomyosin alpha-1 chain  

P05187 PPB1 Alkaline phosphatase, placental type  

P11117 PPAL Lysosomal acid phosphatase  

O14773 TPP1 Tripeptidyl-peptidase 1  

Q9P2X0 DPM3 Dolichol-phosphate mannosyltransferase subunit 3  

P53597 SUCA Succinyl-CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial  

Q6P1L8 RM14 39S ribosomal protein L14, mitochondrial  

Q8N766 EMC1 ER membrane protein complex subunit 1  

P51970 NDUA8 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8  

P00403 COX2 Cytochrome c oxidase subunit 2  

Q9NX47 MARH5 E3 ubiquitin-protein ligase MARCH5  

O43837 IDH3B Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial  

Q9P0I2 EMC3 ER membrane protein complex subunit 3  

O95169 NDUB8 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8, 
mitochondrial  

 
 
 

B. Downregulated 50 proteins 
 

Q7Z434 MAVS Mitochondrial antiviral-signaling protein  

O00505 IMA4 Importin subunit alpha-4  

P16989 YBOX3 Y-box-binding protein 3  

O00767 ACOD Acyl-CoA desaturase  

P28482 MK01 Mitogen-activated protein kinase 1  

P18827 SDC1 Syndecan-1  
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Q9BZL1 UBL5 Ubiquitin-like protein 5  

Q9BVP2 GNL3 Guanine nucleotide-binding protein-like 3  

Q06203 PUR1 Amidophosphoribosyltransferase  

Q9H1I8 ASCC2 Activating signal cointegrator 1 complex subunit 2  

Q14978 NOLC1 Nucleolar and coiled-body phosphoprotein 1  

Q8WU90 ZC3HF Zinc finger CCCH domain-containing protein 15  

Q14116 IL18 Interleukin-18  

Q9BXF6 RFIP5 Rab11 family-interacting protein 5  

Q9P287 BCCIP BRCA2 and CDKN1A-interacting protein  

Q9BYX2 TBD2A TBC1 domain family member 2A  

Q9H7B2 RPF2 Ribosome production factor 2 homolog  

O14530 TXND9 Thioredoxin domain-containing protein 9  

P82979 SARNP SAP domain-containing ribonucleoprotein  

Q8IZW8 TENS4 Tensin-4  

Q9Y3Y2 CHTOP Chromatin target of PRMT1 protein  

Q13464 ROCK1 Rho-associated protein kinase 1  

P98172 EFNB1 Ephrin-B1  

Q9H307 PININ Pinin  

Q14444 CAPR1 Caprin-1  

P46087 NOP2 Probable 28S rRNA (cytosine(4447)-C(5))-methyltransferase  

O95147 DUS14 Dual specificity protein phosphatase 14  

P00813 ADA Adenosine deaminase  

P49585 PCY1A Choline-phosphate cytidylyltransferase A  

Q14919 NC2A Dr1-associated corepressor  

Q13835 PKP1 Plakophilin-1  

Q9BWF3 RBM4 RNA-binding protein 4  

Q9P000 COMD9 COMM domain-containing protein 9  

Q9H9Q2 CSN7B COP9 signalosome complex subunit 7b  

Q09028 RBBP4 Histone-binding protein RBBP4  

P40222 TXLNA Alpha-taxilin  

Q9NZ32 ARP10 Actin-related protein 10  

O75937 DNJC8 DnaJ homolog subfamily C member 8  

Q9Y5L0 TNPO3 Transportin-3  

Q14498 RBM39 RNA-binding protein 39  

P09132 SRP19 Signal recognition particle 19 kDa protein  

Q9NSC5 HOME3 Homer protein homolog 3  

P13196 HEM1 5-aminolevulinate synthase, nonspecific, mitochondrial  

Q52LJ0 FA98B Protein FAM98B  

O75153 CLU Clustered mitochondria protein homolog  

P54725 RD23A UV excision repair protein RAD23 homolog A  

Q6FI81 CPIN1 Anamorsin  

P52292 IMA1 Importin subunit alpha-1  

Q13610 PWP1 Periodic tryptophan protein 1 homolog  

Q9NYT0 PLEK2 Pleckstrin-2  
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Appendix table 3 Differntially expressed proteins in coinfection compared to untreated 
control. 

 

A. Upregulated 95 proteins 
 

P09914 IFIT1 Interferon-induced protein with tetratricopeptide repeats 1  

Q15646 OASL 2'-5'-oligoadenylate synthase-like protein  

P20591 MX1 Interferon-induced GTP-binding protein Mx1  

O14879 IFIT3 Interferon-induced protein with tetratricopeptide repeats 3  

O95786 DDX58 Probable ATP-dependent RNA helicase DDX58  

Q8WXG1 RSAD2 Radical S-adenosyl methionine domain-containing protein 2  

P05362 ICAM1 Intercellular adhesion molecule 1  

O15162 PLS1 Phospholipid scramblase 1  

Q03405 UPAR Urokinase plasminogen activator surface receptor  

Q7Z2W4 ZCCHV Zinc finger CCCH-type antiviral protein 1  

P09758 TACD2 Tumor-associated calcium signal transducer 2  

Q9BYX4 IFIH1 Interferon-induced helicase C domain-containing protein 1  

Q9NZQ7 PD1L1 Programmed cell death 1 ligand 1  

Q04695 K1C17 Keratin, type I cytoskeletal 17  

P49006 MRP MARCKS-related protein  

Q9Y3F4 STRAP Serine-threonine kinase receptor-associated protein  

Q9BWF3 RBM4 RNA-binding protein 4  

P30044 PRDX5 Peroxiredoxin-5, mitochondrial  

Q15907 RB11B Ras-related protein Rab-11B  

Q9BYK8 HELZ2 Helicase with zinc finger domain 2  

P05187 PPB1 Alkaline phosphatase, placental type  

P42224 STAT1 Signal transducer and activator of transcription 1-alpha/beta  

P13647 K2C5 Keratin, type II cytoskeletal 5  

O60437 PEPL Periplakin  

Q96CX2 KCD12 BTB/POZ domain-containing protein KCTD12  

Q9NZM1 MYOF Myoferlin  

P13688 CEAM1 Carcinoembryonic antigen-related cell adhesion molecule 1  

Q9Y6K5 OAS3 2'-5'-oligoadenylate synthase 3  

Q9BQE5 APOL2 Apolipoprotein L2  

P05787 K2C8 Keratin, type II cytoskeletal 8  

Q96AZ6 ISG20 Interferon-stimulated gene 20 kDa protein  

P20290 BTF3 Transcription factor BTF3  

P09913 IFIT2 Interferon-induced protein with tetratricopeptide repeats 2  

Q9P0L0 VAPA Vesicle-associated membrane protein-associated protein A  

Q9UBC9 SPRR3 Small proline-rich protein 3  

O95171 SCEL Sciellin  

Q03518 TAP1 Antigen peptide transporter 1  

Q01628 IFM3 Interferon-induced transmembrane protein 3  
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P28838 AMPL Cytosol aminopeptidase  

P08727 K1C19 Keratin, type I cytoskeletal 19  

Q9BRA2 TXD17 Thioredoxin domain-containing protein 17  

Q9NPQ8 RIC8A Synembryn-A  

Q9NX62 IMPA3 Inositol monophosphatase 3  

P62857 RS28 40S ribosomal protein S28  

P43897 EFTS Elongation factor Ts, mitochondrial  

P05556 ITB1 Integrin beta-1  

Q7Z434 MAVS Mitochondrial antiviral-signaling protein  

P16989 YBOX3 Y-box-binding protein 3  

P38606 VATA V-type proton ATPase catalytic subunit A  

O14896 IRF6 Interferon regulatory factor 6  

Q9H3N1 TMX1 Thioredoxin-related transmembrane protein 1  

Q16666 IF16 Gamma-interferon-inducible protein 16  

O75368 SH3L1 SH3 domain-binding glutamic acid-rich-like protein  

P98172 EFNB1 Ephrin-B1  

Q92692 PVRL2 Nectin-2  

Q9Y394 DHRS7 Dehydrogenase/reductase SDR family member 7  

P35321 SPR1A Cornifin-A  

P23381 SYWC Tryptophan--tRNA ligase, cytoplasmic  

Q05682 CALD1 Caldesmon  

Q9NRN7 ADPPT 
L-aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl 
transferase  

O00767 ACOD Acyl-CoA desaturase  

P08133 ANXA6 Annexin A6  

Q9NP72 RAB18 Ras-related protein Rab-18  

Q9Y285 SYFA Phenylalanine--tRNA ligase alpha subunit  

O95994 AGR2 Anterior gradient protein 2 homolog  

Q9UL25 RAB21 Ras-related protein Rab-21  

O95864 FADS2 Fatty acid desaturase 2  

Q15149 PLEC Plectin  

P37802 TAGL2 Transgelin-2  

P02765 FETUA Alpha-2-HS-glycoprotein  

Q9Y4P3 TBL2 Transducin beta-like protein 2  

Q8WUF5 IASPP RelA-associated inhibitor  

P08779 K1C16 Keratin, type I cytoskeletal 16  

P35579 MYH9 Myosin-9  

Q9NYL9 TMOD3 Tropomodulin-3  

Q13126 MTAP S-methyl-5'-thioadenosine phosphorylase  

Q86YS6 RAB43 Ras-related protein Rab-43  

P61020 RAB5B Ras-related protein Rab-5B  

P16152 CBR1 Carbonyl reductase [NADPH] 1  

P46778 RL21 60S ribosomal protein L21  

Q08380 LG3BP Galectin-3-binding protein  
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P67809 YBOX1 Nuclease-sensitive element-binding protein 1  

P05783 K1C18 Keratin, type I cytoskeletal 18  

O00560 SDCB1 Syntenin-1  

O60603 TLR2 Toll-like receptor 2  

Q9C075 K1C23 Keratin, type I cytoskeletal 23  

Q07065 CKAP4 Cytoskeleton-associated protein 4  

P58546 MTPN Myotrophin  

O14530 TXND9 Thioredoxin domain-containing protein 9  

Q9UK76 HN1 Hematological and neurological expressed 1 protein  

P01024 CO3 Complement C3  

 
 
 

B. Downregulated 59 proteins 
 

Q12884 SEPR Prolyl endopeptidase FAP  

P62805 H4 Histone H4  

P61106 RAB14 Ras-related protein Rab-14  

P07737 PROF1 Profilin-1  

P22528 SPR1B Cornifin-B  

P19012 K1C15 Keratin, type I cytoskeletal 15  

P08729 K2C7 Keratin, type II cytoskeletal 7  

Q05639 EF1A2 Elongation factor 1-alpha 2  

P21912 SDHB Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial  

Q9BPW9 DHRS9 Dehydrogenase/reductase SDR family member 9  

P02533 K1C14 Keratin, type I cytoskeletal 14  

Q14019 COTL1 Coactosin-like protein  

Q96AG4 LRC59 Leucine-rich repeat-containing protein 59  

P18827 SDC1 Syndecan-1  

P07476 INVO Involucrin  

P14324 FPPS Farnesyl pyrophosphate synthase  

P35354 PGH2 Prostaglandin G/H synthase 2  

Q9Y5Z4 HEBP2 Heme-binding protein 2  

P16930 FAAA Fumarylacetoacetase  

O15116 LSM1 U6 snRNA-associated Sm-like protein LSm1  

P13861 KAP2 cAMP-dependent protein kinase type II-alpha regulatory subunit  

Q96DV4 RM38 39S ribosomal protein L38, mitochondrial  

Q9BYN8 RT26 28S ribosomal protein S26, mitochondrial  

P02511 CRYAB Alpha-crystallin B chain  

Q9UN86 G3BP2 Ras GTPase-activating protein-binding protein 2  

P61513 RL37A 60S ribosomal protein L37a  

Q13488 VPP3 V-type proton ATPase 116 kDa subunit a isoform 3  

P42771 CD2A1 Cyclin-dependent kinase inhibitor 2A, isoforms 1/2/3  

P06756 ITAV Integrin alpha-V  
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Q92817 EVPL Envoplakin  

Q02790 FKBP4 Peptidyl-prolyl cis-trans isomerase FKBP4  

Q14978 NOLC1 Nucleolar and coiled-body phosphoprotein 1  

P08648 ITA5 Integrin alpha-5  

P00973 OAS1 2'-5'-oligoadenylate synthase 1  

Q8NDI1 EHBP1 EH domain-binding protein 1  

Q13443 ADAM9 Disintegrin and metalloproteinase domain-containing protein 9  

P52292 IMA1 Importin subunit alpha-1  

O60678 ANM3 Protein arginine N-methyltransferase 3  

P62942 FKB1A Peptidyl-prolyl cis-trans isomerase FKBP1A  

P02751 FINC Fibronectin  

Q96I99 SUCB2 Succinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial  

Q5K651 SAMD9 Sterile alpha motif domain-containing protein 9  

O95573 ACSL3 Long-chain-fatty-acid--CoA ligase 3  

P08581 MET Hepatocyte growth factor receptor  

O15400 STX7 Syntaxin-7  

P58107 EPIPL Epiplakin  

O75223 GGCT Gamma-glutamylcyclotransferase  

O75352 MPU1 Mannose-P-dolichol utilization defect 1 protein  

P28288 ABCD3 ATP-binding cassette sub-family D member 3  

P26038 MOES Moesin  

P61019 RAB2A Ras-related protein Rab-2A  

Q7L2E3 DHX30 Putative ATP-dependent RNA helicase DHX30  

Q8N357 S35F6 Solute carrier family 35 member F6  

P29728 OAS2 2'-5'-oligoadenylate synthase 2  

P04179 SODM Superoxide dismutase [Mn], mitochondrial  

P51659 DHB4 Peroxisomal multifunctional enzyme type 2  

P32455 GBP1 Interferon-induced guanylate-binding protein 1  

Q99442 SEC62 Translocation protein SEC62  

O15212 PFD6 Prefoldin subunit 6  

Q9Y3D7 TIM16 Mitochondrial import inner membrane translocase subunit TIM16  

P00749 UROK Urokinase-type plasminogen activator  

 


