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Abstract 

Despite decades of research, there is no vaccine for respiratory syncytial virus 

(RSV). Many different approaches have been tested, but recently, small hydrophobic 

gene (SH) deletion mutants have been suggested as potential vaccine candidates 

since such strains are attenuated in vivo.  

The function of the SH protein is unknown, but multiple studies suggest that SH 

forms a viroporin capable of acting as an ion channel. Ion flux can activate 

inflammasomes, complexes based on Nod-like receptors (NLR), intracellular danger 

sensing receptors that catalyse the cleavage of highly inflammatory cytokines 

including IL-1β. Since it can form an ion channel, it was hypothesised that SH plays 

a role in inflammasome activation. The data presented here suggest that SH 

prevents activation of inflammasomes, reducing production of the key cytokine IL-1β, 

and it is shown that IL-1β is important for the control of RSV growth in vivo. 

Based on this finding, it was tested whether inflammasomes would make good 

targets for improving vaccination, through the use of specific adjuvants. The 

NLRs/inflammasomes have not been fully explored as adjuvant targets. Traditional 

adjuvants target pathways which are less functional in vulnerable populations, 

including neonates, making them less efficacious in such patients. Putative 

inflammasome activating compounds were tested in vitro for IL-1β inducing 

capabilities. Those found to induce such responses were taken forward into 

influenza vaccine and challenge models. It was found that one adjuvant, NanoSiO2, 

showed particularly strong potential as a vaccine adjuvant. Moreover, this compound 

appears to afford protection to severe flu infection in neonates, a group traditionally 

challenging to immunise. The NLRs and inflammasomes may therefore represent a 

viable target for activation during immunisation of neonates and other vulnerable 

groups. 

This study provides evidence for the rationale of NLR/inflammasome targeting during 

vaccination and demonstrates two new approaches to improve vaccines for difficult 

pathogens and at-risk populations. 
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1 Introduction 

1.1 Vaccination 

1.1.1 Principle of Vaccination 

Vaccination is perhaps the greatest public health triumph in human history and is by 

far the most cost-effective health intervention [5]. The purpose of vaccination is to 

train the recipient’s immune response to mount a defence against pathogenic insult 

without exposing that patient to the dangers of natural infection with that pathogen. 

This results in a protective adaptive response upon natural encounter of the 

pathogen and prevents development of disease past mild symptoms. Controlling 

infectious diseases by vaccination also reduces or abolishes the window of 

contagion in the vaccinated individual, further protecting the wider population, and 

sufficient uptake of vaccination can abolish the risk of infectious epidemic via herd 

immunity [6]. 

1.1.2 Success of Vaccination 

Vaccination has successfully controlled most of the major diseases of humans and 

has in some cases eradicated them altogether [7], saving many millions of lives. The 

best example of this is smallpox, which remains the only infectious disease of 

humans which has been eradicated by vaccination. Polio is another success story, 

and in 2013, was endemic in just 3 countries worldwide, and although significant 

challenges remain [8], polio is likely to be eradicated in the near future. More 

recently, a vaccine drive has almost completely rid the entire African continent of 

meningitis A [9]. Despite the success of vaccines, infectious disease remains one of 

the largest causes of morbidity and mortality [10], and infection remains the single 

largest cause of death in the children under 5 globally [11]. 
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1.1.3 History 

The concept of vaccination is not a new one. Edward Jenner is most often credited 

with developing the idea of vaccines [12], but there is evidence that vaccination-type 

practices were first developed over 1,000 years ago [13]. Indeed, inoculation with 

smallpox derived materials was relatively common in Europe long before Jenner’s 

famous cowpox experiments.  

However, the pace of vaccine development accelerated upon the discovery that 

viruses could be propagated in chick eggs in 1931 leading  to a new era for vaccine 

development [14]. This finding meant that large stocks of vaccine virus could be 

created allowing for mass vaccination. Moreover, the finding that animal tissues 

could be used to grow viral stocks lead to the development of yet more vaccines, 

including minced chick tissue derived yellow fever vaccine and Japanese 

encephalitis vaccine [15]. Eventually, these findings were translated to in vitro cell 

culture based propagation [16], first used to produce adenoviral vaccines in 1957. 

Widespread use of vaccination coincided with improved healthcare provision, 

technology and hygiene practices in the developed world. This meant that adverse 

reactions to vaccines quickly became unacceptable by the 1970’s, leading to the 

cessation of whole-killed pertussis vaccination and replacement with acellular-

pertussis in many countries [17]. 

Wider concerns over reactogenicity were addressed by the development of 

techniques to produce purified subunit antigen capable of inducing immune 

responses whilst also reducing side effects by removing endogenous inflammatory 

components found in whole-cell vaccines [18]. This was first achieved in 1982 with 

yeast expressing hepatitis B virus surface antigen [19]. However, HBV surface 

antigen spontaneously forms highly immunogenic particles. For most other antigens, 
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this approach often leads to lack of reactogenicity, and such antigens often require 

adjuvants to boost the response to vaccination. 

1.1.4 Types of Vaccination 

1.1.4.1 Whole killed and Live-attenuated vaccines 

Vaccines can be broadly categorised into two groups [20]. In the first, the vaccine 

contains whole pathogens, which have either been killed by chemical or mechanical 

force, live-attenuated pathogens, or pathogens closely related to the target 

pathogen, which can mimic the course of natural infection without causing 

symptoms, or causing only mild generic symptoms.  

An example of a live vaccine is the smallpox vaccine. Although the causal agent of 

smallpox is variola virus, the smallpox vaccine, the most successful ever vaccine, is 

composed of closely related live vaccinia virus. A single dose causes mild symptoms 

but can lead to protection that can last 50 years [21], [22]. 

Another example of a live vaccine is Bacille de Calmette et Guerin vaccine (BCG) 

[23]. It consists of an attenuated version of the causal agent of bovine tuberculosis 

(TB), Mycobacterium Bovis, that is sufficiently related to Mycobatcerium 

Tuberculosis to afford protection to TB [24]. It is another example of vaccine 

success, reducing the incidence of TB so dramatically that standard BCG 

vaccinations have now been withdrawn from the vaccination schedules of children in 

most developed countries [25]. 

However, natural infection with some pathogens, such as Respiratory Syncytial Virus 

(RSV), does not lead to protection to reinfection. Therefore live-attenuation vaccine 

strategies must attempt to improve on the natural response to the wild-type 
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pathogen. This could be achieved by subverting the ability of the pathogen to evade 

certain elements of the host response. 

1.1.4.2 Subunit, Toxoid, Conjugate and Polysaccharide vaccines. 

The second broad category of vaccines is composed of formulations which contain 

only partial elements of pathogens, for example subunit vaccines, conjugate 

vaccines, DNA vaccines and toxoid based vaccines etc. 

Some of the oldest vaccines are toxoid based and these toxoids are also used as 

carrier proteins for conjugate vaccines. Formalin inactivated diphtheria and tetanus 

toxoids have been combined with whole-cell pertussis to produce the DTP vaccine 

which was in widespread use until 1991, when the pertussis element was replaced 

with acellular pertussis subunit antigen following safety concerns [17].  

Another category is conjugate vaccines, an example of which are Haemophilus 

influenzae B (Hib) vaccines. Hib glycoproteins are conjugated to a variety of carrier 

proteins including tetanus and diphtheria toxoid [26]. 

A more recent development is DNA vaccination. DNA vaccines consist of mostly 

empty bacterial plasmid vectors which encode the vaccine antigen. Uptake of the 

vector results in transcription of the encoded antigen gene, which becomes an 

immunologic target [27]. Despite their potential, so far DNA vaccines have had 

limited success in humans [28]. 
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1.1.5 Safety vs Immunogenicity 

Non-whole pathogen vaccines are undoubtedly safer for use, but without productive 

infection and the endogenous damage and danger signals associated with real-

infection, such preparations often generate an inadequate response and produce 

only partial or short-term protection to natural infection. This can also lead to the 

requirement of booster vaccinations. To overcome lack of immunogenicity, some 

vaccines include adjuvants. However, there are still a number of infections for which 

we need a vaccine, one of the most pressing is Respiratory Syncytial Virus (RSV), 

and new approaches may be required. 

  

1.2 Respiratory Syncytial Virus 

1.2.1 Importance of RSV 

Respiratory Syncytial Virus is the most prominent cause of hospitalisation of infants 

due to bronchiolitis and pneumonia [29]. It is a significant burden on healthcare 

infrastructure and in the United States alone, the cost of care for patients with severe 

RSV disease is estimated at around $600 million per year. RSV is also associated 

with significant rates of mortality; although due to the lack of adequate recording of 

contributing factors in low/middle income countries [30], estimates for RSV as a 

cause of death vary between 160,000 – 250,000 [31] [10]. In addition, severe RSV 

disease in infants is associated with increased incidence of asthma in childhood [32], 

[33], [34]. Immunocompromised persons, premature babies and those with 

cardiopulmonary issues are particularly susceptible to severe RSV disease [35], but 

the majority of RSV cases requiring hospitalisation are in otherwise healthy infants 
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with few apparent risk factors, which can include birth order in relation to siblings, 

and season of birth.  

Despite the importance of RSV, and the relative stability of the RSV genome, no 

vaccine has been approved for widespread use, and in one case a vaccine trail led 

to increased morbidity and even some mortality [36]. The lack of vaccine success 

and the failed trial lead to an increase in efforts to understand the mechanisms 

behind the immune response to RSV. 

1.2.2 RSV Vaccines 

Perhaps the most infamous RSV vaccine trial was that of formalin-inactivated 

vaccine (FI-RSV) which was administered to human subjects in the 1960’s. This 

vaccine not only failed to induce a protective response, but also potentiated against 

naturally acquired RSV, resulting in severe immunopathology, a high frequency of 

hospitalisations and a small number of deaths [36]. Although the mechanism of 

disease augmentation is incompletely understood, several studies have offered 

partial explanations. One hypothesis suggested that the failure was due in part to the 

destruction of protective epitopes during the formalin treatment process, but it is now 

believed that in fact, these epitopes remained intact and that formalin treatment led 

to incomplete engagement of TLR responses, leading to poor antibody affinity to 

protective epitopes [37]. Formalin treatment is capable of forming carbonyl groups, 

and another study suggests that the presence of these groups may have led to the 

excessive Th2 responses observed during disease exacerbation [38]. Additionally, 

poorly neutralising antibodies were likely to contribute to this exacerbation [39]. 

Recently, FI-RSV vaccination of mice was accompanied by the complete depletion of 

regulatory T cells in the airways [40]. 
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Fear of disease augmentation has severely hampered efforts to produce an RSV 

vaccine ever since. However, the pace of research into an RSV vaccine has 

quickened in recent years, leading to a number of possible candidates (Figure 1.1). 

Historically however, despite the variation of approaches to RSV vaccine production, 

very few vaccine candidates have reached phase III clinical trials. 

  

Figure 1.1. Snapshot of current RSV vaccine development.  

Despite numerous strategies, safety fears have meant that few vaccine candidates have 
reached phase 3 clinical trials. Sourced from path.org/vaccinedevelopment/respiratory-
syncytial-virus-rsv 4 Dec 2015 
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1.2.3 The Immune Response to RSV 

1.2.3.1 Cellular Response 

Mouse models suggest that both CD4 and CD8 T cells play important roles during 

clearance of infection [41]. Studies of samples obtained from infants and young 

children hospitalised with severe RSV disease revealed that an increase in CD8 T 

cell numbers in the lungs correlates positively with disease outcome [42], and that 

subsequently, fatalities tended to possess fewer lung CD8 T cells [43]. In addition, 

depletion of CD4 cells in RSV infected mice reduces the incidence of eosinophilia 

and the overall severity of disease [44]. The transfer of CD8 T cells in this scenario 

results in a similar outcome [41]. 

RSV is a particular problem in infant populations, and severe RSV associated 

immunopathology is more common in infants than children and adults. This is in part 

due to a natural skewing of the infant immune response towards a Th2 phenotype. 

During infant RSV infection, there is a clear bias towards the production of cytokines 

which drive a Th2 response, including IL-4. In contrast, levels of Th1 polarising IFN-γ 

production are markedly reduced [45]. Another type 2 cytokine, IL-9, is also 

produced during RSV infection [46]. However, when infants do respond in a Th1 

dependant manner to RSV, there is a clear reduction in disease severity and length 

[47]. 

The skewing of the immune response towards Th2 may also explain why RSV 

bronchiolitis appears to correlate with development of wheezing in later life. Mouse 

models suggest that antigens encountered during RSV disease are likely to be 

assessed by the immune system in a Th2 biased manner, and therefore drive an 

allergic response upon re-encountering that antigen [48]. 
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Since severe RSV disease is commonly immunopathological in nature, it follows that 

correct immunoregulatory control is important. In this regard, regulatory T cells 

(Tregs) may be important to prevent severe immunopathology, as administration of 

Treg chemokine ligands CCL17 and CCL22 in lungs reduced FI-RSV vaccine 

augmented disease in mice. [40]. 

Another cell mediated response is neutrophilia which is a common hallmark of RSV 

infection, particularly during the early stages. It is thought that neutrophil recruitment 

during RSV infection is mediated by the neutrophil chemotactic factor IL-8 produced 

by the intracellular STAT pathway response upon viral entry to the cell.  

1.2.3.2 Humoral Response 

Most children are exposed to RSV within the first 3 years of life. Nearly 100% of 

people possess anti-RSV antibodies, and antibodies are thought to be a key 

correlate of protection against RSV [50]. Indeed, in the context of the lack of an 

effective RSV vaccine, the use of Palivizumab, and monoclonal anti-RSV antibody, is 

commonplace in developed nations and has shown efficacy at reducing the burden 

of RSV in high-risk patients [51]. 

The transfer of maternal antibodies via the placenta is an important mechanism for 

the protection of neonates against RSV in the period following birth in humans [50], 

and this has also been shown in cotton rats [52]. Moreover, the antibodies induced in 

elderly patients by a candidate RSV vaccine BBG2Na, have shown potent protective 

efficacy in a passive transfer study using SCID mice [53]. However, naturally 

produced antibodies are often poorly neutralising, especially in infants, and therefore 

insufficient to protect against re-infection [54].  

The burden of RSV has led not only to the extensive study of the immune response 

to RSV infection, but also to the virology of the virus itself. Studying the virology of 
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RSV could facilitate greater understanding of the mechanisms behind RSV 

pathology, ultimately leading to the identification of new drug or vaccine targets. 

1.2.4 RSV Virology 

RSV has a single serotype containing two major subgroups, A and B, which have 

differences in the hypervariable region of the glycoprotein (G) gene sequence. 

As an enveloped negative sense single-stranded RNA virus, RSV belongs to the 

order mononegavirales, the family paramyxoviridae, the subfamily pneumovirinae 

and the genus pneumovirus. Its non-segmented genome contains 10 gene 

sequences encoding 11 proteins (the M2 gene contains two overlapping open 

reading frames leading to the generation of 2 distinct matrix proteins, M2-1 and M2-

2). Three genes encode proteins which form the basis of the viral envelope (Figure 

1.2). The fusion (F) protein is responsible for the fusion of the virion with its target 

host cell, and is also responsible for the fusion of neighbouring cells which form the 

characteristic syncytia. The G protein establishes the attachment of the virion with 

the target host cell surface. 
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1.3 Small Hydrophobic Protein 

However, the exact function of the third envelope protein, the small hydrophobic 

(SH) protein, has yet to be determined, and its role in the life cycle of RSV remains 

poorly understood. A few roles for the SH protein have been suggested, and most 

research into the SH protein has focused on the effects of its absence during in vitro 

infection, without explanation into the mode of action.  

 

          

NS1 

NS2 

N 

P 

M 

SH 

G 

F 

M2.1 M2.2 L 

 

 

 

 

Non-structural 

Nucleocapsid and regulatory 

Envelope 

Inner envelope 

  
 

Figure 1.2 The RSV Genome and Viral Morphology. Electron micropgraph 
image adapted from original acquired by Prof. Roberto Garofalo, UTMB 
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1.3.1 Observed Effects of SH 

A lack of understanding about the role of the SH protein during infection has 

persisted despite significant advances in the understanding of the quaternary 

structure of the SH protein.  

However, numerous studies have observed a variety of effects of the SH protein on 

the response to RSV infection. As a membrane protein, it is possible that SH plays a 

role in the membrane fusion process during infection, and previous studies have 

suggested a role for SH in the fusion of virus to target cells and observed that it may 

enhance the formation of characteristic syncytia [55]. In addition, it has been noted 

that the SH protein plays a role in the prevention of apoptosis in infected cells [56], 

[57].  

In terms of the immune response, the SH protein has been implicated in modulating 

a number of cytokine responses. For example, SH has shown the ability to inhibit 

TNF-α signalling [58]. Another study suggests this is mediated in a similar manner to 

that observed when studying the role of the SH protein of parainfluenza virus 5 [56]. 

Additionally, the role of the SH protein on IL-1β production has been investigated. 

However these studies conflict on whether the SH promotes [59], or inhibits [58] the 

production of IL-1β. 

SH appears to be an accessory protein of RSV, since the SH protein is not required 

for replication of RSV in vitro and the growth of ΔSH RSV is not attenuated in the 

HEp-2 cell line compared to WT RSV [60]. However, in vivo SH gene deletion leads 

to attenuation in mouse models, leading to a 10-fold reduction in viral recovery from 

the upper respiratory tract [61]. Attenuation in vivo, but not in vitro, suggests that the 

SH protein may be important for altering the intact immune response. 
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1.3.2 Structure of SH 

In vitro and in silico analysis by Gan et al [62], [2] and others [63] suggests that 

single SH protein strands are likely to form homo-oligermeric structures containing a 

transmembrane domain towards their centre, the most abundant of which are 

pentameric. These pentamers resemble pore structures with a central traversing 

channel of 1.9 nm in diameter, through which only very small molecules and ion 

could pass (Figure 1.3). Formation of these pentameric channels has been 

independently confirmed by another group [64] by electron microscopy. Furthermore, 

the SH protein readily embeds into lipid membranes, permeabilising them [65] and 

allowing the passage of hydrogen and deuterium ions between the apical and basal 

sides and increasing conduction across the bilayer [2]. The SH protein localises at 

the plasma membrane when transfected into HEK293 cells [2] and was previously 

shown to accumulate at the Golgi complex during RSV infection [66]. Indeed, as 

early as 1993, Collins and Mottet suggested that the SH protein perhaps formed a 

transmembrane pore [67].  

 

1.3.3 Other SH Proteins 

Interestingly, other members of the paramyxoviridae, for example, mumps [68] and 

human parainfluenza viruses [69], possess their own SH gene. Of particular interest 

is Human metapneumovirus (hMPV), another pneumovirus closely related to RSV, 

which encodes its own SH protein which has properties consistent with pore 

formation [69].  

Simian Virus 5 (SV5) is another pathogen which possesses an SH protein which 

potentially forms a pore. Interestingly, similar to observations made with RSV SH, 
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SV5 SH is capable of preventing apoptosis of Madin-Darby bovine kidney (MDBK) 

cells during infection[69]. 

Most evidence therefore would suggest that the RSV SH protein indeed forms 

transmembrane pores in host cell membranes. Such virally encoded pores are 

collectively termed viroporins.  

 

 

 

 

 

 

 

1.3.4 Viroporins 

Many pathogens go to great lengths to produce virulence factors which adjust or 

disrupt physiological processes of the host cell, creating conditions benefiting some 

aspect of the pathogens life cycle. An example of one kind of virulence factor in this 

category is the viroporin, a virally encoded pore-forming protein which typically has 

ion-channel activity and embeds into host cell membranes [70]. The exact function of 

a viroporin varies with the pathogen in question. The hepatitis C virus protein p7 has 

been identified as a viroporin with the ability to adjust proton concentrations within 

the cytosol [71]. This has the effect of de-acidifying vesicular compartments, which 

therefore affects the ability of the host cell to detect infection and destroy virus. The 

Figure 1.3. The proposed conformation of the RSV SH “viroporin” pentamer. 

In silico generated cross sectional electrostatic surface (A) and top down ribbon (B) models. 
Adapted from [2] 
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influenza A virus M2 gene is also known to encode a viroporin [72], and interestingly, 

this protein shares some sequence homology with the RSV SH protein.  

Based on our understanding about viral proteins, it may be possible to develop 

vaccine formations which can exploit the properties or functions of these proteins for 

the benefit of the recipient. 

 

1.3.5 Small Hydrophobic Gene Deletion Vaccine Candidates 

Live attenuation perhaps offers the most effective approach for the production of an 

RSV vaccine. Live attenuation of viruses can be achieved in a relatively short period 

through cold-passage, direct mutagenesis and reverse genetics [73]. However, in 

order that such vaccines can be safely administered, it is crucial that the nature of 

the attenuation is fully understood. Current generation live-attenuated RSV vaccines 

have targeted the NS2 and SH genes. The NS2 gene and its product have been 

characterised in terms of its immunomodulatory effects [74]. However, as previously 

described, the function of the SH protein is unclear and in the context of vaccine 

production, any possible immunomodulatory effect warrants further investigation. 

Several strains of RSV with a deletion of the SH gene have been produced and 

tested as vaccine candidates.  

Karron et al [75] performed studies with two live attenuated temperature sensitive 

recombinantly-derived RSV vaccine candidates which were both SH gene deletion 

mutants. The first candidate was insufficiently attenuated and dropped from the 

study, however the second candidate, rA2cp248/404/1030ΔSH, was well tolerated 

and replication of the vaccine virus was highly attenuated upon administration of the 

second dose, indicative of immune control. However, only 44% of infants receiving 
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this candidate had detectable antibody responses, and additional studies are 

required to determine protective efficacy. 

Another vaccine candidate in which the SH gene has been deleted is MEDI-559 [76], 

which is closely related to the rA2cp248/404/1030ΔSH tested by Karron et al [75], 

but with additional nucleotide substitutions. In phase I trials, 95% of recipients shed 

detectable vaccine virus after immunisation, and 59% of those developed anti-RSV 

neutralising antibody. This demonstrated the sufficient biological activity and 

immunogenicity of the MEDI-559 preparation. However, there were safety concerns 

with this vaccine candidate, as there was an increase in the incidence of medically-

attended lower respiratory illness within 28-days in those that received the vaccine 

compared to the placebo control. 

1.3.6 Bovine RSV SH Study  

Recently, the use of a SH gene deleted strain of bovine RSV (rBRSVΔSH) as a live-

attenuated vaccine candidate was investigated [57]. The study concluded that 

rBRSVΔSH replication was attenuated in cattle, and that it subsequently protected 

from rBRSV challenge. It was noted in vitro that the presence of a number of key 

immune modulators was significantly increased during rBRSVΔSH infection 

compared to WT rBRSV infection, including TNF-α and IL-1β. In addition, the 

authors observed increased incidence of cell death during infection with rBRSVΔSH 

compared to rBRSV. The increase in inflammatory mediators observed with the 

attenuated bovine virus vaccine suggests a role for SH in modulating viral detection 

by the host. There are several pathways by which the immune system detects virus, 

one of which is the inflammasome. 
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1.4 NLRs and Inflammasomes 

One class of intracellular cytosolic receptors are the Nucleotide binding domain and 

leucine rich repeat containing proteins, or the Nucleotide Oligomerisation Domain 

Like-Receptors (NLRs). Twenty-two human NLRs have been identified to date and 

these are currently divided into 4 sub families based on the effector domain found at 

the N-terminal of the individual NLR protein (Figure 1.3).  

 

 

 

 

 

 

 

 

 

 

 

The NLRs are a class of pattern recognition receptor. Unlike the well characterised 

membrane bound toll-like receptors (TLRs), NLRs do not only respond to pathogen 

associated molecular patterns (PAMPs), but instead respond to damage/danger 

associated molecular patterns (DAMPs), which can derive from both infectious and 

sterile sources. 

Figure 1.4 The NLR family.  

Figure sourced from www.invivogen.com. Accessed Dec 2015 

http://www.invivogen.com/
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1.4.1 NLRA  

The NLRA subfamily, characterised by the presence of a transactivator domain (AD), 

contains only one member, the class 2 transactivator (CIITA) ([77]). CIITA is unusual 

in comparison to the other members of the NLRs in that its primary function appears 

to be the regulation of MHC gene transcription in cooperation with the transcription 

factor RFX5 [78], [79] rather than the activation of caspase precursors.  

1.4.2 NLRB 

The presence of an N-terminal baculoviral inhibitor of apoptosis (BIR) domain 

classifies an NLR into the NLRB subfamily. NLRBs have only one type of NLR, the 

Neuronal Apoptosis Inhibitory Proteins (NAIPs). The presence of the BIR domain, 

which shares of homology to baculovirus apoptosis inhibitor proteins allows these 

NLRs to supress the induction of apoptosis. NAIPs have also been implicated in 

preventing caspase-9 activity [80]. NAIPs have been shown to play a crucial role in 

the response to bacterial infection [81], [82].  

1.4.3 NLRC 

The NLRC subfamily of NLRs is characterised by the possession of a caspase 

recruitment (CARD) domain at the N-terminal region. This allows for the direct 

recruitment of caspase proteases. Within the NLRC subfamily there are a number of 

different NLRs. The first type of NLRC has a single CARD domain at the N-terminus. 

This group includes both NOD1 and NLRC4. The second type has two N-terminal 

CARD domains. Currently, the only NLRC to have this feature is NOD2. A possible 

third type of NLRC has recently been described. The N-terminal domain of these 

NLRs has yet to be characterised. NLRX1 (NOD9) is unique in that it is the first NLR 

protein identified which localises with mitochondria [83].  
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The NLRC NLRs generally respond to bacteria-derived ligands. NLRC4 has shown 

sensitivity to flagella [84] and type III and IV secretion systems, whereas NOD1 [85] 

and 2 [86] respond to bacterial glycoproteins 

1.4.4 NLRP 

The NLRP subfamily is the largest of the NLRs. There are currently 14 members of 

the NLRP subfamily (NLRP1-14). These NLRs are characterised by the presence of 

an N-terminal pyrin domain, allowing the recruitment of the adaptor molecule 

apoptosis associated speck-like protein containing a card domain (ASC), but can 

differ in the C-terminal domain. NLRP1, for example, has a C-terminal CARD 

domain, allowing it to recruit caspase-5. NLRP10 is distinct from the other NLRP 

members, and indeed all other NLRs in that it lacks the leucine rich repeat found at 

the C-terminus [87].  

1.4.5 Inflammasomes  

Upon activation, some members of the NLR family form multi-oligomeric structures 

known as inflammasomes. The inflammasomes form to recruit sufficient 

concentrations of the zymogen pro-form of caspase-1 via CARD-CARD interactions, 

allowing its conversion into p10 and p20 subunits through autolytic cleavage. These 

subunits then reform into an active caspase-1 tetramer consisting of two 

heterodimers each made of a p10 and p20 subunit [88]. When caspase-1 is active, it 

is able to perform proteolytic cleavage on pre-formed IL-1β and IL-18 precursors, 

into their active forms [89]. Another IL-1 family member, IL-33, is also affected by 

caspase-1 activation. 
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1.4.5.1 NLRC4/NAIP Inflammasome 

Activation of the NAIPs leads to their co-oligomerisation and the formation of a 

heterogeneous inflammasome complex which then recruits a member of the NLRC 

subfamily, NLRC4 [90]. NLRC4, using its N-terminal CARD domain, recruits 

caspase-1, inducing a pro-inflammatory cascade. 

1.4.5.2 NLRP1 and NLRP3 inflammasomes 

Two types of inflammasome involve the NLRP subfamily, the NLRP1 and NLRP3 

inflammasomes [91]. NLRP3 inflammasome is the best characterised of the 

inflammasomes. A wide range of NLRP3 inflammasome stimuli have been found 

including uric acid crystals [92], ATP [93], asbestos [94] and potassium efflux [95]. 

The formation of the NLRP1 inflammasome can also be induced by changes to 

potassium concentrations, and additionally, can be activated by anthrax lethal toxin 

[96]. 

The N-terminal domain of NLRP3 contains a pyrin domain. The ASC component of 

the NLRP3 inflammasome is sequestrated by NLRP3 via pyrin domain (PYD) 

interactions. The ASC component of the Nlrp3 inflammasome binds pro-caspase-1 

via CARD-CARD interactions, initiating caspase-1 activation. 

Interestingly, it has been shown that the NLRP3 protein can be released by 

inflammasome activated macrophages and can be phagocytosed by surrounding 

cells to initiate further inflammation. Additionally , NLRP3 can also act extracellularly 

to process further  extracellular caspase-1 [97]. 

1.4.5.3 Non-NLR Inflammasomes 

Non-NLR family members can also form inflammasomes. The intracellular protein 

Absent in Melanoma 2 (AIM2) is one such example. AIM2 inflammasome formation 

is triggered upon detection of cytoplasmic double-stranded DNA [98]. DNA in the 
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cytosol acts as a danger signal since in normal circumstances it would be contained 

in the nucleus. Therefore, detection of dsDNA could represent damage to the 

nuclear membrane, or the presence of replicating pathogens. Binding of dsDNA by 

the AIM2 C-terminal domain results in the recruitment of ASC and consequent 

activation of caspase-1 in a manner similar to the NLRP NLRs [99].  

1.5 IL-1 Family 

One of the major functions of the inflammasome is to cleave and activate IL-1 family 

members. The interleukin-1 family is comprised of 11 distinct proteins which 

themselves are encoded by 11 separate genes [100] (Figure 1.5). The family 

contains 7 pro-inflammatory [101] mediators of which  three are particularly 

influenced by caspase-1 activity, namely IL-1β, IL-18 and IL-33. 
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Figure 1.5 The IL-1 Family.   

The IL-1 family currently contains 11 members. Figure adapted from ([3]) 
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1.5.1 IL-1β 

IL-1β was the first identified cytokine. It was initially named lymphocyte activating 

factor after its ability to potentiate such cells was noted [102], [103]. Since then, IL-1β 

has been found to be a highly potent and promiscuous cytokine affecting multiple 

facets of the immune response.  

Firstly, IL-1β directly promotes inflammation by inducing a number of changes to 

vascular tissues. By upregulating VEGF expression from endothelial cells, IL-1β 

indirectly promotes angiogenesis in early-stage solid tumours [104]. In addition, IL-1β 

induces the upregulation of ICAM ([105]) and VCAM-1 [106] on the surface of 

endothelial cells, which likely promotes cellular extravasation to the site of 

inflammation [107]. 

Further, binding of IL-1β to IL-1R1 on the surface of monocytes and macrophages 

has been shown by multiple groups to induce massive IL-6 production by those cells 

[108] [109]. 

Importantly, IL-1β can influence the nature of the adaptive immune response. For 

example, large concentrations of IL-1β are known to drive a Th17 type response. In 

addition, IL-1β has been implicated in the suppression of regulatory T cell function. 

Moreover , by overcoming the effect of IL-2 [110], monocyte derived IL-1β production 

can lead to the down regulation of FOXP3, the key Treg factor, and drive the cell 

towards Th17 effector function [111], [112]. 

IL-1β also appears to be critical for efficient production of antibody by B cells for 

antigens which normally require T cell help [113]. 
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1.5.2 IL-18 

Initially known as IFN inducing factor, IL-18 is now considered a member of the IL-1 

family. From early on in its discovery, IL-18 was observed to aid a Th1 response but 

not a Th2 response [114], [115]. The polarising effect of IL-18 is most likely as a 

result of the induction of IFN-γ following the binding of the IL-18 receptor, which 

occurs in synergy with IL-12 in natural killer cells [116]. Importantly, the IL-18 

receptor is found in abundance on the surface of Th1 cells [117], but not Th2 cells 

[118]. IL-18 also upregulates the expression of perforin by cytolytic cells, particularly 

NK cells, increasingly their efficacy [119].  

1.5.3 IL-33 

IL-33 is expressed in a large number of cells and tissue types. It is usually localised 

to the nucleus [120]. The process leading to the release of IL-33, like all of the IL-1 

cytokines, is a source of debate, but it is commonly detected in supernatants of cells 

undergoing necrotic cell death, indicating that it may be an alarmin for necrosis 

which can be detected by neighbouring cells. The IL-33 receptor, ST2 is expressed 

on the surface of Th2 cells. This observation partly explains the Th2 driving activity 

of IL-33. Additionally, IL-33 is inactivated by caspase-1 [121], [122]. Taken together, 

this means that inflammasome activation of caspase-1 is designed to promote Th1 

and Th17 responses, and to drive away from Th2 responses.  

1.5.4 Pyroptosis 

Pyroptosis is characterised as a programmed cell death protocol which is distinct 

from apoptosis in a number of aspects [123]. Firstly, the central caspase involved in 

pyroptosis is caspase-1, with no requirement for the activity of the apoptotic 

caspases 3, 6 and 8. Equally, caspase-1 is dispensable for efficient apoptosis, as 



50 
 

mice deficient for caspase-1 show no decreased apoptotic processes [124], [125]. 

Apoptosis is also characterised by shrinkage of the cell, whereas cells are observed 

to swell during pyroptosis as a result of caspase-1 dependent pore formation at the 

plasma membrane which disrupts osmotic processes [126]. During apoptosis, the 

formation of membrane blebs is evident, and these later become self-contained 

apoptotic bodies which can be phagocytosed and degraded without alerting 

neighbouring cells with endogenous danger signals [127]. A phenomenon which 

appears similar to this occurs during pyroptosis, and this was initially mistaken as a 

hallmark of apoptosis [128]. However, the bleb-like protrusions seen during 

pyroptosis are likely the result of outward pressure exerted from the ballooning 

cytosol. These protrusions eventually rip away from the surface of the cell which 

leads to the leakage of the cytosolic contents and therefore releases endogenous 

danger signals which are inflammatory in nature.  

It is believed that pyroptosis serves to eliminate the cytosolic niche occupied by 

some intracellular pathogens and expose them for scrutiny by the wider immune 

system, as pyroptosis is a common mechanism employed during intracellular 

infections [129], [130], whilst also producing endogenous danger signals which prime 

the local immune environment. 

It is interesting to note that although apoptosis and pyroptosis are distinct processes, 

they share comparable activation events. Caspase-1 driven pyroptosis is initiated 

when the formation of the inflammasomes results in the cleavage of pro-caspase-1 

into its active form. The apoptotic caspases are activated in a similar manner via the 

formation of a multi protein complex analogous to the inflammasomes termed the 

apoptosome [131]. The dependence on caspase-1 for the initiation of pyroptosis is 

likely the reason this particular form of cell death has historically been observed in 

macrophages and dendritic cells, both cell types which utilise inflammasomes. 
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1.6 Inflammasome Regulation 

With such important functional consequences, it is important that inflammasome 

activity is tightly regulated. This is in part achieved by the fact that in most instances, 

formation of the inflammasome itself, and transcription of key components of 

inflammasomes and the products of inflammasome activation, are triggered by two 

separate signalling events. The first involves any stimulus which results in the 

liberation of nuclear factor kappa B (NFΚB).  

Pyroptosis is perhaps one mechanism to prevent sustained strong inflammasome 

activity. Although pyroptosis is itself inflammatory in nature, runaway inflammasome 

driven inflammation resulting from the detection of debris of pyroptosis is by itself 

unlikely to occur unless accompanied by a second stimulus derived from pathogens 

or contaminants as previously described. In this way, inflammasomes will only 

continue to be formed by cells when the initial insult has not yet been eradicated. 

Direct interference with inflammasome processes however does occur. During 

transcription of IL-1 cytokines, two anti-inflammatory mediators are produced, the IL-

1 receptor antagonist, and IL-1 receptor 2. 

1.6.1 Anti-Inflammatory Mediators 

The IL-1 family also includes several anti-inflammatory mediators. The two most-well 

characterised are the IL-1 receptor antagonist (IL-1Ra) and the IL-1 receptor 2 (IL-

1R2) 

1.6.1.1 IL-1 Receptor Antagonist 

IL-1Ra is one of the anti-inflammatory members of the IL-1 family [101]. Owing to its 

sequence similarity with IL-1α and β, IL-1Ra likely originated from a gene duplication 

event [132], and is expressed by the same cells that express IL-1α and β. IL-1Ra 
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binds to the IL-1 receptor 1 (IL-1R1) with an affinity similar to the IL-1 cytokines but 

does not induce conformational changes which usually recruit IL-1RAcP [133], the 

key co-receptor required for downstream IL-1 signalling to commence. Elevated 

levels of IL-1Ra are regularly detected in a variety of diseases, including forms of 

arthritis [134] and Crohn’s disease [135]. 

1.6.1.2 IL-1R2 

The second IL-1 receptor, IL-1R2, binds IL-1α and IL-1β with affinity similar to that of 

IL-1R1. However, since IL-1R2 lacks the cytoplasmic domain required for initiation of 

the IL-1 driven signalling cascade, ligand binding of IL-1R2 does not induce further 

inflammatory events [136]. For this reason, IL-1R2 is considered a decoy receptor for 

the IL-1 cytokines. Furthermore, IL-1R2 has an affinity for IL-1Ra which is around 

100-fold lower than IL-1R1 [137], ensuring that it does not interfere with the anti-

inflammatory activity of IL-1Ra. Finally, since its transmembrane domain is easily 

cleaved by proteases [138], IL-1R2 exists in both membrane bound and soluble (sIL-

1R2) forms, allowing the sequestration of excess IL-1 in the extracellular milieu.  

1.7 Role of the SH Protein in Inflammasome Activation. 

As previously described, a key activator of the NLRP3 inflammasome is the 

breakdown of ion gradients across cell membranes. It therefore follows that any 

process which interferes with the concentration, distribution or transport of ions 

within or close to a cell could trigger the formation of the NLRP3 inflammasome 

complex. A viroporin which shows cation-selective ion channel activity could 

therefore satisfy as an activator of inflammasome activity. The influenza M2 gene, 

which has some sequence homology to the RSV SH gene, produces a viroporin 

which has been shown to promote inflammasome formation [72]. The RSV SH 

protein, which probably forms a viroporin [62], [2], and has shown cation-selective 

ion channel activity [2] may therefore play a role in the formation of inflammasomes. 
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The importance of inflammasomal activity in antiviral immunity is increasingly 

appreciated [139], and a great number of viral pathogens have been shown to affect 

inflammasome formation including Vesticular Stomatitis Virus  [140], Vaccinia virus 

[141], Epstein Barr Virus [142], Herpes Simplex Virus 1 [143]. The range and 

diversity of viruses which induce inflammasome activity, either directly or as a result 

of innate sensing of infection, underlines the importance of the inflammasomes in the 

innate response to viruses, and perhaps justifies the targeting of this pathway in the 

context of vaccination. 

The role of the SH protein on inflammasome function however is a source of debate. 

Recently, Triantifilou et al [59] describe the reduction of NLRP3 inflammasome 

activation by RSV when the SH protein is absent. However, more recently, a study in 

cattle revealed that IL-1β levels, a key product of the inflammasomes, were 

significantly increased following vaccination with an SH deletion mutant of bovine 

RSV [58]. These findings directly contradict each other and lead to a number of 

questions. First, if the SH protein does have inflammasome stimulating properties, 

how would this be of benefit to the virus? Conversely, if the SH protein is involved in 

inhibiting inflammasome formation, what is the benefit of doing so to the virus? 
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1.8 Neonatal Immunity 

Neonates possess an immune network that is drastically different to the healthy adult 

response, and in general, the neonatal immune response is dominated by anti-

inflammatory mechanisms (Figure 1.6) [4]. There are key differences in both the 

innate (Section 1.8.1) and adaptive (Section 1.8.2) arms of the immune response 

compared to older children and adults which cause neonates to display a tolerogenic 

profile. Initial observations pertaining to this profile were made as early as 1945 

[144]. Whilst protective of inappropriate immune activation to self and novel-yet-

benign environmental antigens, this profile is detrimental to the outcome of infection 

when a more rigorous response is required. This is particularly relevant for RSV 

which has the greatest burden in the first 6 months of life [29]. Critically for the 

consideration of vaccines appropriate for early life, the neonatal immune response is 

often described as hypo-responsive. Indeed, discounting BCG, all vaccines 

administered to children below six months of age are unable to elicit a protective 

immune response with just a single dose [145]. 

  
Figure 1.6 Age-dependant changes in TLR-induced immune function 

The pre-term and neonatal immune response is tolerogenic and vastly different to 

the matured adult response [4] 
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1.8.1 Deficiencies of Neonatal Innate Immunity  

The toll-like receptors are membrane bound glycoprotein receptors and are an 

essential component of the innate immune response. Ten human TLRs have been 

characterised, and all share a common structure, consisting of a leucine rich-repeat 

containing extracellular domain, attached to a conserved intracellular toll/IL-1 

receptor domain (TIR) [146]. The extracellular domains differ between different 

TLRs, meaning each type of TLR recognises a different conserved aspect of 

pathogens, termed pathogen associated molecular patterns (PAMPs).  

It has been observed that despite neonatal TLR expression itself - and that of many 

other TLR response components - being comparable to adult levels [4] [147], the 

production of innate immune effector molecules such as reactive oxygen species, 

which are induced by TLR activation, is reduced [148], [149], especially in preterm 

infants. In addition, infant PBMCs stimulated with TLR ligands preferentially produce 

anti-inflammatory cytokines such as IL-10 [150], in addition to some Th17 driving 

cytokines such as IL-1β [151]. However, the literature is undecided on the 

effectiveness of the TLR response in neonates as a whole – some studies reveal 

adult like responses to TLR agonist [4] [296], with the exact age of the neonate 

making a large difference [296], and others reveal a distinct neonatal TLR response 

profile [297]. Taken together, this suggests that the infant TLR response may not be 

a suitable or reliable target for vaccine adjuvants. 

TLR signalling is heavily reliant on the adaptor molecule MyD88, which is recruited to 

the cytoplasmic domain of TLRs following ligand binding, allowing the transduction of 

the activation signal and initiation of gene transcription. However, preterm infants 

have markedly reduced expression of MyD88, severely reducing the potency of the 
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TLRs [152], which, due to the importance of the innate immune environment, has 

knock-on effects on the adaptive response. 

Innate receptors are not the only aspect of the infant innate response which is 

deficient and therefore contributes to the vulnerability of this group to infectious 

disease. Indeed, deficiencies also exist regarding numbers of cells. For example, 

both neutrophil and dendritic cell numbers are heavily reduced compared to adults 

[153]. This lack of neutrophils causes infants to be particularly susceptible to 

bacterial sepsis [154]. The reduced numbers of dendritic cells and antigen 

presenting cells (APCs) generally have important consequences for the initiation of 

the adaptive response, resulting in compromised ability to fully activate antigen 

specific T and B cell responses [155], [149], [156]. 

1.8.2 Deficiencies of the Neonatal Adaptive Immune Response 

Broadly, lack of antigen in utero could contribute to the under-developed adaptive 

responses of neonates to immediate pathogenic threats. However, the neonatal 

adaptive response itself has a number of defects which prolong this effect and lead 

to an over reliance on innate immunity [157].  

Neonatal DCs have also been observed to preferentially skew the development of T 

helper cells towards Th2 and prevent Th1 cell development [158]. Further 

investigation has revealed that such DCs have a reduced capacity to respond with 

Th1 driving cytokines, but maintain the ability to produce Th2 favouring cytokines, in 

response to LPS stimulation [156]. 

In addition to the adaptive cellular response, the infant antibody response is also 

particularly poor. This is due in part to inadequate expression of key B cell survival 

factors including proliferation inducing ligand (APRIL) and B-cell activating factor 
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(BAFF) [159], in addition to MHCII [160]. Importantly, germinal centre formation, 

which is critical to B cell proliferation and differentiation, is delayed in infants [161], 

further contributing to poor humoral responses in this population. Moreover, B cell 

somatic hypermutation is thought to be defective in pre-term infants, causing 

accumulation of IgM and IgD antibody isotypes, and a lack of production of high 

affinity antibody [162]. 

Infants generally do not produce long-lived vaccines responses, leading to 

insufficient immunity to prevent infection in later life. During the first months of life, 

very few long-lived plasma cells are observed homing to the bone-marrow 

compartment, severely reducing the long-term recall response to antigen [163]. 

Another factor thought to affect the efficacy of the infant humoral response is the 

interference of maternal antibody. Maternally derived antibodies are an important 

aspect of the immune response to pathogens in early life [164]. They are first 

acquired via the placenta during gestation, and continue to be supplemented via 

breast milk following birth. However, in some cases, for example the RSV G protein, 

the presence of maternal antibody reduces the ability of the infant antigen-specific T 

and B cells to adequately respond [165].  

1.8.3 Rational and Difficulty of Immunising Newborns 

Taken together, these immune deficiencies mean that producing a protective 

response via vaccination is a challenge in new-borns. The problem is further 

exacerbated by the fact that these same deficiencies leave such patients particularly 

vulnerable to infectious diseases. Moreover, severe post-infectious sequelae are far 

more burdensome in infants than other patient groups. i.e polio, which can cause 

life-long deformities if contracted in childhood [166], and RSV, which has been 

causally linked to asthma development in later life [32]. Finally, infants and young 
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children, partly because of the vulnerabilities outlined, represent a significant harbour 

of infectious pathogens and therefore an important source of new infections. 

It is clear is that the immunisation of the very young is a preferable strategy for the 

control of infectious diseases. Adjuvants could perhaps provide the necessary stimuli 

to subvert the classic problems associated with neonatal vaccination. The use of 

incomplete freunds adjuvant has been shown to produce adult like immune 

responses in neonatal mice [167], but due to safety concerns and public opinion, the 

development of new neonatal adjuvants has been poor. 

1.9 Adjuvants 

The term adjuvant is derived from the Latin word “adjuvare”, meaning to aid or to 

help. Generally, an adjuvant is any substance included as part of a vaccine 

preparation with the intention of enhancing the quality and magnitude of the immune 

response to that vaccine, either by aiding delivery of antigen or by potentiating the 

immune response [168]. Due to increasingly pure antigen production, antigen alone 

is rarely as immunogenic as live-attenuated or whole-killed vaccines, which often 

contain endogenous PAMPs/DAMPs which act as adjuvants. Therefore, adjuvants 

are commonly required to induce an appropriate and sufficiently strong immune 

response, to protect in the long term, to reduce the need for booster rounds, to 

reduce required antigen dose, and to overcome lack of immunogenicity in certain 

vulnerable groups when using subunit based antigen [169]. 

1.9.1 History 

The discovery of the adjuvant technique can be mainly attributed to two individuals 

who made similar observations during the 1920s. Gaston Ramon stumbled on the 

observation that following immunisation, serum anti-diptheria and tetanus toxin 

antibody titres were markedly higher when lesions formed at the injection site. During 
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follow-up studies, he recreated this response by inducing sterile lesions by injecting 

substances such as starch and breadcrumbs during inoculation [169]. Between 1925 

and 1926, Alexander Glenny accidently discovered the adjuvant action of aluminium 

salts as he attempted to develop novel methods of precipitating diphtheria toxoid 

[170]. Following this finding, alum salts became the adjuvant of choice for the next 

70 years, and was included in vaccines for tetanus and diphtheria. 

Janeway referred to adjuvants as immunology’s “dirty little secret” [171], such was 

the lack of understanding of their action. Indeed this gap in our knowledge has, 

despite significant advances in our understanding of the mechanisms of adjuvant 

activity, resulted in relatively few adjuvants that are considered safe for use (Figure 

1.7).  

 

 

 

 

 

 

1.9.2 Mechanisms of Action of Adjuvants 

A number of mechanisms have been proposed to explain the action of adjuvants. 

These mechanisms are unlikely to be mutually exclusive, and combinations of these 

are likely to be found in any given scenario [172]. 

Figure 1.7 Timeline of adjuvant licensing in humans. 

Alum remained the only adjuvant in use for many decades until the introduction of 
2

nd
 generation adjuvants [1] 



60 
 

1.9.2.1 The Depot Effect 

The theory of the depot effect was the first developed to explain the effect of 

adjuvants. The depot effect is produced when antigen is strongly adsorbed onto/by 

the adjuvant compound, leading to limited but sustained release of antigen [173]. 

The slow release effect of depot formation has long been believed to aid the 

production of antibody to high titres [174].  

Adjuvants shown to produce the depot effect include aluminium salts, complete 

freunds adjuvant [175] and AS04 [176]. However, evidence is increasing that the 

depot effect may not be critical for the efficacy of adjuvants, as removal of the bolus 

or injection site soon after immunisation has little effect on outcome [177], [178]. 

1.9.2.2 Cytokine and Chemokine Mediated Cellular Recruitment 

The second widely accepted mechanism of action of adjuvants is the induction of 

cytokine and chemokine expression at the site of injection [179] and associated 

lymphatic network [180] which leads to the recruitment of immune effector cells, 

particularly innate cells during the acute response stage. A range of adjuvants have 

been investigated for their ability to stimulate such a response. A study by Mosca et 

al [181] revealed that expression of genes, including some belonging to the “adjuvant 

core response gene” family, encoding a number of inflammatory mediators, were 

heavily modulated by MF59, alum and C polyG. Additionally, studies have also found 

that MF59 injection induces local upregulation of a wide range of chemokines 

including monocyte chemoattractant CCL2, and the neutrophil chemoattractants 

CCL3 and CXCL8 [182]. 

1.9.2.3 Antigen Targeting 

The efficacy of some adjuvants is thought to be partly due to their ability to induce 

antigen uptake and processing by APCs. Although this mechanism is less well 
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understood, a few studies provide evidence of this potentially important mechanism 

for alum and MF59 [183], [184].  

 

1.9.2.4 Activation and Maturation of Dendritic Cells 

The induction of an adaptive immune response relies on the activation of dendritic 

cells, allowing them to increase expression of MHCII and the co-activation markers 

CD80 and CD86 [185]. This effect has been observed in studies using 

lipopolysaccharide (LPS) [186] and mono phosphoryl lipid A MPLA [187]. However, 

this effect is not limited only to DCs, as alum and MF59 have both been shown to 

upregulate MHCII and CD86 expression on other APCs including monocytes and 

macrophages [182]. 

1.9.2.5 Activation of the Inflammasomes 

The contribution of the inflammasomes to the efficacy of adjuvants has been widely 

studied, and the effect of alum on inflammasome activation has been particularly well 

explored. Although alum-induced IL-1β and IL-18 secretion had been observed 

regularly, it was not until 2007 that this was linked to caspase-1 activity [188]. 

Subsequently, the NLRP3 inflammasome was identified as critical for this secretion 

[189], [190]. The importance of inflammasome activation induced by adjuvants was 

confirmed when studies found that deletion of NLRP3 inflammasome components 

makes mice unable to produce antigen-specific antibody [189], [191].  

Alum is not alone in its ability to induce inflammasome activity. MF59 has also been 

shown to activate the NLRP3 inflammasome [192], with the ASC component being of 

particular importance in this process [193]. 

However, owing to the lack of understanding of how the inflammasomes are 

activated, it remains unclear how the inflammasome potentiating effect of adjuvants 
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is actually exerted. One theory is that particulates and crystals cannot be properly 

processed by the phagosome, leading to phagosomal disruption and the release of 

inflammasome activating cathepsin B [191]. 

Another common adjuvant component, MPLA, is a less efficient inflammasome 

activator. Indeed, its inflammasome activating potential has been shown to be less 

than LPS [194], demonstrating the difficulty of striving for safety without 

compromising immunogenicity. 

1.9.3 First Generation Adjuvants 

Historically, adjuvants have been designed empirically, focusing on the ability of the 

adjuvant to induce the response without understanding how that response was being 

generated. Often, these adjuvants actually began as drug-delivery systems and were 

not originally intended as adjuvants [195] 

1.9.3.1 Aluminium Salts 

A broad class of adjuvants are the aluminium salt (alum) adjuvants. The first alum 

adjuvant, aluminium potassium sulphate was developed by Alexander Glenny [196] 

and became a central component of a vaccine first used in diphtheria vaccination in 

1932. Aluminium hydroxide and aluminium phosphate have since been developed 

and are in use in a number of human vaccines [197]. Immaturity of the field of 

vaccinology meant that alum adjuvants continued to be the only adjuvant used in 

human vaccines for the next 60 - 70 years. Despite its widespread use, the 

mechanism of alum’s action remains incompletely understood [197].  

As early of 1931, the depot effect was proposed as the primary mechanism behind 

the adjuvant effect of alum [196, 198]. However, later studies questioned whether the 
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depot effect was indeed primarily responsible for the efficacy of alum as an adjuvant 

[199].  

Several studies have suggested a crucial role for the inflammasomes in the adjuvant 

action of alum [189], which is perhaps mediated by  damaging cells and releasing 

uric acid [200]. However, this view has been contested, and it is still not clear if 

inflammasome involvement is a key feature of alum adjuvanticity [201]. 

What is clear however is that alum adjuvants promote Th2 immunity, inducing strong 

antibody responses [202]. For example, alum induces the production of IL-4, a 

critical cytokine for the skewing of the adaptive immune system towards type 2 

responses. Additionally, studies have shown that alum can recruit IL-4 producing 

eosinophils [203], which drive antibody production by B cells in primary lymphoid 

tissues [204]. These antibodies can work in harmony with components of 

complement to produce further inflammation [205], a mechanism which is again 

promoted by alum adjuvants. 

However, limitations were found with the use of alum as an adjuvant for purified 

subunit antigen vaccines. To address this need, a new adjuvant, MF59 was 

developed. 

1.9.4 Second Generation Adjuvants 

1.9.4.1 MF59 

MF59 is an oil-in-water emulsion which was originally designed to meet the need for 

an adjuvant which could induce good immunogenicity to purified antigen vaccines 

[1]. At the time of development, alum remained the gold standard adjuvant, but it was 

ineffective as an adjuvant for new recombinant technologies. MF59 was designed 

using the principles of Freunds incomplete adjuvant, a mineral oil–in-water emulsion 
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which although tested in human influenza vaccination [206], was deemed too 

reactogenic for regular use [207]. Squalene was chosen as the oil component to 

produce a new oil-in-water adjuvant as it is naturally occurring oil found in large 

quantities in human tissues. The mechanism of action of MF59 has been studied 

extensively yet remains only partially understood.  

Dendritic cell activation is key for priming of naïve T cells and the induction of 

adaptive immunity, but it is known that MF59 does not directly activate human 

dendritic cells, but can instead induce monocytes to become dendritic cells [182].  

Additionally, an array of innate immune cells are rapidly recruited to the site of MF59 

injection including neutrophils, eosinophils, monocytes, macrophages and dendritic 

cells [208]. The same study also revealed acute serum and local muscle cytokine 

and chemokine spikes, presumably creating an inflammatory gradient for the 

recruitment of the innate cells. 

The spike in cytokine and chemokine production seen was in broad agreement with 

earlier findings by Mosca et al [181], who analysed gene transcription profiles by 

microarray following intramuscular adjuvant injection. This study also suggested that 

MF59 upregulated a greater number of important mediators of inflammation and 

antigen processing than alum, which may partially explain its greater efficacy when 

combined with otherwise inert purified antigen. 

The first licensed use of MF59 was as a component of FluAd in 1997 in Italy. FluAd 

is a seasonal trivalent influenza vaccine targeted at the elderly and other vulnerable 

groups. Analysis of more than 10,000 recipients showed significantly enhanced 

protective serum IgG in adjuvanted vaccine recipients over conventional vaccine 

recipients [209]. In addition, MF59 has also shown antigen sparing effects, reducing 
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not only the dose required per immunisation, but also the number of immunisation 

events [210]. 

  

1.9.4.2 TLR4 Targeting Adjuvants 

Increased understanding of the events initiating the immune response have led to 

more targeted adjuvant approaches [211]. The inclusion of a detoxified derivative of 

the TLR4 ligand LPS, Monophosphoryl Lipid A (MPLA), in combination with 

liposomes and the plant saponin QS21, in GlaxoSmithKline’s Adjuvant System 01 

(AS01) is one such example. This adjuvant was designed specifically to boost cell-

mediated immunity, with particular focus on CD8 T cells [212]. Using malaria models, 

studies have revealed that AS01 does indeed skew immunity towards the intended 

Th1 biased response, and this adjuvant has now completed phase III clinical trials 

[213], [214], conferring medium-term moderate protection to malarial disease.  

Perhaps the best examples of the inclusion of MPLA as an adjuvant component of a 

vaccine are Fendrix and Cervarix. Developed by GSK as alternative to Energix, 

Fendrix is a Hepatitis B vaccine formulated with AS04, an adjuvant consisting of a 

mixture of both aluminium hydroxide and MPLA. It was first used in 2005 and is 

currently licensed in Europe [215]. The Ceravix vaccine was developed to protect 

against Human Papillomavirus (HPV), with the particular aim of preventing HPV 

associated cervical carcinoma [216], [176]. This vaccine too includes the AS04 

adjuvant.  

1.9.5 TLR Targeting Developments 

Over recent years, the TLRs have been the focus of immunopotentiator development 

for use as both prophylactic and therapeutic vaccine adjuvants [217], [218]. 
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Previously discussed MPLA targeting of TLR4 is just one example of this. Many of 

the other TLRs have been targeted for adjuvant studies.  

Recently, a putative TLR7 agonist was developed and tested by Novartis as an 

adjuvant for vaccination against streptococcus pneumoniae [219]. This formulation 

afforded increased survival over otherwise lethal challenge doses, but the full 

mechanisms behind this partial protection have yet to be elucidated. 

Resiquimod, or R848, is an agonist for the endosomal PRRs TLR7 and 8 [220]. 

TLR7 and 8 detect ssRNA and guanine-rich oligonucleotides, and therefore are 

important for the induction of antiviral immune responses. The use of RNA-like 

immunopotentiators, including R848, can skew towards a Th1 type response via 

induction of IFN-γ production and the suppression of IL-4 and IL-5 production [221], 

[222]. As well as a potential adjuvant, R848 has been used in topical treatment for 

HSV lesions [223]. 

Another potential adjuvant compound is polyinosinic:polycytidylic acid (PolyIC), a 

synthetic analogue of double-stranded RNA, which is a ligand for TLR3 [224], [220], 

and therefore, like TLR7 and 8, is important for antiviral immune responses [225]. 

PolyI:C has been shown to be an effective adjuvant for driving Th1 CD4 T cell 

responses to HIV gag protein in mice via downstream induction of type I interferons 

[226]. 

1.9.6 NLR and Inflammasome Targeting  

γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP) and Muramyl dipeptide(MDP), 

derived from common bacterial peptidoglycan residues, are known ligands for NOD1 

and NOD2 respectively. These ligands have been investigated as potential 

adjuvants. When encapsulated within poly[(rac-lactide)-co-glycolide (PLGA) 
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microparticles, both ligands, but particularly IE-DAP, showed potent ability to induce 

maturation of human dendritic cells. These cells produced high levels of key 

inflammatory cytokines including IL-1β, IL-6, TNF-α [227]. 

It was originally believed that the main purpose of adjuvants, aside from providing 

the depot effect, was to induce an IL-1 response crucial for T cell activation [228]. 

The IL-1 cytokines have themselves been investigated as adjuvants. The 

observation that Cholera toxin (CT), a widely studied mucosal adjuvant candidate, 

induces potent local [229] and systemic [230] humoral responses, and also induces 

production of IL-1α and β [231], led to studies where these cytokine were directly 

administered during vaccination [232]. The study found that mucosal administration 

of recombinant IL-1α and IL-1β with ovalbumin (OVA) or tetanus toxoid model 

antigens could mimic the adjuvant effect of CT and lead to the induction of antigen-

specific serum IgG and mucosal IgA, as well as cell mediated immunity. 

It is widely accepted that processing of key IL-1 cytokines, IL-1β and IL-18 is under 

the control of the inflammasomes. Despite the increased appreciation of the 

importance of the inflammasomes for vaccine efficacy [233], little attention has been 

paid to them as adjuvant targets during vaccination. Inflammasome activation is a 

feature of most licensed and experimental vaccine adjuvants [189], [234], [172], 

[191], but despite this, the inflammasomes themselves have yet to be studied 

specifically as targets for activation during vaccination. This knowledge gap is even 

more striking when we consider the usefulness of TLR targeting adjuvants in the 

context of infant immunisation, which have gained much more research attention. 
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1.9.7 Novel Adjuvant Technologies 

1.9.7.1 Laser Adjuvants  

A particular area of interest is the development of intradermal vaccines. Vaccine 

delivery via the intradermal route can be more efficacious than the more traditional 

intramuscular route [235]. The limiting factor of intradermal vaccine development is 

the lack of appropriate adjuvants [236]. However, the use of pulsed laser light at the 

site of injection can increase antibody titre in both ovalbumin and influenza vaccine 

model systems [237]. Aside from the immune potentiating features, laser adjuvants 

have a number of advantages over conventional adjuvants. For example, laser light 

does not persist in the tissue following administration, thereby reducing risks of 

toxicity. Additionally, there are formulation advantages, in that laser light does not 

need to be co-formulated with antigen, and this reduces the need for specific storage 

and transportation conditions commonly required for current vaccines [238]. 

1.9.7.2 DNA Adjuvants 

Another novel adjuvant strategy involves the use of DNA adjuvants, which are 

usually employed in the context of DNA vaccination. Cytokines which drive the 

desirable immune response to the antigen encoded on the plasmid are themselves 

encoded on the same plasmid. Therefore, upon successful administration, antigen 

and cytokine are co-transcribed. This approach has been used in an attempt to drive 

a Th1 type response in the context of influenza vaccination by including genes 

encoding IFN-γ and IL-12 [239]. This strategy could replace the administration of 

recombinant cytokines as part of vaccine formulations, which are potentially unsafe 

for use in infants [240]. 

Despite these advances, the development of new adjuvants must address historical 

challenges, particularly for patients that have deficient immune responses causing 
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lack of efficacy of current vaccine formulations. For the reasons outlined above, 

developing adjuvants for use in patient groups such as neonates is a priority. 
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1.10 Thesis Aims and Hypotheses 

Part 1 

In summary, there are clear gaps in the knowledge of the function of the RSV SH 

protein during infection. In spite of this, SH deletion mutants have been tested as 

vaccine candidates. However, it is vital that the function of viral genes is investigated 

before any such vaccines could be considered for clinical use. Evidence suggests 

that the SH protein forms an ion-permissive membrane pore, allowing the alteration 

of cellular ion gradients. Such alterations commonly affect inflammasome formation 

with wide-ranging consequences on the wider immune response.  

The first part of this thesis aims to identify the role of the SH protein in the context of 

inflammasome activation, with the hypothesis that, owing to its sequence similarities 

to the influenza M2 protein, the pore diameter and the role of pores for ion transfer, 

the SH protein has evolved as a virulence factor with the function of changing the 

activation status of the host inflammasomes.  

Part 2 

If a role for inflammasome mediated IL-1β production can be found for the efficacy of 

the attenuation of SH gene deleted RSV, this could suggest that the inflammasomes 

themselves could be targeted during vaccination through the inclusion of novel 

adjuvants. Inflammasome involvement has been suggested to be a key factor in the 

efficacy of a number of adjuvants, but none have been developed to specifically 

target this important aspect of immunity. In addition, most recent adjuvant research 

has focused on the TLRs, which do not respond effectively in early life, making such 

adjuvants ineffective in neonatal patients.  
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This section hypothesises that the NLRs, particularly those which form 

inflammasome complexes, would make good alternative adjuvant targets, offering an 

alternative to classical TLR targeting adjuvants. Therefore, the second part of this 

thesis is concerned with the identification of inflammasome inducing compounds 

which could be used as adjuvants to increase vaccine efficacy, with the overarching 

aim of inducing strong immune responses in early life mouse models.  

 

  



72 
 

 

 

 

 

 

 

 

Chapter 2 
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2 Materials and Methods 

2.1 Cell lines 

2.1.1 HEp-2 Cells 

Human lung epithelial cells recovered from cryostorage were transferred to T25 

flasks (Corning) in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with L-

glutamine (Gibco), penicillin and streptomycin (P/S) (Sigma) and foetal calf serum 

(FCS)(Sigma) to 10% (collectively termed D10 herein). Cells were allowed to 

proliferate to around 80-85% confluency before splitting into new flasks or seeding 

for in vitro studies. Cells were split into new flasks by incubating PBS washed 

adherent cells with Trypsin EDTA (Gibco) for 5-10 minutes at 37°C 5% CO2. Trypsin 

was neutralised by addition of equal volume D10 before lifted cells were gathered 

into 50 mL tubes and centrifuged at 528 g for 5 minutes 

2.1.2 THP-1 Cells 

The human monocytic cell line THP-1, kindly provided by Katja Klein (Imperial 

College London), was recovered from cryostorage and cultured in Roswell Park 

Memorial Institute media (RPMI) (Sigma) supplemented with 10% FCS and P/S 

(collectively termed R10 herein). Cells were split into new flasks when densities had 

exceeded 1x10⁶ cells /mL.  

THP-1 cells can be differentiated into phagocyte-type cells. To do this, following 

seeding into new tissue culture plates, cells were supplemented with 20 ng/mL PMA 

(Sigma) and incubated for 24 hours before being rested for a further 24 hours prior to 

experimental use. 
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2.1.3 L929 Cells 

The mouse endothelial cell line L929 was cultured for its ability to secrete murine 

macrophage colony stimulating factor (M-CSF) into the supernatant. This 

supernatant can be gathered and used to create media for the differentiation of 

mouse haematopoietic stem cells into bone marrow-derived macrophages 

(BMDM/BMM). L929 cells were kindly provided by Dr Jacques Behmoaras (Centre 

for Complement and Inflammation Research, Imperial College London). Cells were 

recovered from cryostorage and transferred into T175 tissue culture flasks (Corning) 

in D10 culture medium. Supernatant was gathered when cells reached confluency, at 

which point cells were split into 3 new flasks to maintain the culture. 

2.1.4 RAW Cells 

The mouse monocyte/macrophage cell line RAW, kindly provided by Dr. Ingrid 

Muller (Imperial College London), was recovered from cryostorage and cultured in 

D10 media within T175 tissue culture flasks. Cells were split when densities 

exceeded 1x106 cells/mL. Cells were split into new flasks by incubating PBS washed 

adherent cells with Trypsin EDTA (Gibco) for 5-10 minutes at 37°C 5% CO2. Trypsin 

was neutralised by addition of equal volume D10 before lifted cells were gathered 

into 50 mL tubes and centrifuged at 528 g for 5 minutes. Cells were then dispensed 

into new flasks or into tissue culture plates at required density in fresh D10. 

2.1.5 Madin-Darby Canine Kidney Cells 

The Madin-Darby Canine Kidney cell (MDCK) line was used to culture influenza A 

virus. Cells were recovered from cryostorage and cultured in T75 flasks containing 

MDCK tailored media (D10 with 1% Non-essential amino acids). Cells were split at 

around 80-85% confluency. Cells were split into new flasks by incubating PBS 

washed adherent cells with Trypsin EDTA(Gibco) for 5-10 minutes at 37°C 5% CO2. 
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Trypsin was neutralised by addition of equal volume D10 before lifted cells were 

gathered into 50 mL tubes and centrifuged at 528 g for 5 minutes. Cells were then 

dispensed into new flasks or into tissue culture plates at required density in fresh 

MDCK media. 

2.2 Ex vivo and Primary Cell Culture 

2.2.1  Ethics Statement 

Written informed consent was obtained from all donors. Approval for this project was 

granted by the Imperial College Healthcare Tissue Bank, under their HTA research 

licence, and ethics thus conveyed through this process by the Multi Research Ethics 

Committee (MREC), Wales. 

2.2.2 Neutrophils 

Primary human neutrophils were isolated from whole blood obtained from healthy 

consenting adults using a modified percoll method (Eggleton, 1998). In a 50 mL 

tube, a 70%/60% gradient was made by layering 3 mL of a 70% percoll solution 

(Percoll 100% 2.1mL(Sigma) + 645 µL Hank’s balanced salt solution (HBSS) (Gibco) 

1X + 255 µL HBSS 10X) above 3 mL of a 60% percoll solution (Percoll 100% 1.8 mL 

+ 990 μL HBSS 1X + 210 µL HBSS 10X). 3 mL of whole blood was added above the 

percoll gradient and centrifuged at 500 g for 30 minutes at room temperature with no 

brake. Neutrophils were isolated from the 70%/60% interface. The neutrophils were 

washed by resuspension in HBSS and further centrifuged at 400 g for 10 minutes at 

room temperature. Cells were cultured in R10 until experimental utilisation.  
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2.2.3 Peripheral Blood Mononuclear Cells 

3 NC24 leukocyte cones were sourced from NHS Blood and Transplant unit in 

Colindale, UK. Blood from all cones were used to create a mixed-donor pool. To 

prevent cytotoxic interference of CD8 T cells during studies, RosetteStep CD8 

depletion cocktail (StemCell Technologies) was used to prepare CD8 depleted 

peripheral blood mononuclear cell (PBMC) populations. Following treatment, the cell 

pellet was resuspended in fresh RPMI. Cells were dispensed into tissue culture 

plates at the required density following the addition of 10 U/mL IL-2 (R&D Systems). 

2.2.4 Bone Marrow-Derived Macrophages 

To isolate and differentiate mouse bone-marrow derived macrophages (BMDM), 

adult mouse femurs were harvested and all tissue removed. Cleaned femurs were 

washed in 70% ethanol before both ends of the bone were removed and marrow 

flushed into falcon tubes using minimal essential medium. Flushed bone marrow was 

pelleted via centrifugation at 528 g before red cell lysis using 5 mL (per bone) 

ammonium chloride potassium (ACK) lysis buffer (Lonza). ACK lysis buffer was 

neutralised by addition of equal volume D10 and pelleted as before. Cells were 

resuspended and seeded at required density in bone-marrow macrophage media 

consisting of 49% v/v DMEM, 25% L929 derived medium, 25% FBS and 1% P/S 

supplemented with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES)(Sigma) to 25mM.  
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2.3 In Vitro Virology 

2.3.1 Respiratory Syncytial Viruses 

The following viruses were used in RSV studies: 

Virus Background Reference 

Wild-type RSV A2-long [241] 

SH gene deleted RSV (ΔSH 

RSV) 

A2-long [61] 

Green Fluorescent Protein 

tagged - RSV 

A2-long background with 

GFP gene insertion  

[242] 

 

 

 

Virus was grown using the human lung epithelial cell line, HEp-2. HEp-2 cells were 

grown to approximately 50% confluency (around 10⁷ cells per flask) and infected at a 

multiplicity of infection (MOI) of 0.1 in serum-free medium (SFM). After 2 hours, 

flasks were supplemented with 30 mL DMEM (Sigma) +10% FCS and P/S (Full 

culture medium (D10)). After 24 hours, FCS content was reduced to approximately 

2%. Flasks were assessed for cytopathic effect (CPE), and when this was judged to 

be 50%, flask contents were sonicated and aliquoted into 1.5 mL cryovials (Thermo 

Scientific) and placed in cryostorage ready for use. Viral stock concentration was 

assessed via plaque assay. 

Table 2.1. List of strains of Respiratory Syncytial Viruses Utilised for Studies. 
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2.3.2 Influenza A and B 

H1N1 Influenza A/England195 virus was used as the model pathogen for 

inflammasome activating adjuvant studies. Influenza B/Florida/04/2006 virus and 

ΔNB Influenza B/Florida/04/2006 virus were used during viroporin studies. All 

Influenza stocks were generated via identical methods.  

MDCK cells were cultured in T75 as previously described. At sub-confluence, 1 mL 

virus stocks were thawed at room temperature and diluted into 3 mL SF MDCK 

media. Cells were gently washed with PBS and prepared virus dispensed into the 

flask. Flasks were incubated for 1 hour at 37°C 5% CO2. Supernatant was discarded, 

cell layers were washed in with PBS, and 10 mL fresh SF DMEM with 1 μg/mL 

trypsin added to the flasks. Flasks were incubated as before for 2-3 days or until the 

onset of cytopathic effect. Following incubation, virus laden supernatant was 

gathered into a 50 mL tube and centrifuged at 528 g for 5 minutes at 4°C. 

Supernatant was aliquoted into 0.2 mL tubes and stored at -80°C until use. 

2.3.3 In Vitro Cell Infections 

Following seeding of cells in appropriate conditions described previously, all cells 

were rested for 24 hours to allow adherence before infection with viruses. In all 

cases, cells were firstly gently washed with warmed PBS. Viral inoculi were prepared 

to multiplicity of infection (MOI) described in the results sections, in media matching 

that used to maintain the specific cell lines. For RSV, serum free media was used 

initially for two hours before addition of FCS to 10%.  

2.3.4 Viral Plaque Assay 

Viral plaque assays were used to quantify viral concentration in in vitro samples and 

viral stocks.  
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2.3.5 RSV Plaque assay 

2x10⁴ HEp-2 cells were seeded onto 96-well tissue culture plates and rested for 24 

hours or until cells reached 80-90% confluency before infection with 50 μL doubling 

dilutions of viral stocks or samples. After 24 hours cells were washed with PBS, fixed 

in H2O2 and incubated with biotinylated polyclonal goat anti-RSV antibody 

(Biogenesis). Next, 100 μL of extravadin peroxidase (Sigma) was added to each well 

and incubated for 30 minutes at RT. Finally, 50 μL amino-ethylcarbazole substrate 

(Sigma) was added to each well, and the reaction was halted by washing with PBS. 

Plaques were counted and viral concentration calculated according to dilutions. 

2.3.6 Influenza Plaque Assay 

In a 12-well tissue culture plate (Corning), 5x105 MDCK cells were seeded in 1 mL 

D10. Cells were monitored for between 24-72 hours or until ~85% confluency. At this 

point, samples to be titrated were thawed at room temperature and subjected to 10-

fold dilutions in SF DMEM in dilution plates. Old media was aspirated from the cells 

and wells rinsed with PBS. 200 μL of the pre-prepared virus dilutions were added to 

the cells which were then incubated at 37°C for 1 hour with manual rocking every 10 

minutes to ensure equal distribution. During incubation, assay overlay was prepared 

by mixing 2/3 overlay medium (H2O, 15% MEM x10, 15mM HEPES, 0.3% BSA, 3nM 

L-glutamine, 30 mM NaHCO2, 0.01% dextran, 1.5% 10X P/S) with 1/3 2%(w/v) Oxoid 

purified agar before adding trypsin to 0.01%. Following incubation, virus laden 

supernatant was aspirated, the cells washed with PBS and 1 mL of assay overlay 

applied to each well. Agarose was allowed to dry before the plate was inverted and 

incubated for 48-72 hours. Finally, the agar plug was gently removed and the cells 

fixed with MeOH and stained with 1% Crystal Violet (Sigma). Regions of cell 
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clearance were counted, and viral titre in p.f.u/mL calculated according to initial 

sample dilution. 

2.3.7 Fluorescence Microscopy and Imaging.  

HEp-2 and THP-1 cell lines and primary neutrophils were infected at MOI 0.1 with 

GFP-RSV for between 24-72 hours. GFP expression was imaged using a Nikon 

Eclipse TE2000 Inverted Microscope combined with a Nikon digital camera (DXM 

1200F). Images were captured at 20x/0.45 magnification. Blue (400-446 nm) 

fluorescence filters were used to detect GFP. Bright-field images were also captured 

for reference. 

2.3.8 UV Inactivation 

As an infection control, ultraviolet radiation inactivated RSV was generated. Rapidly 

thawed 1 mL virus aliquots were sonicated for 3 minutes and transferred into wells of 

a 6 well tissue culture plate. Plates and their contents were irradiated using a CX-

2000 UV Crosslinker (UVP) set to 1.3x105 uJ/CM² for 15 minutes on ice. Contents of 

wells were gathered into new tubes and stored at -80°C. UV inactivation was 

confirmed by RSV plaque assay described previously. 
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2.4 In Vitro Adjuvant Studies 

2.4.1 Bicinchoninic Acid Assay  

Protein/antigen adsorption capacity of the candidate adjuvants was assessed using 

the Pierce Bicinchoninic Acid (BCA) assay kit (Thermo Scientific). On ice, equal 

concentrations of Influenza A H1N1 HA antigen and NanoSiO2, diluted into 1mL 

PBS, were mixed in 1.5 mL tubes and vortexed for 30 seconds. Tubes were 

centrifuged at 9500 g for 1 minute and supernatant collected for analysis. 25 μL of 

samples were dispensed into 96 well dilution plates before addition of 200 μL BCA 

Working Reagent consisting of BCA Reagents A and B in a 50:1 ratio. Plates were 

incubated at 37°C for 30 minutes before absorbance was measured on a FLUOstar 

Omega spectrophotometer set to 562 nm and compared to a standard curve derived 

from standard BSA sample dilutions. 

2.4.2 Adjuvant Crystal/Particle Imaging 

Size and morphology of CPPD crystals, MSU crystals and NanoSiO2 particles, and 

phagocytosis by THP-1 cells was assessed by bright-field microscopy. Images were 

captured using a Nikon Eclipse TE2000 Inverted Microscope combined with a Nikon 

digital camera (DXM 1200F). 
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2.5 In Vivo Procedures 

2.5.1 Animals 

Mice were used for all in vivo experiments. Unless otherwise stated, all mice were 

sourced from either Harlan or Charles River Laboratories and housed in the Central 

Biomedical Services facility at St Mary’s Campus, Imperial College London. All 

animals were maintained in accordance with the United Kingdom Animals (Scientific 

Procedures) Act 1986, and all experiments approved by the local Animal Welfare 

and Ethics Board. 

BALB/c mice were used in RSV animal studies. For influenza studies, BALB/c and 

C57BL/6 strain F1 cross mice, designated CB6F1, were used. Some studies used 

neonatal CB6F1 mice. These were bred in-house after establishing breeding pairs 

consisting of adult BALB/c females and adult C57BL/6 males. Neonatal mice were 

used below 2 weeks old. For all other studies, mice of between 6 and 12 weeks old 

were utilised.  

Animals used in infection studies were culled via intraperitoneal injection of >1 µL/g 

body weight pentobarbitone. Otherwise, animals were culled via cervical dislocation. 

2.5.2 Intranasal Infections 

To infect mice, virus aliquots were firstly prepared to the correct titre (typically 

2.5x106 p.f.u./mL for RSV and 6x105 p.f.u./mL for Influenza A) in either cell culture 

media or PBS and kept on ice until infections took place. Mice were subjected to 

isofluorane anaesthesia until unconscious. At this point, mice were intranasally 

infected by inhalation of 100 µL of virus preparations. 
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2.5.3 Vaccinations 

On ice, H1N1 influenza HA antigen (Novartis) was diluted to appropriate 

concentration in PBS with or without adjuvants and adjuvant candidates at 

concentrations specified in the results section. Formulations were vortexed for 30 

seconds and stored on ice until vaccinations. In vivo influenza vaccinations were 

administered intramuscularly into the right hind quadriceps muscle.  

2.5.4 Cell Depletions 

2.5.4.1 Efficacy of cell depletion treatments was confirmed by flow 

cytometry.Neutrophils 

Neutrophils were depleted in mice in vivo using the anti-Ly6G antibody 1A8 

(BioXCell). Antibody at a concentration of 0.5 mg was administered systemically via 

intraperitoneal (i.p) injection in a 500 μL volume 1 day prior to and 1 day following 

RSV infections 

2.5.4.2 Macrophages 

Macrophages were depleted in mice in vivo using clodronate containing liposomes. 

Pre-formulated liposomes (Boehringer GmbH) were delivered to mice intranasally in 

100 μL volumes 1 day prior to and 1 day following RSV infections.  

2.5.5 Anti-IL-1β 

The anti-murine IL-1β antibody B122 (BioXCell) was used to block IL-1β activity in 

vivo. Stock was diluted to 1 mg/mL in PBS and 0.5 mg administered systemically via 

intraperitoneal (i.p) injection in a 500 μL volume 1 day prior to and 1 day following 

immunisations/infections. 
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2.5.6 Caspase-1 Inhibition 

To investigate the contribution of inflammasome activity to the protective effect of 

adjuvant candidates, an irreversible murine caspase-1 inhibitor molecule, amino acid 

sequence Acetyl-Tyr-Val-Ala-Asp-Chloromethylketone (YVAD), sourced from Sigma, 

was used to block caspase-1 activity in the context of in vivo immunisations. YVAD, 

reconstituted in sterile H2O, was administered to mice at 10 mg/kg body weight by 

i.p. injection in a 500 μL volume 24 hours before and after vaccinations described 

above.  

2.5.7 Cell Counts 

Total cell counts in vitro and from harvested tissues were determined using a glasstic 

slide haemocytometer (Kova). Upon pelleting, cells were resuspended in 1ml of 

media or PBS/BSA 1%. A 10 μL sample was mixed with 10 μL Trypan Blue stain 

(Sigma) and the mixture transferred to a haemocytometric chamber for counting. 

2.5.8 BAL Processing 

Following centrifugation of 1.5 mL tubes containing BAL fluid from in vivo harvests at 

9500 g for 5 mins 4°C, supernatant was removed and stored at -20°C for future 

analyses. Cells contained in BAL fluid were characterised by a haematoxylin/eosin 

differential staining process. Cell pellets were resuspended in 500 μL ACK lysis 

buffer for 10 minutes. ACK lysis buffer was subsequently neutralised by addition of 

equal volume D10. Supernatants were discarded and cells resuspended in 500 μL 

D10. 200 μL of this cell suspension was loaded into cytospin apparatus and spun 

onto microscope slides. 
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2.5.9 Lung Processing 

Whole lungs harvested from mice were mashed through a 70 μm 50 mL tube filter 

cap. The filter was rinsed through with D10 and collection tubes centrifuged at 528 g 

for 5 minutes at 4°C. Supernatant was placed into 1.5 mL tubes and stored at -20°C. 

Cell pellets were resuspended in 1 mL ACK lysis buffer and incubated at room 

temperature for 10 minutes before neutralisation with 1 mL D10. Cells were 

centrifuged at 528 g as before. Supernatant was discarded and cells resuspended in 

D10 before analysis by flow cytometry or total cell counting. 

2.5.10 Blood processing 

Blood obtained from tail-bled or culled mice was gathered into 1.5 mL tubes and 

stored at room temperature for 1 hour before centrifugation at 9500 g. Serum was 

collected into new tubes and stored at -20°C until use. 

2.5.11 Muscle Cells 

Immune cells were isolated from the quadriceps muscle following i.m. injection. 

Following culling, the quadriceps muscle was excised from the limb and placed in ice 

cold DMEM. On ice, muscles were transferred onto petri dishes and minced using a 

scalpel and scissors. Once thoroughly minced, dish contents washed and transferred 

into falcon tubes containing 14 ml modified eagle medium (MEM) (Gibco). Tubes 

were centrifuged at 770g for 7 minutes at room temperature. Supernatant was 

discarded before tissue was resuspended in 2 mL MEM containing 0.05% type II 

collagenase (Worthington Biochemical). Tubes were incubated at 37°C with gentle 

agitation for 30 minutes to allow digestion of tissue. Following digestion, collagenase 

was neutralised by addition of 30 mL MEM before tubes were centrifuged as before. 

Supernatant was discarded and cells resuspended in DMEM before being filtered 
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through a 40 µm filter cap (Grenier Bio-one). Isolated cells were counted using a 

haemocytometer as previously described before being analysed by flow cytometry. 
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2.6 Molecular Biology 

2.6.1 Lung RNA Extraction 

RNA was extracted from the harvested lobe using a trizol extraction method. The 

lobes were placed into 350 µL trizol (Life Sciences) in 1.5 mL tubes. Ball bearings 

were added and the sample homogenised using a TissueLyzer (Qiagen, 

Manchester, UK) set to 50 oscillations / second for 5 minutes. Homogenates were 

transferred to new tubes containing 150 µL fresh trizol and incubated for 5 minutes. 

100 μL chloroform (Sigma) was added and tubes gently inverted to mix. Tubes were 

centrifuged at 12,000 g for 15 minutes at 4°C. The aqueous phase was removed into 

new tubes containing 250 μL isopropanol (Fisher Scientific), incubated at RT for 10 

minutes and centrifuged as before. Following centrifugation, supernatant was 

discarded and 500 μL 75% ethanol (Sigma) gently poured over the pellet. Tubes 

were incubated for approximately one hour at 4°C. Sample was pelleted as before 

and supernatant discarded. Tubes were left to air-dry before pellet resuspension in 

nuclease-free H2O. Samples were incubated at 55°C for 10 minutes. RNA content 

was quantified using a Nanodrop 1000 spectrophotometer and equalised across 

samples via further dilutions with nuclease-free H2O.  

2.6.2 Viral RNA Extraction 

For extracting viral RNA directly from viral stock aliquots, an RNeasy kit (Qiagen) 

was used according to manufacturer’s instructions. 

2.6.3 cDNA Synthesis 

Quantified RNA was converted to cDNA using the Omniscript RT kit (Qiagen). First, 

a PCR mastermix was made consisting of, per reaction (Table 2.2) 
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Reagent Volume/reaction 

Reverse transcriptase 2 μL 

RNase inhibitor 1 μL 

Random Hexamers 2 μL 

dNTPs 2 μL 

Reverse Transcriptase buffer 2 μL 

 

 

2 μg total RNA per reaction was placed into wells of a 96-microwell PCR reaction 

plate (Applied Biosystems). 8 μL of mastermix was added to samples and the 

reaction volume was increased to 20 μL by addition of nuclease-free H2O (Qiagen). 

The loaded plate was placed in a Techne TC-142 thermocylcer set to 37°C for one 

hour followed by a 95°C inactivation step for 5 sec. Samples were analysed with the 

Nanodrop 1000 spectrophotometer to assess cDNA quantity before being stored at -

80C until the q-PCR stage. 

2.6.4 Viral Load q-PCR 

In vivo RSV and influenza viral load was measured in the left hand lung lobe by 

quantifying RSV polymerase L-gene copy number via q-PCR.  

2.6.4.1 RSV Viral Load 

 q-PCR was used to amplify RSV L-gene copies in cDNA samples. Firstly, a 

mastermix was created and dispensed into designated wells of a non-skirted 96-well 

PCR reaction plate (Thermo Scientific) on ice. The mastermix consisted of, per 

sample (Table 2.3). 

Table 2.2. PCR Mastermix for cDNA synthesis 
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2 μL cDNA (2 μg total) or L-gene standards ranging from 10⁹ to 101 copies was 

applied to designated wells for a total reaction volume of 25 μL. The plate was 

transferred to the Stratagene Mx3005 qPCR machine set to run 40 amplification 

cycles of melt (95°C), anneal (60°C) and hold (72°C). Threshold cycle (Ct) values of 

standards were used to quantify L-gene copies in samples and therefore the viral 

load. 

  

Reagent Volume/reaction 

TaqMan Universal PCR mastermix (Life 

Technologies) 

12.5 µL 

Forward Primer  

(5’ GAA CTC AGT GTA GGT AGA ATG TTT 

GCA) 

4.5 µL 

Reverse Primer  

(5’ TTC AGC TAT CAT TTT CTC TGC CAA 

T) 

1.5 µL 

L-Gene Probe  

(5’ TTT GAA CCT GTC TGA ACA TTC CCG 

GTT) 

0.875 µL 

H2O 3.625 µL 

Table 2.3. PCR Mastermix for RSV L-gene Amplification 
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2.6.4.2 Influenza Viral Load 

Similar to RSV viral load, H1N1 Influenza A viral load was determined by qPCR 

targeting the influenza M-gene. Following cDNA synthesis from in vivo whole lung 

samples, a mastermix was created and dispensed into designated wells of a non-

skirted 96-well PCR reaction plate on ice. The mastermix consisted of, per sample 

(Table 2.4) 

 

 

2 μL cDNA (2 μg total) or M-gene containing plasmid standards ranging from 108 to 

10 ¹ copies was applied to designated wells for a total reaction volume of 25 μL. The 

plate was transferred to the Applied Biosystems ABI 7500 sequence detection 91 

system set to run 40 amplification cycles of melt (95°C), anneal (60°C) and hold 

(72°C). Threshold cycle (Ct) values of standards were used to quantify M-gene 

copies in samples and therefore the viral load. 

Reagent Volume/reaction 

TaqMan Universal PCR mastermix 10 µL 

Forward Primer  

(5’ AAG ACA AGA CCA ATY CTG TCA CCT 

CT’) 

0.4 µL 

Reverse Primer  

(5 TCT ACG YTG CAG TCC YCG CT’) 

0.4 µL 

M-Gene Probe  

(5’6FAM -TYA CGC TCA CCG TGC CCA 

GTG TAMRA) 

0.8 µL 

H2O 6.4 µL 

Table 2.4. . PCR Mastermix for Influenza M-gene Amplification 
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2.6.5 SH Gene cDNA Amplification 

The deletion of the SH gene from the RSV ΔSH genome was confirmed by DNA gel 

electrophoresis. Following cDNA synthesis described above, the SH gene was 

amplified via 40 PCR cycles as follows. 

 Initial Denature - 94°C, 3 minutes 

i. Melt stage - 94°C, 30 seconds 

ii. Anneal stage – 60°C, 30 seconds  

iii. Extension stage - 68°C, 30 seconds 

 Final extension - 72°C – 7 minutes 

 Finish – Hold at 4°C 

Flanking sequence primers were designed to amplify the SH gene using the Primer3 

online primer design tool (Whitehead Institute for Biomedical Research). Primers 

were designed to produce a 257 b.p product in the absence of the SH gene and a 

significantly larger product otherwise. Primer sequences were as follows: 

 RSV SH Forward Primer – 5’ TCC TCC ACA TCA GTG AGT CAA 

 RSV SH Reverse Primer – 5’ GTG CGT TGG TCC TTG TTT TT 

For the PCR itself, a mastermix was produced using reagents supplied by Qiagen. 

Mastermix was added to 0.2 mL PCR tubes containing 1 μL forward and reverse 

primers, and 5 μL of equalised cDNA samples. Mastermix, per sample, consisted of 

(Table 2.5). 

 

 

 

x 40 
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2.6.6 PCR Product Gel Separation and Visualisation 

Products of PCR amplification were run on a Tris-acetate EDTA (TAE) 1% agarose 

gel supplemented with Sybrsafe for visualisation. A 1500 bp DNA ladder was 

included in the flank wells for reference. Samples were run at 100 V for 45 minutes, 

or until samples approached gel boundaries. Gels were imaged using a GelDoc-It2 

Imager (UVP) 

  

Reagent Volume/reaction 

CL Buffer 5 μL  

dNTPs 2 μL  

Taq Polymerase 0.5 μL  

Nuclease-free H2O 36 μL  

MgCl 2 μL  

Table 2.5. . PCR Mastermix for RSV SH-gene Amplification for Gel 
Visualisation 
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2.7 Immunological Techniques 

2.7.1 Enzyme-linked Immunosorbant Assay (ELISA) 

Variations on the ELISA technique were employed in order to measure cytokine and 

chemokine content of supernatants from both in vitro and in vivo samples, and to 

measure levels of antigen specific antibody from in vivo samples.  

Protein/antibody standards were used to quantify ELISA readings in all instances. 

Standard concentrations and dilution strategies varied across analyte, sample type 

etc, and lower limits of detection were extrapolated from the linear portion of the 

standard curve obtained for each plate analysed. If an absorbance value fell below 

the lower limit of detection derived from the standard curve, that value was 

considered to be zero. 

2.7.2 Cytokine ELISA 

Concentrations of specific cytokines were measured by ELISA. R & D Systems 

Duoset ELISA kits for human and mouse IL-1β, mouse CXCL1, and mouse IL-6 

were used according to manufacturer’s instructions. Wells of  96-well nunc-immuno 

maxisorp plates (Thermo Scientific) were coated overnight with capture antibody 

(Human IL-1β/mL, mouse IL-1β/mL, mouse CXCL1 / mL and mouse IL-6 / mL) in a 

100 μL volume. After overnight incubation, plates were washed with PBS/Tween 20 

0.05% three times before a blocking step was performed by filling all wells with 200 

μL PBS/BSA 1% and incubating at RT for 1 hour. Samples to be analysed were 

thawed during this period. After blocking, plates were washed as before and samples 

and standards added to designated wells. Plates were incubated at RT for a further 2 

hours. A further wash step was performed before detection antibodies were applied 

to wells in 100 μL volumes. Plates were incubated for a further hour at RT prior to a 
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further wash step performed as before. Next, 100 μL of a 1 in 200 dilution of 

streptavidin-HRP was added to all wells for 30 minutes at RT. A final wash step was 

performed before 100 μL TMB substrate was added to each well and incubated for 3 

minutes. The reaction was halted by addition of 100 μL H₂SO4 (SLS). Absorbance 

was measured on a FLUOstar Omega spectrophotometer (BMG Labtech) set to 450 

nm and compared to a standard curve derived from standard sample dilutions.  

2.7.3 RSV Antigen Generation 

Similar to RSV virus aliquot generation, HEp-2 cells were grown to approximately 

50% confluency (around 10⁷ cells per flask) and infected at a multiplicity of infection 

(MOI) of 0.1 in serum-free medium (SFM). After 2 hours, flasks were supplemented 

with 30 mL DMEM (Sigma) +10% FCS and P/S (Full culture medium (D10)). After 24 

hours, FCS content was reduced to approximately 2%. Flasks were assessed for 

cytopathic effect (CPE), and when this was judged to be 50%, cells and supernatant 

were gathered into a 50 mL tube. The tube was sonicated for 3 minutes and 

centrifuged at 9000 g for 5 minutes at 4°C. Supernatant was discarded and the 

debris pellet resuspended in PBS and aliquoted for storage. 

2.7.4 Immunoglobulin Measurements 

Levels of antigen-specific Ig contained within in vivo derived BAL and serum 

samples were assessed using a quantitative ELISA method. For anti-RSV Ig 

measurements, sample wells of a 96-well maxisorp plate were coated with 50 μL of 1 

μg/ml RSV antigen derived as described previously. For anti-influenza Ig 

measurements, sample wells were coated with 50 μL of influenza antigen at 1 µg/ 

mL. Wells designated for Ig standards were coated with 50 μL anti-IgG kappa and 

anti-IgG lambda light chain antibody cocktail (AbD Serotec). Plates were incubated 

overnight at 4°C. Following incubation, plates were washed with PBS Tween-20 
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0.05% three times. Plates were blocked by placing 200 μL PBS/BSA 1% into wells 

and incubating at 37°C for 1 hour. Plates were washed again before 200 μL of 

sample dilutions were added to designated wells. Plates were incubated at 37°C for 

2 hours. A further wash step was performed before addition of 50 μL detection 

antibody 1 µg/mL and incubation at 37°C for two hours. Where necessary, following 

detection antibody incubation, plates were washed before 50 μL of a 1:200 dilution of 

streptavidin-HRP was added to all wells for 30 minutes at RT. A final wash step was 

performed before 50 μL TMB substrate was added to each well and incubated for 3 

minutes. The reaction was halted by addition of 50 μL H₂SO4. Absorbance was 

measured on a FLUOstar Omega spectrophotometer set to 450 nm and compared to 

a standard curve derived from standard sample dilutions. 

2.7.5 Luminex Assay 

Acute systemic responses to adjuvants in vivo were measured using a 17-plex 

Magnetic Screening Luminex Assay kit (R & D systems) according to the 

manufacturer’s instructions. Magnetic microbeads, conjugated to antibodies specific 

for mouse analytes (mGM-CSF, mTNF-α, mJE, mMIP-2, mIL-2, mIL-6, mIFN-γ, 

mRANTES, mIL-1α, mKC, mIL-12p70, mIL-1β, mVEGF, mIL-5, mIL-10, mCRG-2 

and mMIP-1α) were dispensed into all wells of a 96-well luminex plate in a 25 μL 

volume. Serum samples collected from mice in vivo were diluted 1:5 and 25 μL 

placed into designated wells. Standard cocktails were also included for 

quantification. The plate was then sealed and placed on an orbital shaker set to 800 

rpm at room temperature for 2 hours. Following incubation, the plate was placed into 

a magnetic plate holder to immobilise magnetic beads to the bottom of the wells. 

Wells were aspirated and washed 3 times using provided Wash Buffer. Next, 50 μL 

of biotinylated secondary antibody cocktail was added to each well, the plate 
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resealed, and placed on the orbital shaker for a further hour. Plates were placed on 

the magnetic plate holder and washed as before. 50 μL of appropriately diluted 

Streptavidin-PE was then added to each well, the plate resealed and placed on the 

orbital shaker for 30 minutes. An immobilisation and wash step was repeated before 

bead complexes were resuspended in 100 μL wash buffer. Plates were loaded onto 

a Bio-Plex System (Bio-Rad) for analysis. 

2.7.6 Flow Cytometric Analyses 

Flow cytometry was used to characterise the immune cell composition in the lungs of 

infected animals, at the site of vaccine administration and to characterise 

differentiated bone marrow cells. All flow cytomtery preparation was conducted on 

ice in a darkened environment. Following cell isolation procedures discussed 

previously, samples were resuspended in LIVE/DEAD aqua (Life Technologies) for 

30 minutes. Cells were centrifuged at 679 g for 4 minutes at 4°C, supernatant 

discarded, resuspended in Fc receptor blocking anti-CD16/CD32 antibody (BD 

Pharmingen) and incubated for a further 30 minutes. Cells were centrifuged as 

before and supernantant discarded. Cells were then incubated for 1 hour with 

various fluorescent antibodies (Tables 2.6 and 2.7). 

Innate Immune Cell Marker panel 

Target Clone/Description Fluorophore Manufacturer 

mCD11b M1/70.15 PE BDPharmingen 

mCD11c HL3 FITC BDPharmingen 

mMHCII M5/114.15.2 PerCP Vio700 BDHorizon 

mLy6G 1A8 BV605 BDHorizon 

mCD49b DX5 APC eBioscience 

mNK1.1 PK136 PerCP Cy5.5 BDPharmingen 
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Cells were centrifuged as before and washed with PBS/1%BSA two times. Cells and 

stains were fixed by resuspending pellets in 2% formaldehyde (Polysciences). For 

compensation controls, Onecomp beads (eBioscience) were used for surface 

staining, and ArC reactive and negative beads (Life Technologies) used for 

LIVE/DEAD stain. Fixed samples and beads were acquired on a BD Fortessa Flow 

Cytometer  

mF4/80 BM8 PE-Cy7 eBioscience 

mCD80 16-10A1 APC eBioscience 

mCD86 GL1 AlexaFluor 488 AbD serotec 

mCD19 eBio1D3 eFluor 450 eBioscience 

Adaptive Immune Cell Marker Panel 

Target Clone/Description Fluorophore Manufacturer 

mCD3 145-2C11 FITC BDPharmingen 

mCD4 RM4-5 APC eBioscience 

mCD8 5H10 APC-AlexaFluor 750 Invitrogen 

RSV F-specific CD8 

T cell receptor 

H-2Kd MHCI 

KYKNAVTEL 

Pentamer 

PE ProImmune 

Influenza H1N1 HA 

-specific CD8 T cell 

receptor 

H-2Kd MHCI 

IYSTVASSL 

Pentamer 

PE ProImmune 

Table 2.6. List of Innate Immune Surface Marker Staining Antibodies 
Used for Flow Cytmoteric Analyses 

Table 2.7. List of Adaptive Immune Surface Marker Staining 
Antibodies Used for Flow Cytmoteric Analyses 



98 
 

For compensations controls, beads were gated and 10,000 events recorded. For 

samples, acquisition proceeded until 50,000 relevant gated events were recorded.   
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2.8 Quality Control 

2.8.1 Limulus Amebocyte Lysate assay 

The Pierce Limulus Amebocyte Lysate (LAL) test was used according to 

manufacturer’s instructions (Thermo Scientific) to determine levels of endotoxin 

contamination in reagents and cell line supernatants. A 96-well microplate was first 

warmed to 37°C. 50 µL of samples or endotoxin standards (Range 1 – 0.125 U/mL) 

to be assessed were dispensed into designated wells and incubated for 5 minutes at 

37°C. Following incubation, 50 µL of the supplied LAL reagent was added to each 

occupied well, the plate gently agitated and incubated for a further 10 minutes at 

37°C. Next, 100 µL of supplied chromogenic substrate solution was added. The plate 

was placed on a plate shaker for 10 seconds at 60 rpm and incubated as before for a 

further 6 minutes. Finally, the reaction was halted by addition of 50 µL C2H4O2 

(Acetic acid). Absorbance was measured at 405 nm on a (Omega plate reader). 

Contamination was deemed negative if absorbance fell below that of the 0.125 U/mL 

standard. 

2.8.2 Mycoplasma Detection 

Mycoplasma contamination of reagents and cell line supernatants was assessed 

using a MycoAlert detection kit (Lonza). 50 μL of the MycoAlert Reagent was mixed 

with 50 μL of sample to be tested and incubated at room temperature for 5 minutes. 

Sample luminescence was measured on a FLUOstar Omega plate reader. 50 μL of 

MycoAlert Substrate was incubated with the sample at room temperature for 10 

minutes. Sample luminescence was then measured as before. Luminosity ratio 

between measurements was compared to a positive control (MycoAlert Assay 

control, Lonza) to determine levels of mycoplasma contamination.  
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2.9 Data Analyses 

2.9.1 GraphPad 5 and 6 

Raw numerical data was analysed using GraphPad Prism 5 and 6 software. For 

single variable analysis, individual data points were plotted with a line representing 

the mean. Such data was assumed to be normally distributed and statistics 

generated by one-way ANOVA with Bonferroni post-tests. For single variable 

analysis between only two data sets, statistics were generated using unpaired t-

tests. 

For two variable analyses, data points represent mean of repeated measures, with 

whiskers representing +/- standard error of the mean. Data was assumed to be in 

normal distribution and statistics generated using two-way ANOVA. 

To analyse links between immunoglobulin levels and final weight percentage, 

correlation analysis was performed with Pearson correlation coefficients with a 95% 

confidence interval. 

2.9.2 FlowJo 

Raw FCS file data was analysed using FlowJo 10 software (Treestar). For all 

analysis, relevant cell populations were gated before dead cell and doublet 

exclusion. Remaining events were then assessed for surface staining. 
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Chapter 3 

 

Results 

 

Partial Attenuation of Respiratory Syncytial Virus with a 

Deletion of a Small Hydrophobic Gene Is Associated with 

Elevated Interleukin-1β Responses. 
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3 Partial Attenuation of Respiratory Syncytial Virus with a 

Deletion of a Small Hydrophobic Gene Is Associated 

with Elevated Interleukin-1β Responses. 

The data presented in this chapter contributed significantly to the following 

publication: 

Partial Attenuation of Respiratory Syncytial Virus with a Deletion of a Small 

Hydrophobic Gene Is Associated with Elevated Interleukin-1β Responses 

Ryan F. Russell, Jacqueline U. McDonald, Maria Ivanova, Ziyun Zhong, Alexander 

Bukreyev and John S. Tregoning. J. Virol. September 2015 89:17 8974-8981 
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3.1 Chapter Abstract 

Inflammasome activation is poorly understood. However, a wide range of stimuli 

have been associated with induction of inflammasome formation, including uric acid 

crystals, extracellular ATP and reactive oxygen species. An additional well accepted 

inflammasome stimulus and an event which is common to many inflammasome 

activation processes is the breakdown of nominal ionic gradients. 

Damage to the cytoplasmic or intracellular membranes, leading to leakage of 

cytoplasmic contents into the extracellular space or altering of the cytoplasmic 

environment would result in changes in ionic gradients which can be detected by the 

inflammasomes. In this way, ionic flux could act as damage associated molecular 

pattern, which may be caused by sterile cell damage or by pathogen associated 

damage to the cell.  

Ionic flux however does not only occur as a by-product of damage caused either 

through trauma or through pathogenic processes. Indeed, many cell types embed 

pore forming proteins which manage ionic gradients, and some such as pannexin 

and P2RX7, are actively involved in inflammasome regulation. Furthermore, some 

viruses encode their own pore forming proteins, which are collectively termed 

viroporins.  

A great many viruses encode viroporins whose localisation and function are diverse. 

With respect to the inflammasomes, some viroporins have been associated with their 

activation. The influenza M2 protein has for example been shown to activate the 

NLRP3 inflammasome complex. The SH gene of RSV shows some sequence 

homology to the influenza M2 protein and in silico analysis suggests that it is 

energetically favourable for 5 transcribed SH sequences to combine into a single 

pentameric complex which resembles a pore at whose centre a small passage is 
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formed. This pore would be extremely small, and consequently, only very small 

molecules and ions could pass through. Additionally, the SH gene contains a 

transmembrane domain sequence suggesting it is intended to embed in cell 

membranes.  

However, the exact function of the SH gene and its product remains unknown. The 

studies conducted on the SH gene suggest a role for the SH protein as an ion 

specific transmembrane pore. If this is the case, then it is possible that the role of the 

SH protein is to modulate inflammasome activation in a way that is favourable to 

RSV. Therefore, this part of the project focuses on the role of SH in inflammasome 

activation during infection, and, with this knowledge, the potential of using 

inflammasome modulating live-attenuated viruses as vaccine candidates. 
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3.2 Results: In vitro  

Prior to experiments, several preparatory and quality control procedures were 

required.  

3.2.1 Production of Viral Stocks 

In order to proceed with the planned studies it was necessary to produce high titre 

viral stocks of WT RSV, GFP expressing RSV (GFP RSV) and ΔSH RSV. Following 

growth of HEp-2 cells in T-175 flasks, cells were infected with low passage stocks of 

virus. When cytopathic effect (CPE) reached 50% of cells, whole flask contents were 

gathered, snap frozen and stored until use in studies. Viral plaque assay revealed 

passage 2 and 3 stocks of virus produced were at 5.8, 2.5 and 6x106 p.f.u./mL for 

WT, GFP and ΔSH RSV respectively. These concentrations were considered 

suitable for use and so studies could proceed as planned. 

3.2.2 LPS and Mycoplasma Contamination Testing 

The Limulus Amebocyte Lysate test was used to measure LPS content of virus and 

cell line aliquots. The test revealed that all stocks tested contained ≤ 0.125 U /ml 

LPS, below the test detection limit. 

3.2.3 Confirmation of Virus Gene Deletion 

Viral RNA was extracted from WT and ΔSH RSV and cDNA generated using random 

hexamers as described (Section 2.6). Confirmation of SH gene deletion from the 

ΔSH RSV genome was achieved by agarose gel visualisation of the products of PCR 

amplification using primer sequences (outlined in section 2.6.4.2) flanking the SH 

gene (Figure 3.1).  
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The major PCR product was around 450 bp for WT RSV and 250 bp for ΔSH RSV, 

confirming the deletion of the 195 bp SH gene. 

 

3.2.4 HEp-2 Cells Support RSV Growth 

The HEp-2 cell line is commonly used in RSV studies as it is known to support viral 

growth and is highly permissive to infection. This was initially confirmed by infecting 

monolayers of HEp-2 cells with 0.5 MOI RSV GFP. GFP expression was then 

imaged 24 hours after infection by fluorescence microscopy (Figure 3.2 A). An 

abundance of GFP positive cells confirms the HEp-2 cell line is capable becoming 

infected by, and supporting the growth of RSV. For confirmation, uninfected cells 

were observed as negative for GFP expression. 

 

 

1500 

1000 

500 

300 

100 

Ladder ΔSH WT 

Figure 3.1. Confirmation of SH Gene 
Deletion from the RSV Genome.  

PCR amplified cDNA from WT and ΔSH RSV 
of the SH gene region. Viral RNA was 
isolated and converted to cDNA and 
subjected to gel electrophoresis. Lane 1 = 
1500 – 100kb Reference ladder, Lane 2 = 
WT RSV, Lane 3 = ΔSH RSV. 
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3.2.5 Relative Growth of WT and ΔSH RSV 

Gene deleted viruses are often replication deficient. Viral load is an important 

consideration when assessing the inflammatory response of a host/target cell or 

tissue. Previous studies have shown that ΔSH RSV replication is not attenuated in 

vitro. Therefore, the effect of SH deletion on the growth of the virus in HEp-2 cells 

was investigated. HEp-2 cells were infected with equal titres of WT RSV and ΔSH 

RSV. Whole well contents were harvested at time points specified and stored at -80° 

C until analysis of viral load by plaque assay (Figure 3.2 B). Viral load was similar at 

all sample time points and no significant difference was observed between the two 

strains. This result suggests that deletion of the SH gene does not negatively impact 

on the ability of RSV to infect and replicate in HEp-2 cells. 
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Figure 3.2. The HEp-2 Cell Line is Permissive to RSV Replication and ΔSH RSV 
Demonstrates Comparable Replication Competency to WT RSV.  

HEp-2 cells were infected with MOI 0.5 RSV WT or RSV ∆SH, or GFP RSV. GFP expression 
in HEp-2 cells was imaged at 24 hours post-infection (A). At, 6, 24, 48 and 72 hours post-
infection, whole cells and supernatants were gathered and subjected to plaque assay for 
plaque forming unit quantification (B). Image representative of n =3 independent repeats. 
Points represent mean +/- SEM of n=3 repeats. This study was performed and analysed in 
collaboration with Miss M Ivanova and Miss Ziyun Zhong. 
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3.3 Results: In Vitro infections 

3.3.1 IL-1β Responses in HEp-2 Cells Infected with WT or ΔSH RSV 

3.3.1.1 Optimisation of HEp-2 Cell Infection 

 

Based on previously discussed published studies, the initial hypothesis was that SH 

gene deletion would lead to decreased IL-1β responses. IL-1β is the primary product 

of inflammasome dependent caspase-1 activation and so its presence is a strong 

indicator of inflammasome assembly. IL-1β was measured in cell supernatants after 

viral infection. To begin, a range of different cell seeding conditions were used, and 

MOI maintained at 0.5 by internal communication recommendation. No MOI dose 

range studies were performed and it should be noted that different results may have 

been seen at other MOI’s. Cells were seeded into 6, 12, 24 and 48 well plates and 

infected with MOI 0.5 WT or ΔSH RSV and infected 24 hours later. Supernatants 

were gathered at 24, 48, 56 and 72 hours and analysed for IL-1β. IL-1β was 

undetectable using all conditions except 24-well plates, and therefore the 

subsequent HEp-2 inflammasome studies used cells seeded into 24-well plates.  
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3.3.1.2 Optimised HEp-2 Infection Model Results 

 

HEp-2 cells grown in 24 well plates were infected with MOI 0.5 of either RSV WT or 

RSV ΔSH. Supernatant was sampled at 24, 48, 56 and 72 hours post-infection and 

secreted IL-1β assessed by ELISA (Figure 3.3). The result demonstrates the highest 

IL-1β levels in the supernatants of cells infected with ΔSH RSV which were 

significantly higher than levels seen in mock-infected cells (p<0.05 and p<0.01). 

Those cells infected with WT RSV produced intermediate levels of IL-1β that were 

not significantly different to any of the other conditions.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.3. ΔSH RSV Induces a Greater IL-1β Response in the HEp-2 Cell Line than Wild-Type 
RSV. 

HEp-2 cells were infected at MOI 0.5 with either WT or ΔSH RSV, or mock-infected. Supernatants 
were collected at 24, 48 and 72 hour post-infection and analysed for IL-1β by ELISA. Points represent 
mean +/- SEM of n=6 independent repeats. *p<0.05, **p<0.01 between ΔSH RSV and mock-infected 
(control). 
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3.3.2 IL-1β Responses in PBMCs 

3.3.2.1 PBMC Infection Model Optimisation 

Inflammasomes, derived from the NLR family of PRRs, are classically associated 

with cells of the innate immune system. Since the HEp-2 cell line was derived from 

an epithelial cell carcinoma, HEp-2 cells might not be expected to respond to 

pathogenic stimuli with the same rigor as innate immune cells, and therefore human 

PBMCs were selected for the next in vitro studies of inflammasome activation. 

PBMCs are often prepared for studies by depleting CD8+ T cells, particularly when 

mixed donor pools are used to prevent donor-donor cytotoxic interations. To this 

end, a pilot study was performed using both CD8 depleted (Figure 3.4 A) and non-

depleted (Figure 3.4 B) PBMCs seeded into 24-well plates supplemented with IL-2. 

Following adhesion, cells were infected with virus at multiplicity of infection of 0.5. 

MPLA was included as a positive inflammatory control along with mock-infection with 

media alone. Supernatants were sampled at 6, 24, 48 and 72 h and analysed for 

secreted IL-1β by ELISA.  

In the CD8 depleted study (Fig 3.4A) stable levels of IL-1β were detected showing a 

steady increase over time. MPLA incubation provided a modest positive control. ΔSH 

RSV infection produced the strongest IL-1β response, but the levels were above the 

high standard used in this instance (dashed line). In the non-depleted study (Fig 

3.3B), levels of IL-1β induced by all conditions except ΔSH RSV infection were low 

across all time points. Only ΔSH RSV infection produced a strong response, but 

levels were erratic and differed substantially between time points. Therefore, for 

future studies using PBMCs, it was decided that CD8 depleted populations would be 

used and a higher top standard implemented into the assay.  
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Figure 3.4. CD8 Depleted PBMCs Demonstrate a Strong and Consistent IL-1β Response to ΔSH RSV 
Infection and MPLA Stimulation.  

5x10
5
 CD8 depleted (A) or CD8 non-depleted (B) PBMCs were infected with ΔSH or WT RSV, stimulated 

with MPLA or mock-infected. Supernatants were sampled at 6, 24 and 48 hours and analysed for IL-1β by 
ELISA. n=1. Dashed line represents upper limit of detection where lower limit of detection was 4 pg/mL. 

 

B A 
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3.3.2.2 PBMC Infection Model Results 

CD8 depleted PBMCs were used and infected as before and supernatant sampled at 

6, 24, 48 and 72h time points and assessed for IL-1β by ELISA (Figure 3.5). Levels 

of IL-1β in supernatants gathered from ΔSH RSV infected cells were significantly 

increased at all sampling time points compared to all other conditions (p<0.001). No 

significant difference was observed at any time points between any other conditions. 

Surprisingly, WT RSV infection induced almost no IL-1β secretion. MPLA treatment, 

included as a potential positive control, led to levels higher than WT RSV and control 

conditions, but these were still significantly lower than levels induced by ΔSH RSV 

infection. 
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3.3.3 IL-1β Responses in THP-1 Cells 

Monocytes and macrophages represent a major population of cells in a whole cell 

PBMC preparation as previously utilised. Following results from HEp-2 cells (Figure 

3.3) and PBMCs (Figures 3.4 and 3.5), it was decided that a cell line that represents 

monocytes/macrophages should be used. Therefore, in vitro infections were 

repeated using the monocyte line THP-1. 

3.3.3.1 Maturation of THP-1 cells 

Immature monocyte-like THP-1 cells were seeded into 24 well plates in R10 

supplemented with 20 ng/ mL PMA. After 1 day, PMA treatment induced 

differentiation of cells into adherent macrophage-like cells. Cells were washed and 

rested for a further 24 hours before use. 

3.3.3.2 THP-1 Cell Model Infection Results 

Following PMA treatment, THP-1 cells were incubated with WT or ΔSH RSV, 1 μg 

MPLA or media only control. Supernatants were sampled at 24, 48 and 72 hours and 

secreted IL-1β measured by ELISA (Figure 3.6). Significantly higher IL-1β 

concentrations were detected in supernatants from ΔSH RSV infected cells 

compared to all other conditions. This effect was evident from as early as 24 hours 

post-infection (p<0.05), and the difference increased in magnitude at the 48 and 72 

(p<0.0001) hour time points. WT RSV infection caused only modest IL-1β secretion 

at all time points, and MPLA had no effect when compared to control treated cells.  
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3.3.4 Effect of UV Inactivation on IL-1β Induction by Virus 

Infecting cells with UV inactivated virus would reveal whether or not productive 

infection of cells is required for the observation of increased IL-1β secretion upon 

ΔSH RSV infection.  

THP-1 cells were differentiated and infected with WT or ΔSH RSV, or matched UV 

inactivated virus. Supernatants were harvested at 24, 48 and 72 hours post infection 

and analysed for IL-1β content by ELISA (Figure 3.7). ΔSH infection induced 

significantly greater production of IL-1β compared to WT RSV infection (24 hours 

p<0.01 and 48 hours p<0.05). UV inactivated versions of both viruses led to minimal 

IL-1β by infected cells.  

This result suggests that viral replication is indeed required for the ΔSH RSV induced 

IL-1β secretion to occur, and therefore it was now necessary to confirm that UV 

treatment of virus renders it incapable of replication. PMA treated THP-1 cells were 

infected at M.O.I. 1 with either GFP expressing RSV, UV inactivated GFP RSV, or 

Figure 3.6. ΔSH RSV induces a 
greater IL-1β response in 
differentiated THP-1 cells than wild-
type RSV.  

Differentiated THP-1 cells were 
infected at MOI 1 with WT or ΔSH 
RSV, or administered media alone +/- 
1ug / mL MPLA. Supernatants were 
collected at 24, 48 and 72 hour post-
infection and analysed for IL-1β by 
ELISA. Points represent mean +/- SEM 
of n=3 independent repeats. *p<0.05, 
**p<0.01, ****p<0.0001 between ΔSH 
RSV and all other conditions. 
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mock infected with media only. Cells were imaged by fluorescence microscopy at 24, 

48 and 72 hours post-infection (Figure 3.8). UV inactivation resulted in the abolition 

of GFP expression, whereas GFP RSV infection caused diverse and increasingly 

intense GFP expression over the course of the experiment. There was no 

autoflourescence observed in the mock-infected cells. There was a stark contrast in 

the degree of cytopathic effect observed between live and UV inactivated GFP RSV 

infected cells. Cells infected with live virus were susceptible to death whereas UV 

inactivated virus infection did not cause any death and was comparable to mock-

infection at 72 hours. This suggests that UV inactivation renders the virus incapable 

of replication and that a process relating to the death of cells is also halted. 

  

Figure 3.7. ΔSH RSV induces a Greater IL-1β Response in Differentiated THP-1 cells than 
wild-type RSV.  

Differentiated THP-1 cells were infected at MOI 1 with WT or ΔSH RSV, UV inactivated WT or 
ΔSH RSV, or mock-infected (control). Supernatants were collected at 24, 48 and 72 hour post-
infection and analysed for IL-1β by ELISA. Points represent mean of n=3 independent repeats. 
*p<0.05, **p<0.01, ****p<0.0001 between ΔSH RSV and all other conditions. 
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Figure 3.8. UV Inactivated GFP RSV is Incapable of Replication in Differentiated THP-1 Cells.  

Following PMA-induced differentiation, THP-1 cells were infected with MOI 1 GFP RSV or mock-infected. 
Cells were imaged at 24 (row 1), 48 (row 2) and 72 (rows 3-4) hours post-infection. Images representative 
of 2 repeats. 
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Finally, in a pilot study, whole well contents (supernatant + scraped cells) were 

gathered and subjected to viral plaque assay (Figure 3.9). Surprisingly given the 

data obtained in Figure 3.6, this revealed that in fact, WT RSV had a far greater 

replicative capacity in the THP-1 cell line than ΔSH RSV. As expected, UV 

inactivated virus showed no capacity for replication. 

 

 

 

  

Figure 3.9. ΔSH RSV is Replication Poorly Supported in THP-1 Cells and UV Inactivation 
Prevents all Viral Replication.  

Differentiated THP-1 cells were infected at MOI 1 with WT or ΔSH RSV, with or without prior UV 
inactivation treatment. Supernatants were collected at 24, 48 and 72 hour post-infection and 
analysed for IL-1β by ELISA. Point represent mean of n=1. 
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3.3.5 IL-1β Responses in Primary Neutrophils 

Neutrophils are a pivotal first responder of the innate immune system, and therefore, 

the inflammasome response to RSV infection in primary neutrophils was 

investigated.  

 

3.3.5.1 Comparison of Neutrophilic IL-1β Response to WT and ΔSH RSV 

Infection 

 

After obtaining whole blood from volunteers, neutrophils were isolated using a 

modified percoll method as described previously (Section 2.2.1) (Eggleton 1998). 

Following isolation, cells were rested for 24 hours before infection with either WT 

RSV or ΔSH RSV, or mock-infected with media alone. Supernatants were gathered 

at 24 hours post infection and analysed by ELISA for IL-1β (Figure 3.10A). In 

keeping with results obtained previously, the highest IL-1β production was from cells 

infected with ΔSH RSV. These levels were significantly greater than those produced 

by either WT RSV (p<0.05) or mock-infected cells (p<0.01), although comparably 

lower overall than levels seen in PBMCs as a whole or in the THP-1 cell line.  

As before, this result warranted investigation into the ability of RSV to establish 

productive infection in neutrophils. This was achieved by once again using the GFP-

tagged RSV.  

3.3.5.2 GFP-RSV Infection in Neutrophils 

 

Neutrophils were isolated from whole blood and seeded into tissue culture plates. 24 

hours after seeding, cells were infected with MOI 0.25 GFP RSV or mock-infected 
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with media alone. GFP expression was imaged 24 hours post infection (Figure 

3.10B). No fluorescence was noted in mock-infected wells and only low levels of 

fluorescence was seen in RSV GFP infected wells, indicative of poor replication of 

virus in these cells. 

 

 

 

 

 

 

 

 

 

  

Figure 3.10. ΔSH RSV Induces a Greater IL-1β Response in Primary Human Neutrophils than Wild-
Type RSV but Neutrophils are Poorly Supportive of RSV Replication.  

Neutrophils isolated from whole blood were infected with 0.5 MOI WT or ΔSH RSV or mock-infected. 
Supernatants were sampled at 24 hours post-infection and analysed for IL-1β by ELISA (A). Neutrophils were 
infected with MOI 0.25 GFP RSV and imaged at 24 hours post-infection (B). Horizontal bars represent mean 
result from individual donors, n=5. *p<0.05. This study was performed and analysed in collaboration with Dr. J. 
McDonald and Miss M Ivanova. 

 

B A 
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3.3.6 Influenza B NB Inflammasome Responses 

 

The Influenza B NB gene encodes a viral membrane protein whose product has no 

assigned function but has been proposed to form a viroporin [243], [244], [245], 

[246], [247]. It was wondered whether, like RSV, evidence may be found to support a 

role for inflammasome regulation by the NB protein. This could be achieved by 

comparing inflammasome responses in cells after infection with WT Flu B or Flu B 

lacking the gene encoding the NB protein (ΔNB Flu B). 

THP-1 cells were cultured and plated as described previously. After preparation, 

cells were infected at MOI 1 with either WT Flu B or ΔNB Flu B, or mock-infected. 

Supernatants were sampled at 6, 24, 48 and 72 hours post-infection and analysed 

for IL-1β by ELISA (Figure 3.11). ELISA analysis revealed that there was little 

difference in IL-1β produced by THP-1 cells regardless of infections at 6 and 24 

hours post infection. At 48 hours, levels began to diverge. Both WT and ΔNB Flu B 

infection induced strong IL-1β output, with, ΔNB Flu B inducing slightly higher levels 

than WT Flu B. However, this difference was not significant. At 72 hour post 

infection, the divergence between ΔNB Flu B and mock infection was maintained, 

but WT Flu B infected cells IL-1β production had begun to level off. Although results 

suggest a possible role for NB in the modulation of inflammasome activity, no 

statistical significance was observed at any time point between any two conditions, 

and no further studies were performed using this virus. 
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Figure 3.11. ΔNB Flu B Induces a Slightly Greater IL-1β Response in Differentiated THP-1 
Cells than Wild-Type Flu B. 

Differentiated THP-1 cells were infected with MOI 1 with either ΔNB or WT Influenza B, or mock-
infected. Supernatants were collected at 6, 24, 48 and 72 hour post-infection and analysed for IL-
1β by ELISA. Points represent mean of n=4 independent repeats. 
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3.4 In Vivo RSV Studies 

3.4.1 Acute-Phase RSV Infection Studies 

After establishing the inflammasome responses of various cell types to WT and ΔSH 

RSV infection in vitro, the next stage was to determine the effect of the SH gene in a 

whole system. Female adult BALB/c mice were used as the model organism.  

3 groups of 10 adult female BALB/c mice were infected i.n with 2.5x105 p.f.u, 

contained in a 100 μL volume, of either WT RSV, ΔSH RSV or mock-infected with 

media alone. Groups (n=5) were culled for harvest either on day 1 or 2 post infection 

(Figure 3.12).  

 

 

 

 

 

 

 

 

 

Lung mash and BAL supernatants were analysed for mIL-1β by ELISA, and cells in 

BAL were characterised by differential haematoxylin/eosin staining (Figure 3.13). 

Significantly higher levels of mIL-1β were present in the lungs of mice infected with 

D0 D1 D2 

Infection Cull Cull 

Figure 3.12. Infection In Vivo Timeline of Two-Day Infection Studies 

Adult BALB/c female mice were infected with either WT (Blue) or ΔSH RSV (Red) or mock-
infected with media only. Mice were culled for harvest on days 1 and 2 post-infection.  

 



123 
 

either virus on both days 1 and 2 than levels seen following mock-infection. Control 

treated mice displayed only very limited levels of the cytokine at both time points and 

on day 1 (Figure 3.13A) these concentrations were significantly (p<0.01) lower than 

those found in infected mice. Initially, mice which received WT RSV had comparable 

levels of mIL-1β in their lungs compared to ΔSH RSV. By day 2, levels had declined 

in mice infected with WT RSV, and were maintained at high levels following ΔSH 

RSV infection, leading to a significant (p<0.05) difference between the two infected 

groups in favour of ΔSH RSV.  

A similar effect was seen in the BAL fluid. On day 1 (Figure 3.11C), mIL-1β 

concentrations were comparable between all groups. On day 2 (Figure 3.11D), mice 

infected with ΔSH RSV showed the highest concentrations, which were significantly 

higher (p<0.01) than those found in the BAL of WT RSV infected mice. Control 

mock-infected mice and WT RSV infected mice had comparable mIL-1β levels on 

day 2.  

On day 1, there were significant differences in cell proportions (Figure 3.13E). 

Control treated mice had the highest proportions of macrophages (p<0.001), but the 

lowest proportion of neutrophils (p<0.0001(WT) and p<0.01 (ΔSH)). ΔSH RSV 

infected mice had the largest proportion of lymphocytes in BAL fluid (p<0.05 (control) 

and p<0.01 (WT)), and WT RSV infected mice had significantly higher proportions of 

neutrophils (p<0.01 (ΔSH) and p<0.0001 (control)). By day 2 (Figure 3.13F), 

proportions of cells were similar in all groups, except for macrophages in control 

treated mice, which were significantly elevated compared to infected groups 

(p<0.05).  
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Figure 3.13. In Vivo Infection with ΔSH RSV Leads to Persistent Inflammasome Activation 
Compared to WT RSV. 

Adult female BALB/c mice were intranasally infected with 2x105 p.f.u. ΔSH or WT RSV. Harvest 
culls were performed on days 1 and 2 post infection. Lung (A and B) and BAL (C and D) mIL-1β 
were measured on day 1 (A and C) and 2 (B and D) after infection. BAL cell proportion D1 (E). 
BAL cell proportions D2 (F). Bars represent means +/- SD of n=5. Horizontal lines represent 
means of individual points shown. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 measured by 
two-way (E and F) or one-way (A-D) ANOVA with Tukey post-tests. 
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To confirm the response, the study outlined in Figure 3.12 and 3.13 was repeated. 

Three groups of 10 adult female BALB/c mice were infected i.n with a 2.5x105 p.f.u. 

dose of either WT RSV, ΔSH RSV or mock-infected with media alone. Groups (n=5) 

were culled for harvest either on day 1 or 2 post infection. Lung and BAL 

supernatants were analysed for mIL-1β, and BAL cells characterised by differential 

haematoxylin/eosin staining. Levels of mIL-1β in the lung supernatants of infected 

mice were significantly higher on day 1 (Figure 3.14A) than those seen in control 

treated mice (p<0.001). This time however, a significant difference was observed 

between WT and ΔSH RSV infected mice in favour or WT RSV infection (p<0.05). 

On day 2 (Figure 3.14B), ΔSH RSV infection induced significantly more lung 

supernatant mIL-1β than either WT RSV infection (p<0.01) or control mock-infection 

(p<0.001), complementing findings from the first study. WT RSV infection was 

sufficient to induce significantly greater levels of mIL-1β in the lung supernatants 

than mock-infection in this case (p<0.05). 

BAL mIL-1β concentration was then analysed (Figure 3.14C and D). Although a log-

fold difference in levels was observed between lung and BAL, the pattern of 

concentrations among the different groups was very similar. As with lung samples, 

the highest mIL-1β detected was from WT RSV infected animals (p<0.01 to ΔSH 

RSV, p<0.001 to control) on day 1. ΔSH RSV induced levels were also significantly 

higher than mock-infected BAL (p<0.01). In keeping with the pattern observed in lung 

supernatants, day 2 BAL from ΔSH RSV infected mice contained significantly more 

mIL-1β than both WT RSV (p<0.01) and control mock-infected (p<0.05). 

Finally, proportions of cells in BAL fluid were compared across treatment groups 

(Figure 3.12E and F). Again, patterns of proportionality largely matched those seen 

in the first study. On day 1, control, mock-infected mice had a significantly larger 

proportion of macrophages than either infected group (p<0.01 and 0.0001 versus 
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ΔSH and WT RSV respectively). The WT RSV group however had the lowest 

proportion of lymphocytes (p<0.05), but the highest proportion of neutrophils 

(p<0.0001). By day 2, many of the apparent differences in cell proportions between 

infection groups had disappeared. The only significant differences observed were 

between control and ΔSH RSV infection groups. Control treated mice had a higher 

macrophage (p<0.01) but lower neutrophil (p<0.01) proportion. 
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Figure 3.14. In Vivo Infection with ΔSH RSV Leads to Persistent Inflammasome 
Activation Compared to WT RSV.  

 Adult female BALB/c mice were intranasally infected with 2x10
5

 p.f.u. ΔSH or WT RSV. 
Harvest culls were performed on days 1 and 2 post infection. Lung (A and B) and BAL (C and 
D) mIL-1β were measured on day 1 (A and C) and 2 (B and D) after infection. BAL cell 
proportion D1 (E). BAL cell proportions D2 (F). Bars represent means +/- SD of n=5. Horizontal 
lines represent means of individual points shown. *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 measured by two-way (E and F) or one-way (A-D) ANOVA with Tukey post-tests. 
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3.5 In Vivo 7-Day Infection Studies 

Combining the findings from the previous studies, it is evident that the host immune 

response, particularly the IL-1β response, is different when faced with WT RSV or 

ΔSH RSV infection. However, the short timeframe of those studies limits the 

interpretation of the results. Therefore, the next study sought to compare the mouse 

in vivo immune response to infection with either WT or ΔSH RSV over 7 days. 

Adult female BALB/c mice (5 per group per time point) were intranasally infected with 

2.5x105 p.f.u. of either virus. Mice were monitored for weight changes and culled on 

days 1, 2, 4 and 7 after infection, and whole lungs and BAL washes were collected 

for analysis (Figure 3.15).  
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Figure 3.15. 7-Day In Vivo Infection Timeline. 

Adult BALB/c female mice were infected with either WT (red) or ΔSH (blue) RSV. Mice were 
culled for harvest on days 1, 2, 4 and 7 post-infection. 
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There was no significant difference in the weight changes between the two virus 

groups at any time point (Figure 3.16A). However, both groups experienced weight 

loss in two phases. The first was an acute reduction in weight of around 5% between 

days 1 and 2 post infection. There was then a partial recovery followed by a further 

reduction, which was slightly more pronounced in the ΔSH RSV infected group in 

this instance.  

Concentrations of BAL mIL-1β were significantly greater on day one in the ΔSH RSV 

infected group than the WT RSV infected group (p<0.05, Figure 3.16B). However, 

there was no difference after this time point. Lung mIL-1β (Figure 3.16C) did not 

directly mirror observations in the BAL fluid. As previously noted, lung mIL-1β levels 

were generally one log higher than those seen in BAL. In addition, ΔSH RSV 

infected groups did not display significantly higher levels of IL-1β on day 1, but 

instead on day 4 (p<0.05).  

Although both groups received the same dose of virus (2.5x105p.f.u.), given the 

differences seen in mIL-1β here and in previously described in vivo studies, the lung 

viral load across the duration of this study was investigated (Figure 3.16D). qPCR 

against the RSV polymerase (L) gene revealed that ΔSH RSV growth was 

attenuated in vivo, displaying around a 100-fold reduction in viral load compared to 

WT RSV. This result was important, and lead to further studies described later. 
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  Figure 3.16. In Vivo Infection with ΔSH RSV Leads to Increased Inflammasome Activation 
Despite Reduced Viral Load.  

Adult female BALB/c mice were intranasally infected with 2.5x10
5
 p.f.u. of either ΔSH or WT RSV. 

Mice were culled for harvest on days 1,2,4 and 7 post-infection. Weight change (A). BAL IL-1β (B). 
Lung IL-1β (C). Lung RSV viral load (D). Points represent means of n=5 mice. *p<0.05 measured by 
multiple t-tests.  
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3.5.1 Effect of Viral Gene Deletion on Cell Recruitment 

The total number of cells isolated from the BAL fluid and the lungs was measured 

(Figure 3.17A and B respectively). Total BAL cell numbers were similar across all 

time points with the exception of day 1 where there were significantly higher 

numbers of cells recovered from WT RSV infected mice (p<0.05). No significant 

differences were observed between the two groups at any time point in lung cell 

numbers. 

Although total cell numbers showed little difference in BAL fluid except on day 1 post 

–infection, there may have been differences in the types of cells recovered. Using 

differential staining, proportions of macrophages, lymphocytes and neutrophils were 

assessed. Figures 3.17C-F show these proportions on days 1, 2, 4 and 7 

respectively. Significant differences between the groups on specific days were only 

observed on two occasions. First, similar to previous observations, neutrophil 

proportions were highest in WT RSV infected mice on day 1 (p<0.05). On day 4 

however, the opposite was observed, and now ΔSH RSV infected groups had the 

largest proportion of neutrophils.  

Studying the proportions of cells is informative but total specific cell numbers can 

also be compared. This can be achieved by combining total cell counts and specific 

cell proportions. This was done for all three cell types identified, macrophages 

(Figure 3.17G), neutrophils (Figure 3.17H) and lymphocytes (Figure 3.17I). This 

revealed steadily rising numbers of macrophages over the course of infection for 

both groups. Significant differences in neutrophil proportions on day 1 (Figure 3.17C) 

translated into significantly greater numbers in WT RSV infected groups over ΔSH 

RSV infected groups (p<0.01). Interestingly, total lymphocyte numbers were 

observed to rise rapidly after day 4 of infection in both groups. 



132 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.17. The Effect of ΔSH and WT RSV on the Recruitment of Cells  

Adult female BALB/c mice were intranasally infected with 2.5x10
5
 p.f.u. of either ΔSH (red) or WT 

(blue) RSV. Mice were culled for harvest on days 1,2,4 and 7 post-infection. Total BAL cells (A). 
Total lung cells (B). BAL cell proportions D1 (C). BAL cell proportions D2 (D). BAL cell proportions 
D4 (E). BAL cell proportions D7 (F). Total BAL macrophages (G). Total BAL neutrophils (H). Total 
BAL lymphocytes (I). Points and bars represent means of n=5 mice. Bars represent means +/- SD of 
n=5 mice. *p<0.05, **p<0.01 measured by multiple t-tests.  
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3.5.2 Effect of UV Inactivation on the In Vivo Response to WT and ΔSH 

RSV Infection 

The next study sought to investigate the role of virus replication on the differential IL-

1β result. WT and ΔSH RSV aliquots were UV-irradiated for 15 minutes to inactivate 

the virus. UV inactivated virus was used to intranasally infect adult female BALB/c 

mice, along with regular WT and ΔSH RSV, with a 2.5x105 p.f.u. dose (Figure 3.18).  

 

 

 

 

 

 

 

 

Although little was seen in terms of weight changes (Figure 3.19A), Figure 3.19B 

shows that UV inactivation of virus heavily reduced the mIL-1β response compared 

to live viruses. The reduction was especially evident on days 1 and 7 post infection 

(p<0.0001) but was the case across all time points. ΔSH RSV infection led to higher 

levels of mIL-1β than WT RSV infection on days 2 and 4 post infection, although this 

was not significant in this instance. 

When the IL-6 concentration was assessed in lung supernatants (Figure 3.19C), it 

was found that a large amount of IL-6 was produced by day 1 in both live-virus 

     

D0 D1 D2 D4 D7 

Cull Cull Cull Cull 

Infection 

  

 
UV 

Figure 3.18. 7-Day In Vivo UV-Inactivated Virus Infection Timeline.  

Adult BALB/c female mice were infected with either UV inactivated or live WT (blue) or ΔSH 
(red) RSV. Mice were culled for harvest on days 1, 2, 4 and 7 post-infection. 
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infected groups. ΔSH RSV infection produced the highest levels, significantly higher 

than both WT RSV infection (p<0.01) and UV inactivated viruses (p<0.0001). WT 

RSV infection induced IL-6 was also significantly higher than that induced by UV 

virus infection (p<0.0001). After day 1 however, levels dropped off dramatically, 

becoming undetectable by day 4. Similar to the mIL-1β result described earlier, both 

UV inactivated viruses were unable to illicit a mIL-6 response at any time point. 

Total lung (Figure 3.19D) and BAL (Figure 3.19E) cell counts were obtained. This 

revealed that total numbers of cells were comparable between all conditions, UV 

inactivated or live-virus, at most time points. However, ΔSH RSV infection induced 

greater lung cell numbers on day 7 (p<0.001) and WT RSV infected animals had 

significantly greater cells in the day 1 BAL fluid (p<0.01), than both UV inactivated 

viruses. When BAL cell proportions were compared, it was noted that mice infected 

with UV inactivated viruses had significantly more neutrophils on days 1 (p<0.0001), 

2 (p<0.0001) and 7 (p<0.001 (WT) and 0.0001 (ΔSH)) than live virus infected mice 

(Figure3.19F). However, live virus infected mice had more BAL macrophages on 

days 1 and 2 (p<0.0001) (Figure 3.19G), and showed ever increasing numbers of 

lymphocytes from day 4 (p<0.01 (WT) and 0.05 (ΔSH)) to day 7 (p<0.0001) (Figure 

3.19H). This is indicative of the ability of live RSV to induce an adaptive immune 

response, whilst also showing that inactivated virus does not appear sufficient to do 

the same. 
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Figure 3.19. UV Inactivation of RSV Leads to a Reduced Host Immune Response to 
Infection.  

BALB/c Mice were infected intranasally with either WT (blue), ΔSH (red) RSV or UV inactivated 
viruses (part shaded) and culled for harvest at days 1, 2, 4 and 7. Whole lungs and BAL fluid were 
obtained and subjected to analysis. (A) Weight change (B) Lung IL-1β (C) Lung IL-6 (D) Total 
cells in lungs. (E) Total cells in BAL fluid. (F) % of BAL cells identified as neutrophils (G) % of BAL 
cells identified as macrophages (H) % of BAL cells identified as lymphocytes. Points/Bars 
represent means +/- SD of n=5 mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 between 
groups indicated or between WT RSV both UV inactivated viruses, xxp<0.01 between ΔSH and 
WT RSV and ####p<0.0001 between ΔSH RSV and UV inactivated viruses measured by two (A-
C) or one (D-H)-way ANOVA. 
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3.6 Effect of Differential Immunisation on Protection to WT RSV 

Challenge. 

As discussed, the ΔSH RSV strain has been previously suggested as a potential 

vaccine candidate. Results from previous studies show that ΔSH RSV replication is 

severely impaired in vivo but not in vitro. However, in vivo, a comparable increase in 

lymphocyte recruitment to WT and ΔSH infected lungs was observed on day 7.  

The next set of studies sought to investigate whether immunisation with ΔSH RSV is 

sufficient to produce a protective recall response to WT RSV infection and how this 

response compares to WT RSV priming. Mice were infected with 2.5x105 p.f.u. of 

either WT RSV or ΔSH RSV, or mock infected with media alone (control). Animals 

were allowed to recover for 28 days before all groups were i.n challenged with 

2.5x105 p.f.u. of WT RSV. Harvests were performed at days 4 and 7 post challenge 

(Figure 3.20). These studies were performed twice and results combined for 

reliability. 
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(D4 challenge) 
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Figure 3.20. Prime/Re-Challenge Studies In Vivo Timeline. 

Adult BALB/c female mice were infected with either WT(blue) or ΔSH(red) RSV or mock-infected 
with media only. 28 days later, all mice were challenged with WT RSV. Mice were culled for harvest 
on days 4 and 7 post-secondary infection/challenges. 
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Animals were monitored for weight loss following challenge (Figure 3.21A). From 

days 0-3 post challenge, both groups of mice previously infected with either virus 

showed a marked reduction in weight compared to previously naïve mice. Naïve 

mice also lost weight during this period, in line with previous observations of primary 

infections. By day 5, all groups had similar weights. However, on day 6, previously 

naïve mice lost a great deal of weight, significantly more weight than either WT 

(p<0.001) or ΔSH RSV (p<0.05) primed mice. By day 7, the difference in weight 

change between naïve and ΔSH RSV primed groups had increased further (p<0.01). 

Mice were culled on days 4 and 7 of challenge and BAL fluid and whole lungs were 

obtained. Numbers of cells present in BAL fluid were consistently higher in virus 

primed groups than previously naïve groups on both days 4 and 7 post challenge 

(Figure 3.21B), but no significant differences between groups were observed. 

However, cell numbers recovered from lungs were significantly lower on day 4 in 

naïve control groups compared to both WT (p<0.01) and ΔSH RSV (p<0.05) primed 

groups, whilst there was little difference seen by day 7 (Figure 3.21C). Figures 3.21 

D-F show total numbers of macrophages, neutrophils and lymphocytes in BAL fluid 

respectively. Although no statistically significant differences were observed between 

groups at any time point for any one cell type, the difference in total cell numbers in 

BAL (Figure 3.21B) was mostly accounted for by increased numbers of lymphocytes 

in virus primed groups (Figure 3.21F). 
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Figure 3.21: ΔSH RSV Immunisation is Protective to WT RSV Infection. 

Adult female BALB/c mice were primarily infected with 2.5x10
5
 p.f.u either ΔSH or WT RSV, or mock 

infected. Animals were allowed to recover for 28 days before secondary challenge of all groups with 
2.5x10

5
 p.f.u WT RSV. Mice were culled for harvest at days 4 and 7 post-infection. Secondary 

infection Weight change (A). Secondary infection BAL cells (B). Secondary infection lung cells (C). 
Secondary infection total BAL macrophages (D). Secondary infection total BAL neutrophils (E). 
Secondary infection total BAL lymphocytes (F). Points represent mean of n=10 mice. Bars represent 
mean +/- SD of n=10 mice. *p<0.05, **p<0.01, ***p<0.001, between control and WT RSV (A) or 
between groups indicated, #p<0.05,##p<0.01 between control and ΔSH RSV, and X p<0.05 between 
ΔSH RSV and WT RSV measured by one(IL-1β and Ab) or two-way ANOVA(Weights and BAR 
charts). 
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Levels of anti-RSV antibody were assessed by antigen specific ELISA. Prior to WT 

RSV challenge, serum was sampled for circulating anti-RSV IgG (Figure 3.22A). 

Both WT and ΔSH RSV primary infection induced RSV specific IgG. Levels between 

the two virus infected groups were comparable and both had significantly higher 

titres than control, mock-infected groups (p<0.001). Serum was also sampled at the 

day 7 harvest time point (Figure 3.22B), and contained significantly higher titres of 

RSV-specific IgG from virus primed groups (p<0.0001). Levels had increased in both 

of these groups over those seen at the pre-challenge time point, demonstrating the 

expansion of a memory response. In addition, ΔSH RSV primed mice now had 

significantly greater circulating IgG titres than WT RSV primed mice. Day 7 RSV-

specific BAL IgA was also measured (Figure 3.22C). ΔSH RSV priming induced the 

greatest levels of IgA, followed by WT RSV priming, and control mice had only low-

level IgA.  

In BAL, on both days 4 (Figure 3.22D) and 7 (Figure 3.22E) of challenge, previously 

naïve mice had greater IL-1β levels than virus primed groups, but were only 

significantly greater on day 4 (p<0.01 and p<0.05 vs WT and ΔSH RSV 

respectively). Conversely, it was those mice primed with virus which had the greatest 

concentrations of mIL-1β in the lungs on day 4 of challenge, and ΔSH RSV primed 

mice in particular had significantly elevated levels (p<0.05). However by day 7 of 

challenge (Figure 3.22G), levels detected in virus primed mice had decreased 

dramatically whilst increasing in the previously naïve groups, producing a significant 

difference (p<0.0001).  

RSV L-gene copy number was measured as described (Section 2.6.3) as a 

surrogate of viral load (Figure 3.22H and I). On day 4 of challenge, 108 L-gene 

copies/μg RNA were observed in the lung of naïve control mice, but in virus primed 

groups the PCR product was almost undetectable. On day 7, L-gene copies in the 
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control naïve group had dropped to 104 / μg RNA, but was still easily detectable 

compared to virus primed groups, in which virus was now completely undetectable. 

 

 

 

 

 

 

 

 

Figure 3.22: ΔSH RSV Immunisation is Protective to WT RSV Infection.  

Adult female BALB/c mice were primarily infected with 2.5x10
5
 p.f.u either ΔSH or WT RSV, or mock 

infected. Animals were allowed to recover for 28 days before secondary challenge of all groups with 
2.5x10

5
 p.f.u WT RSV. Mice were culled for harvest at days 4 and 7 post-infection. Pre-2° infection anti-

RSV serum IgG (A). D7 2° infection anti-RSV serum IgG (B). D7 2° infection anti-RSV BAL IgA (C). D4 
2° infection BAL IL-1β (D). D7 2° infection BAL IL-1β(E). D4 2° infection lung IL-1β (F). D7 2° infection 
lung IL-1β (G). D4 2° infection lung viral load(H). D7 2° infection lung viral load (I). Points represent 
mean of n=10 mice. Bars represent mean +/- SD of n=10 mice. *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 measured by one-way ANOVA 
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Taken together, the results depicted in Figures 3.21 and 3.22 suggest that ΔSH RSV 

may well be a good vaccine candidate, inducing a similar protective profile to 

previous infection with WT RSV. It is clear that previous exposure to either WT RSV 

or ΔSH RSV results in large numbers of lymphocytes being recruited to the lungs 

during rechallenge. However, as the nature of these lymphocytes was not known, 

the next experiments sought to characterise these cells more thoroughly. 

3.6.1 Flow Cytometric Characterisation of Lymphocyte Populations to 

WT RSV Infection Following Differential Immunisation  

3 groups of 5 female BALB/c adult mice were infected with either WT or ΔSH RSV, 

or mock infected with media alone (Control). After 28 days all mice were challenged 

with WT RSV only. Disease progress was monitored by weight loss to day 7 before 

mice were culled and samples obtained. This time, cells isolated from lung mash 

were stained for CD3, CD4, CD8 and RSV epitope loaded MHCII pentamer and 

analysed by flow cytometry 

Weight loss data (Figure 3.23A) shows that mice previously primed with virus initially 

lost the most weight. In this instance, this weight loss was significantly greater than 

that experienced by naïve control mice (p<0.0001 days 2-4). On days 6 and 7, naïve 

mice lost significantly more weight on days 6 and 7 than both WT (p<0.05 and 

p<0.001) and ΔSH RSV (p<0.001 and p<0.0001) primed groups. 

At day 7 post challenge, total cell counts were taken from BAL (3.23B) and lung 

(3.23C). WT RSV priming (p<0.05) and ΔSH RSV priming (p<0.01) resulted in 

significantly greater numbers of cells recovered from BAL on day 7 post challenge 

than were recovered from naïve control mice. However a significantly greater 

number of cells could be recovered from the lungs of mice not previously exposed to 
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virus than those mice primed with either WT (p<0.05) or ΔSH RSV (p<0.001) (Fig 

3.23C). 

Pre-challenge serum samples were analysed for anti-RSV IgG (Figure 3.23D). Both 

groups primed with virus had good induction of RSV-specific IgG and levels were 

comparable between these groups. Control mice however had undetectable levels 

RSV-specific IgG, resulting in significant differences compared to WT (p<0.001) and 

ΔSH RSV (p<0.01). This pattern is repeated in serum obtained at the day 7 cull point 

(Figure 3.23E); control naïve mice had barely detectable levels of anti-RSV IgG, 

whereas previous primed groups antibody titres increased, indicating good 

expansion of the adaptive response to RSV. On this occasion, BAL IgA 

measurements showed that WT RSV priming induced the greatest levels in the lung, 

significantly higher than those seen in ΔSH RSV infected mice (p<0.05) and naive 

control mice (p<0.0001). ΔSH RSV priming was still a good inducer of IgA compared 

to naïve control mice (p<0.0001). 

Isolated lung cells were analysed by flow cytometry. Previous virus infection with WT 

RSV (p<0.001) or ΔSH RSV (p<0.01) resulted in significantly greater percentage of 

CD3+ cells also being CD4+ , but there was no difference when comparing the two 

virus primed groups (Figure 3.23G). Conversely, it was those mice that were 

previously naive who had the greatest percentage of CD8+ CD3 cells (Figure 3.23H). 

However, when the specificity of those CD8+ cells was compared (Figure3.23I), both 

WT and ΔSH RSV primed mice had a significantly greater proportion of RSV-specific 

cells than previously naïve mice (p<0.01). 
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  Figure 3.23. ΔSH RSV Immunisation Efficiently Induces Anti-RSV CD8+ T Cells.  

Adult female BALB/c mice were primarily immunised with 2.5x10
5
 p.f.u either ΔSH or WT RSV, or 

mock-treated. Animals were allowed to recover for 28 days before secondary challenge of all 
groups with 2.5x10

5
 p.f.u WT RSV. Mice were culled for harvest at 7 days post-infection. 

Secondary infection weight change (A). D7 secondary infection total BAL cells (B). D7 secondary 
infection total lung cells (C). Pre-secondary infection Anti-RSV serum IgG (D). D7 post-secondary 
infection anti-RSV serum IgG (E). D7 post-secondary infection anti-RSV BAL IgA (F). % of CD3 
CD4

+
(G). % CD3 CD8

+
 (H). % CD8

+
 RSV-specific (I). Points and horizontal lines represent mean 

of n=5 mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 between control and WT RSV (A) or 
between groups indicated, #p<0.05,###p<0.001, ####p<0.0001 between control and ΔSH RSV 
measured by one(B-I) or two-way ANOVA(A). 
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3.7 Investigating the In Vivo Sources of Murine IL-1β 

 

Owing to their known roles in the induction of inflammatory responses, and based on 

previously obtained in vitro data (Figures 3.6 and 3.10), the contribution of 

macrophages and neutrophils to RSV induced lung mIL-1β was investigated. Eight 

groups of 5 female adult BALB/c mice were infected i.n. with 2.5x105 p.f.u WT RSV 

or mock infected with media alone. Mice were culled on days 1, 2, 4 and 7 post-

infection and whole lungs harvested (Figure 3.24).  
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Figure 3.24. 7-day In Vivo Infection Timeline. 

Adult BALB/c female mice were infected with either WT(blue) or ΔSH(red) RSV. Mice were 
culled for harvest on days 1, 2, 4 and 7 post-infection and lung cells analysed by flow 
cytometry. 
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Figure 3.25. Macrophages and Neutrophils Represent a Major Source of IL-1β During 
RSV Infection In Vivo.  

Adult female BALB/c mice were intranasally infected with WT RSV or mock-infected with 
PBS only, and lung cells analysed by flow cytometry. Post-infection IL-1β+ Ly6G

+
 cells (A). 

Post-infection IL-1β
+
 CD11c

+
 MHCII lo F4/80

+
 cells (B). Points represent mean +/- SEM of 

n=5 mice. **p<0.01, ***p<0.001 as measured by multiple t-tests. This study was performed 
and analysed in collaboration with Dr. J. McDonald. 

Lungs were mashed and isolated cells analysed by flow cytometry to identify IL-1β 

producing populations. During the course of WT RSV infection, large numbers of 

Ly6G+ (neutrophils, Figure 3.25A) and CD11C+, MHCII low F4/80+ (macrophages, 

Figure 3.25B) cells were also positive for intracellular mIL-1β. On days 1, 2 and 7, 

these numbers were significantly increased in infected mice compared to mock-

infected mice (p<0.001, 0.01 and 0.001 respectively), and were also higher in day 4. 

mIL-1β+ macrophages numbers were significantly greater in WT RSV infected lungs 

than mock-infected lungs on days 1 and 2 (p<0.001) and were also greater, but not 

significantly so, on days 4 and 7. 

 

 

This result suggests that neutrophils and macrophages are important contributors to 

the IL-1β response in RSV infected mouse lungs. Therefore, selective depletion of 

these cells in vivo would further inform on the importance of these cells to the overall 

IL-1β response to RSV infection. 
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3.8 Cell Depletion Indicates a Role for Neutrophils and 

Macrophages in the IL-1β response to RSV infection 

 

3.8.1 Effect of Neutrophil and Macrophage Depletion on IL-1β Response 

to WT RSV 

Using adult female BALB/c mice, clodronate liposomes and anti-Ly6G antibody 1A8 

were administered 1 day prior to i.n. infection with 2.5x105 p.f.u WT RSV, to deplete 

macrophages (defined as CD11c+ MHCIIlow F4/80+) and neutrophils (defined Ly6G+) 

respectively. Mice were culled at day 1 post infection and lungs harvested.  

Numbers of Ly6G+ neutrophils (Figure 3.26A) and CD11c+ MHCIIlow F4/80+ 

macrophages (Figure 3.26B) were assessed to confirm depletion efficacy. Anti-Ly6G 

antibody 1A8 was effective at depleting lung Ly6G+ cells, leading to significant 

reductions in numbers compared to treatment groups which did not receive the 

antibody, or which received isotype control antibody (Con), but which were infected 

with WT RSV(p<0.001). Clodronate liposome (CL) treatments reduced CD11c+ 

MHCII low F4/80+ cell numbers to levels similar to those seen in uninfected groups, 

significantly below counts observed in infected groups who did not receive this 

treatment but instead received empty liposomes (PL) (p<0.01), or 1A8 antibody 

(p<0.05). 

The lung mIL-1β response was heavily reduced by combined depletion treatments 

but only partially reduced by individual treatments (Figure 3.26C). mIL-1β 

concentrations were significantly lower in the lungs of mice administered both 1A8 

and CL compared to control treated infected animals (p<0.001), 1A8 treated infected 

animals (p<0.001) and clodronate treated infected animals (p<0.01). 



147 
 

Concentrations of lung CXCL1, the neutrophil attracting chemokine were significantly 

increased when Ly6G+ cells, but not CD11c+ MHCIIlow F4/80+ cells were depleted 

(p<0.01, Figure 3.26D).  

Lung IL-6 concentrations were also affected by treatments (Figure 3.26E). Singular 

depletion treatments did not significantly reduce IL-6, but 1A8 combined with CL lead 

to significantly reduced IL-6 (p<0.01) compared to control or 1A8 only treatment 

(p<0.01). 

Importantly, qPCR of the RSV L-gene revealed that cell depletion treatments had no 

effect on RSV L-gene copy number (Figure 3.26F). 
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A B 

C D 

E F 

Figure 3.26. Depletion of Macrophages and Neutrophils Significantly Reduces the IL-
1β Response to RSV Infection In Vivo.  

Adult female BALB/c mice were intranasally infected with WT RSV or mock-infected with 
PBS only, following depletion of macrophages using clodronate liposomes, neutrophils using 
1A8, or control treated. Lung cells were analysed by flow cytometry D1 post-infection. Ly6G

+
 

cells following depletion treatments(A). IL-1β
+
 CD11c

+
 MHCII

low
 F4/80

+
 cells following 

depletion treatments (B). Lung IL-1β following depletion treatments (C). Lung CXCL1 
following depletion treatments (D). Lung IL-6 following depletion treatments (E). RSV viral 
load following depletion treatments (F). Bars represent mean of individual mice, n=5. * 
p<0.05, ** p<0.01, *** p<0.001 measured by one-way ANOVA. This study was performed 
and analysed in collaboration with Dr. J. McDonald. CL = Clodronate liposomes; PL = Empty 
liposomes; Con = Control antibody. 
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3.8.2 Effect of Neutrophil and Macrophage Depletion on the IL-1β 

Response to ΔSH RSV 

 

The effect of depleting neutrophils and macrophages on the host response to 

infection was then investigated during ΔSH RSV infection. Cull and harvests 

occurred at day 4 post-infection, the point at which variations in lung mIL-1β were 

observed to be the greatest previously, and the point at which viral load is 

considered to be at its peak. Since the greatest effect on measurements was caused 

by depletion of both neutrophils and macrophages combined, this was the treatment 

used for the next study. 

Mice whose neutrophils (Ly6G+) and macrophages (CD11c+ MHCIIlow F4/80+) were 

depleted lost significantly more weight on days 2 (p<0.0001), 3 (p<0.001) and 4 

(p<0.01) post-infection compared to mice receiving no depletion treatments (Figure 

3.27A). BAL (Figure 3.27B) and lung cell counts (Figure 3.27C) were taken from 

harvested lungs on day 4 post-infection, and this revealed no differences in total cell 

numbers in either. Slightly elevated IL-1β concentrations were observed in the BAL 

fluid in the cell depleted group compared to the non-depleted group, but this was not 

significant (Figure 3.27D). However, measurements of mIL-1β in lung mash 

supernatant revealed significantly greater concentrations in cell depleted mice over 

those who received no depletion treatments(p<0.01, Figure 3.27E). 

Using qPCR, RSV L-gene copy number (Figure 3.27F) was seen to be equal 

between both groups. 
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Figure 3.27. Depletion of Macrophages and Neutrophils Increases Morbidity During ΔSH 
RSV Infection In Vivo. 

Adult female BALB/c mice were infected with ΔSH RSV. One day before infection, one group 
was depleted of neutrophils and macrophages using 1A8 anti-neutrophil antibody and 
clodronate liposomes. Mice were monitored for weight loss (A), and culled for harvest on day 4 
post-infection. Total BAL cell counts(B). Total lung cell count (C). BAL IL-1β (D). Lung IL-1β (E). 
Lung viral load (F). Points (A), lines (B-E) and bars (F) represent mean of n=5 mice. **p<0.01, 
***<p0.001, ****p<0.0001 as measured by t-tests. 
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3.8.3 Effect of Anti-IL-1B Treatment on Viral Burden During WT RSV 

Infection  

The final intervention study sought to directly block IL-1β and dissect the effect on 

viral load and antibody responses to infection with ΔSH RSV. Adult female BALB/c 

mice were infected i.n with 2.5X105 p.f.u of either WT or ΔSH RSV. Mice receiving 

ΔSH RSV were also administered 1 mg anti-mIL-1β antibody i.p. one day before and 

one day following infection (Figure 3.28). One set of mice was culled for harvest on 

day 4 post infection, and the other allowed to recover before rechallenge with WT 

RSV. Rechallenged mice were culled for harvest 7 days post challenge. 

 

 

 

 

 

 

 

 

 

Anti-IL-1β treatment had no effect on weight loss compared to all other groups 

(Figure 3.29A). Cell counts from BAL (Figure 3.29B) and whole lungs (Figure 3.29C) 

were highest in WT RSV infected animals. Although no significant differences were 

observed, anti-IL-1β treated mice did show raised BAL cell counts compared to mice 

Figure 3.28. Anti-IL-1β In Vivo Infection Timeline.  

Adult BALB/c female mice were treated with anti-IL-1β antibody at -/+1 day infection. Mice 
were infected with either WT(blue) or ΔSH(red) RSV. Mice were culled for harvest on day 4 
post-infection, or allowed to recover and challenged with WT RSV only and culled at day 7. 
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only infected with ΔSH RSV but not treated with anti-IL-1β. The primary objective of 

this cull point was viral load measurement. qPCR for lung RSV L gene copies 

revealed that WT RSV infection resulted in greatest viral burden on day 4 post-

infection, with ΔSH RSV infection resulting in between 100-1000 fold less virus 

(Figure 3.29D), although no significant difference was observed. However, when 

mice were treated with anti-IL-1β antibody and infected with ΔSH RSV, viral load 

returned to levels comparable to those seen in WT RSV infection, suggesting that IL-

1β is central to the control of RSV infection and the SH protein is involved in this 

process. 

 

 

 

C  

Figure 3.29. Anti-IL-1β Antibody Administration Leads to Increased ΔSH RSV Viral Load.  

Adult female BALB/c mice were infected i.n with 2.5x10
5
 p.f.u of either WT or ΔSH RSV. ΔSH 

RSV infection was both pre- and proceeded by i.p administration of anti-IL-1β antibody. Mice 
were monitored for weight loss (A) and culled for harvest at day 4 post-infection. Total BAL (B) 
and lung cell counts (C). Lung viral load was measured by qPCR (D). Points (A), lines (B and C) 
and bars (D) represent mean of n=5 mice.  
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3.9 Chapter Summary 

In summary, this chapter focused on the role of small hydrophobic protein of RSV in 

the modulation of host inflammasome activity during infection and the potential of SH 

knockout mutants as live-attenuated vaccine candidates.  

In in vitro studies using cell lines and primary cells, increased inflammasome activity, 

as denoted by increased production of secreted IL-1β, is noted in instances of 

infection with ΔSH RSV, compared to infection with WT RSV, or infection with 

inactivated forms of either ΔSH RSV or WT RSV. This increase was particularly 

pronounced when cells of immune origin, such as neutrophils or 

monocytes/macrophages, were studied. 

In vivo, primary infection of mice with ΔSH RSV results in a protective response to 

subsequent challenge with WT RSV to a similar degree as primary infection with WT 

RSV. This is despite the fact the ΔSH RSV appears to be less pathogenic than WT 

RSV. In addition, ΔSH RSV lung viral load, as measured by qPCR, was markedly 

reduced compared to WT RSV during primary infection rounds. 

In addition, in agreement with in vitro results, macrophages and neutrophils 

produced IL-1β in response to RSV infection, and accounted for a large proportion, 

although not all, of detected lung IL-1β during in vivo infections.  
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Chapter 4 

 

Results 

 

Increasing Influenza Vaccine Efficacy through the use of 

Inflammasome Targeting Adjuvants. 
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4 Increasing influenza vaccine efficacy through the use of 

inflammasome targeting adjuvants. 

 

The data presented in this chapter contributed significantly to the following 

publication: 

Use of microparticles as adjuvants to boost vaccine immune responses in 

neonatal mice leading to single dose protection against influenza 

Ryan F. Russell, Jacqueline U. McDonald, Laura Lambert and John S. Tregoning. J.Virol 

April 2106 90:9 4735-4744. 
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4.1 Chapter Abstract 

Smallpox and polio represent two pathogens which via vaccination, have proven 

relatively simple to immunise against. However, many other important human 

pathogens have proven much more difficult to immunise against. In addition, there 

are a variety of immune deficient populations which mount weak responses to 

vaccine antigens meaning these groups are vulnerable to infection, even in the 

context of an otherwise efficacious vaccine. A key ingredient of many vaccine 

preparations therefore are adjuvants, which broadly speaking, are any aspect of a 

vaccine which is included to increase the efficacy and magnitude of protection 

induced by the vaccine.  

Greater understanding of innate immunity has allowed the design of adjuvants to 

target specific immune pathways with the aim of inducing the parameters of a 

response required for protection against the pathogen of interest. Innate immune 

receptors such as TLRs have been heavily investigated as adjuvant targets, but 

comparatively little research has investigated the NLRs as targets. Importantly, 

studies suggest that TLR mediated immune responses are attenuated in infants and 

neonates, especially if these patients are pre-term. This means that potentially, new 

adjuvants designed to target TLR responses will be ineffectual in this group, who are 

often hardest hit by infectious diseases and represent an important harbour of 

infection.  

However, another class of pattern recognition receptors are the NLRs, whose 

activation results in the production of key inflammatory cytokines which have 

important functional consequences on the establishment of the adaptive response. 

Despite their potential, the NLRs remain poorly understood and are unexplored as 

adjuvant targets. It is unknown whether specifically inducing NLR responses in the 
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context of vaccination can lead to protection to challenge, and whether this 

protection could be extended to neonatal populations.  

The second section of the project therefore investigated the potential of putative NLR 

ligands, particularly those known to activate inflammasome assembly, as vaccine 

adjuvants, and to investigate the potential for use in neonatal immunisation, using 

mouse models. Influenza H1N1 was chosen as the model pathogen, owing to well 

established, sensitive animal models, and the ease of availability and titration of 

H1N1 antigens. 
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4.2 In Vitro Screening 

 

4.2.1 Stimulation of THP-1 cells with NOD ligands. 

To begin, a range of known stimulators of the NOD type NLRs were screened for 

their ability to induce an IL-1β response from THP-1 cells. THP-1 cells were 

stimulated with established NOD ligands IE-DAP, MDP and MTri-DAP and 

supernatants analysed for IL-1β by ELISA (Figure 4.1). LPS, MPLA and ATP were 

included in some conditions to check for increased responses.  

LPS + ATP is a widely used stimulant of IL-1β induction in vitro. Indeed, it was this 

condition that gave the highest IL-1β response from THP-1 cells (Figure 4.1A), 

significantly stronger at 8 hours than the response in untreated cells (p<0.05). 

Incubation of cells with LPS alone also produced an elevated IL-1β response but this 

was not significantly different to any other condition.  

IE-DAP alone was insufficient at this concentration to induce an IL-1β response in 

THP-1 cells, but in combination with MPLA, produced a significantly stronger 

response than IE-DAP alone or IE-DAP in combination with MDP (p<0.05) (Figure 

4.1B).  

A similar pattern was observed when cells were incubated with MTri-DAP; alone it 

was unable to induce a strong IL-1β, but in combination with LPS, produced a 

significantly stronger response than MTri-DAP alone or MTri-DAP in combination 

with MDP (p<0.05) (Figure 4.1 C).  

Incubation with MDP alone or in combination with LPS, MPLA or ATP did increase 

the IL-1β response of THP-1 cells over untreated control conditions, but overall there 

were no significant difference in response observed with MDP (Figure 4.1D). 
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Figure 4.1 Effect of NOD Ligands on IL-1β Responses of THP-1 Cells.  

Following differentiation into macrophage-like cells via PMA incubation, THP-1 cells were 
seeded into wells of a 24-well tissue culture plate and incubated with NOD ligands alone, in 
combination, or combined with LPS, MPLA and ATP. NOD ligands, LPS/MPLA were added to 
cells at final concentrations of 1 μg/mL. ATP was used at 50 μM. Supernatants were sampled 
at 4, 8 24 and 48 hours and analysed for IL-1β content by ELISA. Points represent means of 
n=3 independent repeats. *p<=0.05 measured by two-way ANOVA.  

A B 

C D 
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4.2.2 Stimulation of THP-1 cells with Inflammasome and NOD ligands. 

Subsequently, a wider range of experimental inflammasome ligands became 

commercially available. A selection of these ligands were acquired and screened at 

10 µg/mL for ability to induce IL-1β secretion with or without 2 hour pre-stimulation 

with MPLA, and supernatants sampled for secreted IL-1β (Figure 4.2A). Incubation 

of cells with nigericin, commonly used as a positive control for inflammasome 

activation, resulted in the strongest IL-1β response of all conditions tested, both with 

and without MPLA pre-stimulation. Without pre-stimulation, nigericin treatment 

produced a response significantly higher than all other conditions at both 24 and 48 

hours post-stimulation (p<0.01). With MPLA pre-stimulation, nigericin produced 

significantly higher IL-1β responses at 24 (p<0.001), 48 and 72 hour time points 

(p<0.01) (Figure 4.2B, C). Regardless of MPLA pre-stimulation, NanoSiO2, CPPD 

and MTriDAP treatment induced the strong IL-1β responses, but these were not 

significantly increased over control conditions. All other conditions produced only a 

weak response comparable to control media alone treatment.  
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Figure 4.2 Effect of NOD and 
Inflammasome Ligands on IL-1β 
Responses of THP-1 Cells.  

Following differentiation into macrophage-
like cells via PMA incubation, THP-1 cells 
were seeded into wells of a 24-well tissue 
culture plate and incubated with 10 ug/mL 
inflammasome and NOD ligands with or 
without 1 hour pre-stimulation with 1 
ug/mL MPLA. Supernatants were sampled 
at 24, 48 and 72 hours and analysed for 
IL-1β content by ELISA. IL-1β production 
after ligand stimulation alone (A). IL-1β 
production after ligand stimulation 
following MPLA pre-stimulation (B). 
Comparison of IL-1β production with or 
without MPLA pre-stimulation at 48 hour 
time point. Points (A and B) and bars (C) 
represent means of n=3 independent 
repeats. **p<=0.01, ***p<=0.001 

measured by two-way ANOVA.  

 

A 

B 

C 
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4.2.3 Bone Marrow-Derived Macrophage Cell Characterisation 

Flow cytometry was used to characterise cells following isolation of bone marrow 

haematopoetic stem cells from mouse femurs. Cells were cultured in media 

containing L929 cell derived M-CSF and allowed to differentiate for 5 days before 

characterisation or use in experiments.  

To confirm differentiation into macrophages, cells were gathered and stained for the 

mouse macrophage marker F4/80 and analysed by flow cytometry (Figure 4.3). This 

confirmed that of the live cells (Figure 4.3A), 82% were strongly positive for the 

expression of the monocyte/macrophage marker CD80 (Figure 4.3B), and almost all 

of those cells were also highly positive for F4/80 (Figure 4.3C). 
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Figure 4.3 Characterisation of Bone Marrow-
Derived Macrophages by Flow Cytometry.  

Bone marrow derived macrophages were 
produced by incubating haematopoietic stem 
cells with M-CSF containing media. Cells were 
characterised after 5 days by flow cytometry. 
Cells were gated from debris (A), before 
monocytes/macrophages were gated by 
expression of CD80 (B). Macrophages alone 
were then gated based on expression of F4/80 
(C). Stain positivity was assessed by 
fluorescence minus one (FMO). 

 

A 

B 

C 
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4.2.4 Bone Marrow-Derived Macrophage IL-1β Response to Selected 

Putative Adjuvants 

To link the in vitro and in vivo studies, it was necessary to investigate the potential of 

putative inflammasome activating adjuvants to induce inflammasome activation in 

mouse cells. Mouse bone-marrow derived macrophages were selected for this 

purpose. Following differentiation of mouse bone marrow haematopoeitc stem cells 

into BMDMs (2.2.4 and Figure 4.2), cells were transferred into 24-well plates and 

rested for 24 hours. Cells were incubated with media supplemented with 1 μg/mL 

MPLA for 2 hours before addition of lead adjuvant candidates at 10 μg/mL, a 

nigericin positive control at 10 μg/mL, and untreated media only control. 

Supernatants were sampled at 24, 48 and 72 hours and analysed for mIL-1β by 

ELISA (Figure 4.4). 

As expected, the nigericin positive control resulted in a consistently strong mIL-1β 

signal from BMDMs. Incubation with NanoSIO2 also resulted in a strong mIL-1β 

response at all time points measured. mIL-1β was undetectable in the supernatant of 

BMDMs incubated with CPPD or MTri-DAP. There was also no detectable mIL-1β in 

supernatants from control untreated cells.  

  

Figure 4.4. Bone Marrow-Derived Macrophage 
IL-1β Response to Selected Putative Adjuvants. 

Bone marrow derived macrophages were produced 
by incubating haematopoietic stem cells with M-CSF 
containing media. 5 days after incubation, cells were 
plated and treated with 10 µg/mL lead adjuvant 
candidates, nigericin positive control, or media only 
control. Supernatants were sampled at 24,48 and 
72 hours and mIL-1β concentration analysed by 
ELISA. Points represent mean n=3 independent 
repeats +/- S.E.M.  
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4.2.5 Morphology of Adjuvant Particles 

The particulate nature of compounds has been linked with the ability to stimulate 

intracellular PRR activation, and in particular, the activity of the inflammasomes. 

Therefore, the morphology of the 3 of the leading adjuvant candidates CPPD (Figure 

4.5A), MSU (Figure 4.5B) and NanoSiO2 (Figure 4.5C) was investigated by 

microscopy (Figure 4.5). One of the leading candidates from the in vitro screening 

assays, MTri-DAP, could not be investigated in this manner as it is not particulate in 

nature.  

CPPD was revealed to be crystalline in nature, with individual crystals ranging in 

length from 5 – 50 μm. MSU was also revealed to be crystalline in nature, but these 

crystals were significantly longer on average than CPPD crystals, ranging from 10 – 

300 μm in length. NanoSiO2 however had an entirely different morphology, appearing 

rounded and spherical, with diameters ranging from 1 – 50 μm. 
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Figure 4.5 Particle and Crystal Morphology. 

Inflammasome ligands CPPD crystals (A), MSU 
crystals (B) and NanoSiO2 particles (C) were 
resuspended in PBS to 10 μg/ml and placed 
into wells of a 24 well plate. Ligands were 
imaged at x 40 magnification. 

A 

B 

C 
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4.3 In Vivo Studies 

4.3.1 In Vivo Lung Cell Flow Cytometry Gating Strategy 

For the in vivo challenge studies, a standard gating strategy was employed in order 

to distinguish between CD4 and CD8 T cells within the T lymphocyte population, and 

to assess proportions of those CD8 T cells which possessed TCRs with specificity to 

an immunodominant influenza HA antigen epitope (Figure 4.6).  

Following isolation from lungs harvested during in vivo studies, cells were firstly 

characterised by forward and side-scatter parameters to identify and gate the 

lymphocyte population as shown (Figure 4.6A). Doublet exclusion was performed 

(Figure 4.6B) on this population before being negatively gated for LIVE/DEAD 

staining (Figure 4.6C). Live cells were selected for expression of CD3+ (Figure 

4.6D), and these events were then assessed for expression of either CD4 or CD8 

(Figure 4.6E). Those cells observed to be positive for CD8 were then further 

characterised by staining for influenza specific TCR using an influenza H1N1 HA 

peptide-loaded MHCI pentamer (Figure 4.6F).  
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Figure 4.6 Gating Strategy for Influenza - Specific CD8+ Cells in Lungs.  

After selecting the lymphocyte population (A), doublet exclusion was performed (B). Cells were negatively 
selected for Live/Dead staining (C) before T cells were gated by selecting the CD3+ population (D). T cells 
were then separated further by expression of CD4 or CD8 (E). Influenza specific CD8+ cells were then 
gated (F) based on fluorescence minus one (FMO). 

A B 

C D 

F E 
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4.3.2 Assessing the Efficacy of Adjuvant Candidates In Vivo (Pilot) 

NOD receptor and inflammasome ligands were then investigated in vivo for adjuvant 

capacity during influenza A immunisation. As a pilot study, adult CB6F1 female mice 

(3 per group) were i.m. immunised with PBS, 0.1 μg HA alone or in combination with 

NOD and inflammasome ligands. Ligand concentrations were matched to maximum 

recommended in vitro concentrations (Table 4.1).  

 

 

 

 

 

 

 

 

 

Mice were challenged with 6x104 p.f.u H1N1 ENG195 4 weeks later. Mice were 

culled and samples obtained 7 days after challenge. Whole lungs, BAL fluid and 

serum were obtained. Mice were also monitored for weight loss throughout the 

challenge period (Figure 4.7A and B). No significant differences in weight loss were 

observed between any of the groups at any time point, although a trend was 

observed for reduced weight loss in those mice immunised in combination with 

CPPD. NanoSiO2 and MSU treated mice also showed sharp trends towards weight 

Ligand Concentration / Dose 

IE-DAP 10 µg/mL / 0.5 µg 

MTri-DAP 10 µg/mL / 0.5 µg 

MDP 10 µg/mL / 0.5 µg 

Alum Crystals 200 µg/mL / 10 µg 

CPPD Crystals 50 µg/mL / 2.5 µg 

MSU Crystals 200 µg/mL / 10 µg 

NanoSiO2 200 µg/mL / 10 µg 

Nigericin 10 µM / 0.5 µMoles 

Table 4.1. Concentrations of Ligands Used in In Vivo Pilot 
Studies 
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recovery. When influenza-specific antibody levels were analysed on day 7 following 

challenge, NanoSiO2 treated mice showed the greatest concentrations of both 

specific IgG in the serum and IgA in the BAL fluid (Figure 4.7C and D). Levels of 

specific IgG were not significantly different between any groups, but IgA levels were 

significantly increased in NanoSiO2 treated mice compared to all groups except IE-

DAP and CPPD, and CPPD treated mice had significantly higher specific IgA than 

naïve mice (p<0.05). There were no significant differences between the groups when 

total lung and BAL cell counts were performed (Fig 4.8A and B) 
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Figure 4.7 Pilot Study in Adult Mice to Assess the Efficacy of Adjuvant Candidates In 
Vivo.  

CB6/F1 adult female mice were immunised i.m. with 0.1 ug dose of H1N1 HA antigen with or 
without adjuvant candidates or control treatments. Mice were challenged 4 weeks after 
immunisations and monitored for weight loss before harvest on day 7. Weight change during 
influenza infection (A and B). Serum anti-H1N1 IgG and BAL fluid anti-H1N1 IgA on day 7 
post-infection (C and D). Points (A and B) and lines (C and D) represent mean of n=3 mice. 
*p<0.05, **p<0.01 and ***p<0.001 measured by one-way ANOVA. 

 

A B 

C 

D 
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Figure 4.8 Pilot Study in Adult Mice to Assess the Efficacy of Adjuvant Candidates In 
Vivo.  

CB6/F1 adult female mice were immunised i.m. with 0.1 ug dose of H1N1 HA antigen with or 
without adjuvant candidates or control treatments. Mice were challenged 4 weeks after 
immunisations and monitored for weight loss before harvest on day 7. Total lung and BAL 
cells number 7 days post-infection (A and B). Bars represent mean of n=3 mice.  

 

A 

B 



173 
 

4.3.3 Pilot Study in Neonatal Mice to Assess the Efficacy of Adjuvant 

Candidates In Vivo.  

A study assessing neonatal immunisation with the same ligands was performed in 

parallel to the study described in 4.7. Neonatal (1 week old, n=3-5 mice per 

treatment) CB6F1 mice, bred in-house, were i.m. immunised with PBS (Naïve), 0.1 

μg HA alone or in combination with NOD and inflammasome ligands. Ligand 

concentrations were again matched to maximum recommended in vitro 

concentrations. (TABLE 4.1) No significant differences in weight change were 

observed between any groups at any time point (Figure 4.9A, B). However, an 

upturn in weight was observed between days 5 and 7 in NanoSiO2 treated mice. It 

was also the NanoSiO2 treated mice which had the highest titres of influenza specific 

serum IgG before (Figure 4.9C) and 7 days after challenge (Figure 4.9D), 

significantly higher than any other group (p<0.05). During the course of the 

challenge, it was noted that there was a difference in the weight loss experienced by 

male and female mice. Therefore, weight loss data was reanalysed and split into 

male (Figure 4.9E) and female (Figure 4.9F) mice. Distinguishing mice in this way 

revealed that at this concentration, NanoSiO2 had no protective effect in male mice 

immunised as neonates. However, female mice treated with NanoSiO2 gained 

weight rapidly between days 5 and 7 of challenge, and were significantly heavier on 

day 7 than antigen alone, MF59 and naïve females (P<0.01).  
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Figure 4.9 Pilot Study in Neonatal Mice to Assess the Efficacy of Adjuvant Candidates In 
Vivo.  

CB6F1 neonatal mice were immunised i.m. with 0.1 ug dose of H1N1 HA antigen with or without 
adjuvant candidates or control treatments. Mice were challenged 4 weeks after immunisations 
and monitored for weight loss before harvest on day 7. Weight change during influenza infection 
(A and B). Serum anti-H1N1 IgG before (C) and on day 7 post-infection (D). Weight loss data of 
male(E) and female (F) mice treated with NanoSiO2, MPLA, antigen alone or no treatment. 
Points (A ,B,E and F), lines (C and D) represent mean of n=3-5 mice. *p<0.05, **p<0.01 and 
measured by two (F) or one-way(C and D) ANOVA. 
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4.3.4 In Vivo Assessment of Adjuvant Candidate Efficacy with Increased 

Antigen Dose. 

Pilot studies in adult and neonatally immunised mice suggest limited adjuvant activity 

for CPPD crystals, MSU crystals and NanoSiO2 based on weight loss and recovery. 

Additionally, NanoSiO2 consistently induced the highest titres of anti-influenza 

antibodies. However, the effects observed were marginal. Therefore, in the next 

study, the effect of increasing HA antigen dose to 0.2 μg on the adjuvant effect of 

these ligands was assessed.  

Adult female CB6F1 mice were i.m. immunised with a 0.2 μg dose of HA alone, or in 

combination with CPPD, MSU or NanoSiO2. Control naïve groups were immunised 

with PBS only. Mice were bled prior to challenge with 6x104 p.f.u H1N1 ENG195 4 

weeks later. Mice were culled and samples obtained 7 days after challenge. Whole 

lungs, BAL fluid and serum were obtained (Figure 4.9). All groups displayed weight 

loss up to day 4 of challenge (Figure 4.10A). At this point, naïve mice continued to 

lose weight, whereas all other groups rapidly gained weight to recover to between 

85-95% original weight. Antigen alone appeared sufficient for this pattern of weight 

change, as no difference in weight was observed between groups immunised in 

combination with inflammasome ligands than the antigen alone groups. When total 

lung cell counts were compared (Figure 4.10B), CPPD treated mice had the highest 

numbers of cells, significantly higher than MSU, antigen alone or naïve treated mice 

(p<0.05). 

Next, flu-specific serum IgG was compared. Serum obtained one day prior to 

challenge (Figure 4.10C) from NanoSiO2 treated mice contained the highest average 

titres, but this was not significantly increased over other groups. However, NanoSiO2 

treated mice showed significantly higher titres of influenza specific serum IgG on day 
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7 after challenge compared to both MSU (p<0.05) and naïve (p<0.001) treated mice 

(Figure 4.10D). The antigen alone group also had significantly higher flu-specific 

serum IgG than naïve mice (p<0.01). There was an increase in titre between pre- 

and post-challenge serum IgG titres in all groups administered antigen during 

immunisation, whereas naïve mice remained mostly undetectable. Flu-specific IgA 

titres from serum (Figure 4.10E) and BAL fluid (Figure 4.10F) were also assessed. 

This showed that “adjuvanted” groups had the highest IgA titres in the serum; CPPD 

(p<0.05) and MSU (p<0.05) and NanoSiO2 (p<0.01) treated groups all had 

significantly higher titres than naïve mice, and NanoSiO2 treated mice had 

significantly higher titres than antigen alone mice (p<0.05). Titres of flu-specific IgA 

found in the BAL fluid were lower than those found in serum. Vaccinated groups all 

had similar titres, whereas the naïve group had undetectable levels. However, there 

were no significant differences between any groups. Flow cytometry was employed 

to assess induction of CD3+ CD8+ influenza-specific cells. MSU and NanoSiO2 

treatments induced the highest proportions of influenza-specific CD3+CD8+, but no 

significant differences were observed between any groups (Figure 4.10G).  
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Figure 4.10 In Vivo Assessment of Adjuvant Candidate Efficacy with Increased Antigen Dose.  

Adult female CB6F1 mice were immunised i.m. with 0.2 ug H1N1 HA antigen alone, in combination 
with candidate adjuvants or mock treated with PBS. 4 weeks later, mice were infected i.n. with 
6x10^4 p.f.u H1N1 ENG195 Mice were monitored for weight changes during infection before harvest 
on day 7 post-infection. Weight change during influenza challenge (A). Total number of cells isolated 
from lung (B). Pre and post-infection influenza-specific serum IgG (C and D). D7 challenge serum 
and Bal fluid influenza-specific IgA (E and F). % Influenza specific CD3+ CD8+ cells in lung on D7 
challenge (G). Points (A) and lines (B-G) represent mean of n=5 mice. *p<0.05 and **p<0.01 
measured by one way ANOVA. 
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4.3.5 Assessment of Candidate Adjuvant Efficacy Following Dosage 

Equalisation.  

Studies thus far had used two differing doses of antigen in order to assess any 

adjuvant effect of inflammasome ligands. A non-adjuvanted 0.1 μg dose of influenza 

HA did not result in protection to weight loss upon H1N1 challenge, but a 0.2 μg 

dose appeared sufficient to protect against severe weight loss. A 0.2 μg dose 

therefore was inappropriate for future work, and subsequent studies were all 

performed using a 0.1 μg dose of antigen.  

In the initial studies, the dose of inflammasome ligands administered was dictated by 

the maximum recommended concentration for in vitro studies. In order to perform 

valid comparisons, the next study used equal μg doses of ligands, allowing direct 

comparison of any adjuvant potential. The dose initially chosen was 10 μg. 

Adult female CB6F1 mice were i.m. immunised with a 0.1 μg dose of HA alone, or in 

combination with a 10 μg dose of CPPD, MSU or NanoSiO2. Control naïve groups 

were immunised with PBS only. Mice were bled prior to challenge with 6x104 p.f.u 

H1N1 ENG195 4 weeks later. Mice were culled and samples obtained 7 days after 

challenge. Whole lungs, BAL fluid and serum were obtained (Figure 4.11). All groups 

lost weight out to day 4 of challenge (Figure 4.11A). However, naïve mice had 

already lost more weight than vaccinated groups, and continued to do so until the 

day 7 time point. There was a significant difference in weight between NanoSiO2 and 

Naïve groups on days 5 (p<0.05), 6 and 7 (p<0.0001). The CPPD, MSU and antigen 

alone treated groups all began to recover weight from day 5 onwards and were also 

significantly different to naïve group on day 6 (CPPD, p<0.01; MSU and antigen 

alone, p<0.05) and day 7 (CPPD, p<0.0001; MSU and antigen alone, p<0.001). 
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NanoSiO2 immunised groups weighed slightly more than antigen alone immunised 

groups, but this was not significant. 

Mice were bleed and serum obtained one day prior to and 7 days following 

challenge. Serum was analysed for influenza-specific IgG (Figure 4.11B). Pre-

challenge serum obtained from NanoSiO2 and CPPD treated groups contained the 

highest titres of influenza-specific antibody, well above background readings seen in 

naïve sera. MSU and antigen alone groups also had some detectable levels of 

antibody in the sera, but these titres were similar to those seen in the naïve 

treatment group. Post-challenge sera isolated from NanoSiO2 treated mice had 

significantly more influenza-specific IgG than both antigen alone and naïve groups 

(p<0.05), which had the lowest titres (Figure 4.11C). CPPD treated mice had the 

highest average titre of all groups but this was not significantly higher than any other 

group. Overall, the pattern of titres remained similar to those seen in pre-challenge 

sera, but the magnitude of the antibody response increased in all immunised groups, 

whereas naïve mouse sera again only gave a background reading for influenza-

specific IgG. When influenza-specific IgA in D7 post-challenge BAL fluid was 

assessed (Figure 4.11D), NanoSiO2 treated mice had significantly more than antigen 

alone and naïve groups (p<0.05). CPPD, MSU and antigen alone groups also had 

some influenza-specific IgA in the BAL fluid, and naïve mice had little to no specific-

IgA.  

When total numbers of BAL cells were analysed, there were no significant 

differences observed between any of the groups, with all having between 10-15 x105 

cells per mL BAL fluid (Figure 4.11E) 
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4.11 Assessment of Candidate Adjuvant Efficacy at Comparable Dosage.  

Adult female CB6/F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, in 
combination with 10 ug dose of candidate adjuvants or mock treated with PBS. 4 weeks later, 
mice were infected i.n. with 6x10^4 p.f.u H1N1 ENG195 influenza. Mice were monitored for 
weight changes during infection before harvest on day 7 post-infection. Weight change during 
influenza challenge (A). Serum anti-H1N1 IgG before (B) and 7 days after infection (C). BAL 
anti-H1N1 IgA 7 days after infection (D). Total cells isolated from BAL fluid (E). Points and lines 
represent mean of n=5 mice. For weight loss data (A), (*) denotes significance NanoSiO2 vs 
Naive, (#) CPPD vs Naïve, (X) MSU vs Naïve and (+) Antigen Alone vs Naïve. */#/x/+p<0.05, 
**/## p<0.05, XXX/+++ p<0.001 and ****/#### p<0.0001 measured by two (A) or one way 
anova (B-E). 
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Although no significant difference was observed in protection to weight loss 

conferred by any of the adjuvant candidates over antigen alone, NanoSiO2 and 

CPPD groups lost less weight and recovered more quickly than antigen alone 

groups. MSU repeatedly demonstrated minimal protective effect and so studies with 

it ended at this point. Instead, MTri-Dap, one of the lead candidates for IL-1β 

induction in vitro, was used. Studies so far had focused on altering the dose of 

antigen, but it was not known whether adjuvant dose was important. Therefore the 

next studies sought to investigate the protective effect of NanoSiO2, CPPD and MTri-

Dap at 3 different concentrations.  

A B 
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4.3.6 In Vivo Titration of Candidate Adjuvant NanoSiO2. 

Adult female CB6F1 mice were i.m. immunised with a 0.1 μg dose of HA alone, or in 

combination with a 1, 10 or 50 μg dose of NanoSiO2 and challenged with 6x104 p.f.u 

H1N1 ENG195 4 weeks later. There were no significant differences in weight change 

between any of the groups immediately following immunisation (Figure 4.12A). Upon 

challenge, all groups initially lost weight, with antigen alone and 1 μg NanoSiO2 

groups losing most weight overall (Figure 4.12B). However, the group which received 

50 μg NanoSiO2 lost the least weight and recovered weight quickest, to become 

significantly different to both antigen alone and 1 μg NanoSiO2 immunisation groups 

on days 6 and 7 post-challenge (p<0.01). In comparison the group which received a 

10 μg dose of NanoSiO2 during immunisation displayed an intermediate weight 

change profile. Despite the differences in weight loss, there were no significant 

differences in viral burden on day 7 of challenge, although there was a clear trend 

towards reduced influenza M-gene copies with increasing adjuvant dose (Figure 

4.12C). The highest titres of pre-challenge influenza-specific IgG were found in the 

serum of mice receiving 50 μg dose of NanoSiO2 during immunisation (Figure 

4.12D). On average, these were significantly higher than titres observed in groups 

receiving 1 μg NanoSiO2 or antigen alone (p<0.05). Mice which received 10 μg 

NanoSiO2 during immunisation also produced a strong anti-influenza serum IgG 

response before challenge, but this was not significantly different to other groups. A 

similar pattern of anti-influenza serum IgG was observed in day 7 post-challenge 

(Figure 4.12E) sera and titres had increased in magnitude in all groups. A trend 

towards higher anti-influenza IgA in BAL fluid obtained from mice administered 50 μg 

NanoSiO2 was also observed (Figure 4.12F).  

Flow cytometry was used to characterise the T cell response to challenge. Cells 

were stained for CD3, CD4, CD8 and influenza-specific TCR (Figure 4.11G-I). 
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Overall, all groups tended toward higher proportions of CD4+ CD3+ over CD8+ 

CD3+ cells in a roughly 60/40 ratio. However, antigen alone treated groups had 

almost no lung cells which were bound by MHCII pentamer containing influenza 

peptide, whereas such cells were detected in all groups which received vaccine in 

the context of NanoSiO2 (Figure 4.11H). The highest proportion of these cells as a 

percentage of total CD8+ cells was found in lung of mice which received a 10 μg 

dose of NanoSiO2.  

  

Figure 4.12 .In Vivo Titration of Candidate Adjuvant NanoSiO2.  

Adult female CB6/F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, in combination 
with 1, 10 or 50 ug dose of NanoSiO2. 4 weeks later, mice were infected i.n. with 6x10^4 p.f.u H1N1 
ENG195 influenza. Mice were monitored for weight changes during infection before harvest on day 7 
post-infection. Weight change during immunisation (A) and during influenza infection (B). Serum anti-
H1N1 IgG levels were assessed before (D) and 7 days after infection (E). BAL anti-H1N1 IgA (F). 
Proportions of CD3+ cells which were also positive for CD4 (G) and CD8 (H), and CD8+ cells specific 
for influenza (I). Points (A and B) and lines (C-I) represent mean of n=4 or 5 mice. *p<0.05 and 
**p<0.01 measured by one or two way ANOVA. 
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In an attempt to find the correlates of the partial protection to weigh loss afforded by 

NanoSiO2, the percentage of original weight of each mouse at day 7 was plotted 

against serum IgG (Figure 4.13A), BAL IgA (Figure 4.13B) and lung CD8+ CD3+ Flu 

specific (Figure 4.13C) cell proportion measurements made from samples obtained 

on the same day. Analysing in this way revealed a strong positive correlation 

between percentage of original weight and increased influenza-specific serum IgG 

on day 7 of challenge (p<0.0048). There was also a positive trend for increased 

influenza-specific BAL IgA and percentage of original weight on day 7 (p<0.17). 

There was no strong correlation between final weight and lung CD8+ CD3+ Flu 

specific+ cell proportion (p<0.625).  

 

 

 

  

Figure 4.13. In Vivo Titration of Candidate Adjuvant NanoSiO2, correlates of protection. 

Adult female CB6/F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, in combination 
with 1, 10 or 50 ug dose of NanoSiO2. 4 weeks later, mice were infected i.n. with 6x10^4 p.f.u H1N1 
ENG195 influenza. Mice were monitored for weight changes during infection before harvest on day 7 
post-infection. Correlation of day 7 serum anti-influenza IgG (A), BAL anti-influenza IgA (B) and 
influenza-specific proportion of CD8+ cells (C) to day 7 infection weight loss %. Lines represent best fit 
of pooled data from all mice. 
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4.3.7 In Vivo Titration of Candidate Adjuvant CPPD. 

Adult female CB6F1 mice were i.m. immunised with a 0.1 μg dose of HA alone, or in 

combination with a 2.5, 10 or 40 μg dose of CPPD crystals and challenged with 

6x104 p.f.u H1N1 ENG195 4 weeks later. No significant differences were observed in 

weight change between any groups immediately following immunisation (Figure 

4.14A). Following influenza challenge, all groups initially lost weight at a similar pace 

until day 4 (Figure 4.14B). Between days 5 and 7, mice receiving the highest (40 μg) 

recovered weight quickly, but antigen alone mice recovered at a slower rate. Mice 

receiving low (2.5 μg) and intermediary (10 μg) doses of CPPD during immunisation 

recovered slightly quicker than antigen alone treated mice. However, there were no 

significant differences between groups at any time point. There were no significant 

differences in viral burden on day 7 of challenge, although a slight trend towards 

reduced influenza M-gene copies with increasing adjuvant dose (Figure 4.12C) was 

observed. Pre-challenge, a significantly higher titre of anti-influenza serum IgG was 

found in samples obtained from the 40 μg dose groups compared to both antigen 

alone and 2.5 μg groups (p<0.01), and these titres were also higher than those found 

in serum obtained from the 10 μg dose group, although this was not significant 

(Figure 4.14D). Although not significant, the trend to higher specific antibody titres 

with increased CPPD dose was observed in day 7 post challenge serum (Figure 

4.14E), with the magnitude of this response increasing in all groups compared to 

pre-challenge measurements. A similar pattern was observed when comparing anti-

influenza BAL IgA (Figure 4.14F). The antigen alone group had barely detectable 

levels of specific IgA in the BAL fluid, whereas all groups administered CPPD 

supplemented vaccine had comparable levels. 

Next, the lung T cell response was analysed by flow cytometry. Similar to the 

previous study with NanoSiO2, there was a bias towards CD4+ CD3+ over CD8+ 
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CD3+ in a roughly 60/40 for antigen alone mice. However, in general, those groups 

immunised in combination with CPPD tended to have a higher proportion of CD4+ 

CD3+ (Figure 4.14G) to CD8+ CD3 + (Figure 4.14H) cells. This difference was 

significant between antigen alone and 40 μg CPPD dose groups (p<0.01 

CD4+CD3+, p<0.05 CD8+CD3+). Antigen alone treated groups had almost no lung 

cells which were bound by MHCII pentamer containing influenza peptide as a 

proportion of total CD8+ cells. High dose CPPD mice had only slightly higher 

proportion of such cells, and the highest proportions were found in low and 

intermediate CPPD dose groups.  
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Figure 4.14 In Vivo Titration of Candidate Adjuvant CPPD.  

Adult female CB6F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, in 
combination with 2.5, 10 or 40ug dose of CPPD. 4 weeks later, mice were infected i.n. with 
6x10^4 p.f.u H1N1 ENG195 influenza. Mice were monitored for weight changes during infection 
before harvest on day 7 post-infection. Weight change during immunisation(A) and during 
influenza infection (B). Serum anti-H1N1 IgG levels were assessed before (C) and 7 days after 
infection (D). BAL anti-H1N1 IgA (E). Proportions of CD3+ cells which were also positive for CD4 
(F) and CD8 (G), and CD8+ cells specific for influenza (H). Points (A and B) and lines (C-I) 
represent mean of n=4 or 5 mice. (K-M) Lines represent best fit of pooled data from all mice. 
*p<0.05, **p<0.01 and ***p<0.001 measured by one way ANOVA. (K-M)  
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When total number of cells in BAL fluid was compared (Figure 4.15A), the highest 

numbers were found in mice administered 2.5 μg dose of CPPD during 

immunisation. This was significantly greater than the number seen in Ag alone mice 

(p<0.01). The high dose group (40 μg CPPD) also had significantly more cells in BAL 

than the Ag alone group (p<0.05). It was the high dose (40 μg CPPD) group which 

had the highest number of cells in the lungs (Figure 4.15B), significantly more than 

numbers observed in Ag alone (p<0.001) or 10 μg CPPD (p<0.01) groups. There 

was also significantly more cells in the lungs of mice administered a 2.5 μg dose of 

CPPD during immunisation than the Ag alone group (p<0.05). 

Correlation analysis of day 7 post challenge percentage weight loss with influenza 

specific IgG (Figure 4.15C) and IgA (Figure 4.15D) revealed a strong trend for weight 

recovery with increasing IgG (p<0.0274) and IgA (p<0.0115), but no such correlation 

for influenza specific CD8+ cells and weight change (Figure 4.15E). 
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Figure 4.15. In Vivo Titration of Candidate Adjuvant CPPD, correlations of protection. 

Total number of cells isolated from BAL fluid (A) and lung homogenates (B). Correlation of day 7 
serum anti-influenza IgG (C), BAL anti-influenza IgA (D) and influenza-specific proportion of 
CD8+ cells (E) to day 7 infection weight loss %. Horizontal (A,B) and diagonal (C-E) Lines 
represent best fit of pooled data from all mice. *p<0.05, **p<0.01 and ***p<0.001 measured by 
one way ANOVA. 
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4.3.8 In Vivo Titration of Candidate Adjuvant MTri-DAP.  

Adult female CB6F1 mice were i.m. immunised with a 0.1 μg dose of HA alone, or in 

combination with a 0.05, 0.5 or 5 μg dose of MTri-DAP crystals and challenged with 

6x104 p.f.u H1N1 ENG195 4 weeks later. No significant differences were observed in 

weight change between any groups immediately following immunisation (Figure 

4.16A). Following influenza challenge, all groups initially lost weight at a similar pace 

until day 4 (Figure 4.16B). After this point, weight change percentages began to 

diverge. Mice which received the highest dose of MTri-DAP during immunisation (5 

μg) gained weight rapidly out to day 7 of challenge, and were significantly heavier 

than antigen alone mice by day 5 (p<0.05), 6 and 7 (p<0.0001). This group was also 

significantly heavier on days 6 (p<0.05) and 7 (p<0.01) than groups that received 

0.05 μg MTri-DAP. The 0.5 μg MTri-DAP dose group was significantly heavier than 

the antigen alone group on days 6 (p<0.05) and 7 (p<0.01) post-challenge, and the 

0.05 μg dose group was significantly heavier than antigen alone group on day 7 

(p<0.05).  

Although no significant differences in viral burden on day 7 of challenge were seen, a 

there was a clear trend towards reduced influenza M-gene copies with increasing 

adjuvant dose (Figure 4.16C) 

There was no significant difference between any of the immunisation groups in 

serum influenza-specific IgG titre, either pre- (Figure 4.16D) or post-challenge 

(Figure 4.16E). However, a trend towards higher specific IgG titres with higher dose 

of MTri-DAP is apparent. Influenza-specific BAL IgA measurements showed a similar 

but slightly stronger trend, but again no significant differences emerged (Figure 

4.16F). Cells isolated from the lungs were stained for CD3, CD4, CD8 and influenza 

specific TCR and analysed by flow cytometry. This revealed a bias towards CD4 
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(Figure 4.16G) over CD8 CD3+ (Figure 4.16H) double positive cells. This bias 

became more apparent in those groups receiving increasing doses of MTri-DAP 

during immunisation. The highest proportions of influenza-specifc CD8+ cells was 

found in mice which received the 0.5 μg dose of MTri-DAP (Figure 4.16I), but there 

were no significant differences observed between any groups in this respect.  

  

Figure 4.16 In vivo titration of candidate adjuvant Mtri-DAP.  

Adult female CB6/F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, in combination 
with 0.05, 0.5 or 5ug dose of Mtri-DAP. 4 weeks later, mice were infected i.n. with 6x10^4 p.f.u H1N1 
ENG195 influenza. Mice were monitored for weight changes during infection before harvest on day 7 
post-infection. Weight change during immunisation (A) and during influenza infection (B). Serum anti-
H1N1 IgG levels were assessed before (D) and 7 days after infection (E). BAL anti-H1N1 IgA (F). 
Proportions of CD3+ cells which were also positive for CD4 (G) and CD8 (H), and CD8+ cells specific 
for influenza (I). Points (A and B) and lines (C-I) represent mean of n=4 or 5 mice. (K-M) Lines 
represent best fit of pooled data from all mice. *p<0.05, and ***p<0.001 and ****p<0.0001 measured 
by two-way ANOVA. 
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The were no significant differences in the numbers of cells recovered from either 

BAL (Figure 4.17A) or lung homogenates (Figure 4.17B) on day 7 post-infection, 

although in each case, a trend towards higher numbers with increasing MTri-DAP 

dose was noted. Correlation analysis of day 7 post challenge percentage weight loss 

with influenza specific IgG (Figure 4.16B) and IgA (Figure 4.16D) revealed a strong 

trend for weight recovery with increasing IgA (p<0.0009) and to a lesser extent IgG 

(p<0.1487), but as seen in previous studies, no such correlation for influenza specific 

CD8+ cells and weight change (p<0.65) (Figure 4.17E). Following the titration 

studies, it was clear that of the 3 candidates tested as adjuvants, NanoSiO2 was 

conferring the greatest protection to influenza challenge. Therefore NanoSiO2 was 

selected as the candidate adjuvant to be investigated further.  

  A B 
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Figure 4.17 In vivo titration of candidate adjuvant Mtri-DAP.  

Total number of cells isolated from BAL fluid (A) and lung homogenates (B). Correlation of day 7 
serum anti-influenza IgG (C), BAL anti-influenza IgA (D) and influenza-specific proportion of CD8+ 
cells (E) to day 7 infection weight loss %. Horizontal (A,B) and diagonal (C-E) Lines represent best fit 
of pooled data from all mice.  
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4.3.9 Efficacy of High Dose NanoSiO2 as a Vaccine Adjuvant During 

Neonatal Immunisation 

The next study sought to investigate whether, when used as a neonatal vaccine 

adjuvant, NanoSiO2 could confer increased protection to influenza infection. 

Neonatal (1 week old) CB6F1 mice were i.m. immunised with a 0.1 μg dose of HA 

alone, or in combination with a 50 μg dose of NanoSiO2 and challenged with 6x104 

p.f.u H1N1 ENG195 5 weeks later. As early as day 2, significant differences in 

weight change were observed (Figure 4.18A). Mice immunised in combination with 

50 μg NanoSiO2 remained at 100% original weight by day 2, whereas mice receiving 

antigen alone during immunisation rapidly lost a significant amount of weight in 

comparison (p<0.001). Between days 2 and 4, the NanoSiO2 treated mice lost 

weight rapidly before gradually recovering out to day 7 of challenge. In contrast, 

antigen alone immunised mice continued to lose weight out to day 7 of challenge, 

and had lost significantly more weight on days 5, 6 and 7 than the NanoSiO2 treated 

group (p<0.001). NanoSiO2 immunised mice had significantly higher numbers of 

cells in the BAL fluid on day 7 of challenge than mice immunised only with antigen 

(p<0.01) (Figure 4.18B), but there was no difference in the number of cells isolated 

from the lungs at the same time point (Figure 4.18C). Mice immunised with antigen 

alone had barely detectable influenza-specific IgG in pre or post-challenge serum 

samples, whereas mice immunised in combination with NanoSiO2 had significantly 

higher titres at both time points (p<0.05) (Figure 4.18D and E). A similar pattern was 

observed with BAL fluid influenza-specific IgA; NanoSiO2 adjuvanted mice had 

significantly higher titres than mice which received antigen alone (p<0.05) (Figure 

4.18F).  
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Figure 4.18 Efficacy of High Dose NanoSiO2 as a Vaccine Adjuvant During Neonatal 
Immunisation.  

Neonatal male and female CB6F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or in 
combination with a 50 ug dose of NanoSiO2. 5 weeks later, mice were infected i.n. with 6x10^4 p.f.u 
H1N1 ENG195 influenza. Mice were monitored for weight changes during infection before harvest on 
day 7 post-infection. Weight change during influenza infection (A). Total cells in BAL fluid (B) and lung 
homogenates (C). Serum Anti-influenza IgG before (D) and 7 days after infection (E). BAL anti-
influenza IgA 7 days after infection (F). Points (A) and lines (B-F) represent means of n=6 or 7 mice. 
*p<0.05, **p<0.01 and ***p<0.001 measured by two-way ANOVA (A) or t-tests (B - F). 
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Cells in the lungs on day 7 of challenge were isolated and stained for T cell markers 

before analysis by flow cytometry (Figure 4.19). There were no differences in 

proportions or total number of cells gated as lymphocytes that stained positive for 

CD3+ between the two groups (Figure 4.19A and B). However, antigen alone 

immunised mice had a significantly larger (p<0.01) proportion of CD4+ CD3+ cells 

(Figure 4.19C) and a significantly lower (p<0.05) proportion of CD8+ CD3+ cells 

(Figure 4.19E) than mice immunised in combination with NanoSiO2. However, these 

proportions, when coupled with total cell numbers in the lung, did not translate into 

significant differences in total CD4+CD3+ (Figure 4.19D) and CD8+ CD3+ (Figure 

4.19F) cell numbers. Although NanoSiO2 treated mice tended to have greater 

numbers of flu-specific CD8+ CD3+ cells, either as a proportion or as a total cell 

number (Figure 4.19G and H), there were no significant differences between the 

groups in this respect.  
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4.19 Efficacy of High Dose NanoSiO2 as a Vaccine Adjuvant During Neonatal Immunisation.  

Neonatal male and female CB6/F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or 
in combination with a 50 ug dose of NanoSiO2. 4 weeks later, mice were infected i.n. with 6x10^4 
p.f.u H1N1 ENG19 5 Influenza A. Mice were monitored for weight changes during infection before 
harvest on day 7 post-infection. Lung T cells were analysed by flow cytometry. % and total CD3+ 
lymphocytes (A and B). % and total CD3+ CD4+ lymphocytes (C and D). % and total CD3+ CD8+ 
lymphocytes (E and F). % and total flu-specific CD3+ CD8+ lymphocytes (G and H). Lines represent 
means of n=6 or 7 mice. *p<0.05, **p<0.01 and measured by t-test. 
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4.3.10 The Effect of Pre and Post-immunisation Administration of 

Anti-IL-1β Antibody on the Adjuvant Effect of NanoSiO2 

Next, the effect of blocking IL-1β during immunisation on the adjuvant effect of 

NanoSiO2 was investigated (Figure 4.20). Adult female CB6F1 mice were i.m. 

immunised with a 0.1 μg dose of HA alone, or in combination with a 50 μg dose of 

NanoSiO2. One group of mice was administered 0.5 µg anti-mIL-1β i.p one day prior 

to and one day following immunisation. Mice were challenged with 6x104 p.f.u H1N1 

ENG195 4 weeks later. In keeping with previous studies, all groups of mice initially 

lost weight to day 4 of challenge. However, both groups that received NanoSiO2 

combined vaccines lost less weight than antigen alone mice and recovered large 

proportions of weight by day 7 (Figure 4.20A). Both adjuvanted groups had lost 

significantly less weight than antigen alone groups on both days 5 (p<0.01 

NanoSiO2; p<0.05 NanoSiO2 + anti-mIL-1β) and 6 (p<0.001 NanoSiO2; p<0.01 

NanoSiO2 + anti-mIL-1β) of the challenge period. Although the degree of significance 

relative to antigen alone group was different, there was no significant difference 

between mice which had and had not received anti-mIL-1β treatment flanking 

immunisations. Analysis of influenza specific IgG in pre- (Figure 4.20B) and post- 

(Figure 4.20C) challenge serum revealed no significant differences between any of 

the groups at either time point, however, the highest IgG titres were consistently 

found in the sera of mice immunised in combination with NanoSiO2 but without anti-

mIL-1β blocking treatment. Animals which received the anti-mIL-1β treatment had 

titres of specific antibody comparable to those found in mice which received only 

antigen during immunisation. Influenza specific IgA was detectable in the BAL fluid of 

all groups on day 7 of challenge (Figure 4.20D), and no significant difference 

between these groups was found. 
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Next, total cell numbers isolated from BAL and lungs on day 7 of challenge were 

compared (Figure 4.20 E and F). Although no significant differences were observed 

between groups in either measure, as previously observed, a trend towards lower 

lung cell and higher BAL cell numbers was seen in mice immunised with NanoSiO2 

adjuvantation, whereas lowest BAL cell counts, and highest lung cell counts were 

seen in mice immunised with antigen alone. Mice immunised in combination with 

NanoSiO2 and also administered anti-mIL-1β had cell numbers between NanoSiO2 

and antigen alone groups in both measures.  
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Figure 4.20 The Effect of Pre and Post-Immunisation Administration of Anti-mIL-1β 
Antibody on the Adjuvant Effect of NanoSiO2.  

Adult female CB6F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or in 
combination with 50 ug dose of NanoSiO2. In one group receiving adjuvanted vaccine, 0.5 
mg anti-mIL-1β antibody was administered i.p. 24 hours before and after immunisations. 4 
weeks later, mice were infected i.n. with 6x10^4 p.f.u H1N1 ENG195 influenza. Mice were 
monitored for weight changes during infection before harvest on day 7 post-infection. Weight 
change during influenza infection (A). Serum Anti-influenza IgG before (B) and 7 days after 
infection (C). BAL anti-influenza IgA 7 days after infection (D). Total cells in BAL (E) and 
lungs (F) on day 7 after infection. Points (A) and lines (B – F) represent mean of n=5 or 6 
mice. *p<0.05, **p<0.01 NanoSiO2 vs Antigen Alone and #p<0.05, ##p<0.01 NanoSiO2 anti-
IL-1β vs Antigen Alone as measured by two-way ANOVA.  
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Cells in the lungs on day 7 of challenge were isolated and stained for T cell markers 

before analysis by flow cytometry (Figure 4.21). This revealed that as before, in 

terms of proportion, immunisation in combination with NanoSiO2 leads to a greater 

CD3+ CD4+ (Figure 4.21A) to CD3+ CD8+ (Figure 4.21C) bias than immunisation 

with antigen alone. Mice administered anti-mIL-1β flanking immunisation in 

combination with NanoSiO2 had a CD4+/CD8+ ratio closer to that of the antigen 

alone group than the NanoSiO2 group. Owing to higher overall cell numbers isolated 

from the lungs, mice in the antigen alone group had the highest numbers of CD3+ 

CD4+ cells (Figure 4.21B), and significantly higher numbers of CD3+ CD8+ cells 

(p<0.05) (Figure 4.21D). The two NanoSiO2 groups had the largest proportion of 

CD3+ CD8+ cells which were also specific for influenza (Figure 4.21E), but there 

were no differences in total numbers of these cells between the groups (Figure 

4.21F). 
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4.21 The Effect of Pre and Post-immunisation Administration of Anti-IL-1β Antibody on the 
Adjuvant Effect of NanoSiO2.  

Adult female CB6F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or in combination 
with 50 ug dose of NanoSiO2. In one group receiving adjuvanted vaccine, 0.5 mg anti-mIL-1β antibody 
was administered i.p. 24 hours before and after immunisations. 4 weeks later, mice were infected i.n. 
with 6x10^4 p.f.u H1N1 ENG195 influenza. Mice were monitored for weight changes during infection 
before harvest on day 7 post-infection. % (A) and total number (B) of CD3+ cells also CD4+. % (C) and 
total number (D) of CD3+ cells also CD8+. % (E) and total number (F) of CD3+ CD8+ cells specific for 
influenza. Lines represent mean of n=5 or 6 mice. *p<0.05 measured by one-way ANOVA.  
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4.3.11 The Effect of Pre and Post-immunisation Administration of 

Caspase-1 Inhibitor on the Adjuvant Effect of NanoSiO2 

Following results obtained when administering anti-mIL-1β before and after 

immunisation (Figure 4.20 and 4.21), the next study sought to investigate the role of 

another major product of inflammasome activation, caspase-1, in the adjuvant effect 

of NanoSiO2 (Figure 4.22 and 4.23).  

Adult female CB6F1 mice were i.m. immunised with a 0.1 μg dose of HA alone, or in 

combination with a 50 μg dose of NanoSiO2. Similar to the last study, one group of 

mice was administered anti-mIL-1β i.p one day prior to and one day following 

immunisation at an increased dosage of 1mg. Another group, immunised with 

antigen combined with NanoSiO2, was i.p administered 10 mg/kg caspase-1 inhibitor 

(YVAD) one day prior to and one day following immunisation. All groups lost weight 

until day 4 of the challenge period, but the NanoSiO2 and NanoSiO2 + anti-mIL-1β 

lost less weight than the other groups (Figure 4.22A). The antigen alone group lost 

the most weight and continued to lose weight until day 6 of challenge before 

recovering slightly. The group which received caspase-1 inhibitor YVAD lost less 

weight than antigen alone but more than the other groups. This group was 

consistently around 5% original weight below NanoSiO2 and NanoSiO2 + anti-IL-1β 

groups, but consistently around 5% above antigen alone mice. By day 5, both the 

NanoSiO2 and NanoSiO2 + anti-mIL-1β groups had lost significantly (p<0.05) less 

weight than the antigen alone group. This difference amplified on days 6 and 7 of 

challenge (p<0.01).  

The highest serum influenza-specific IgG titres before challenge were found in 

samples obtained from the NanoSiO2 group (Figure 4.22B). Compared to antigen 

alone, titres were elevated in all groups which received NanoSiO2 adjuvanted 
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vaccines; however titres were noticeably lower in mice which had received the 

caspase-1 inhibitor YVAD. A similar pattern was observed when serum obtained on 

day 7 of challenge was analysed; YVAD treatment lead to a noticeable drop in 

influenza specific IgG titre compared to both of the other groups receiving NanoSiO2, 

but were still slightly above titres found in the antigen alone group (Figure 4.22C). 

When BAL influenza-specific IgA was analysed, it was found that the NanoSiO2 

group once again possessed the highest titres on day 7 of challenge. All other 

groups had lower titres which were almost identical to each other (Figure 4.22D).  

Cell numbers in lungs (Figure 4.22E) and BAL (Figure 4.22F) fluid on day 7 of 

challenge were similar between all groups, however, the trend for increased BAL cell 

numbers in the NanoSiO2 group was again evident. 

When PCR for the influenza M gene was performed on snap-frozen lung samples 

obtained on day 7 of challenge, antigen alone mice had significantly more copies 

(p<0.05), indicating a significantly higher viral load, than all other groups (Figure 

4.22G). The M-gene signature was almost undetectable in all groups receiving 

NanoSiO2 adjuvant. 

  



204 
 

 

 

 

 

  

Figure 4.22 The effect of pre and post-immunisation administration of caspase-1 
inhibitor on the adjuvant effect of NanoSiO2. 

Adult female CB6F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or in 
combination with 50 ug dose of NanoSiO2. In one group receiving adjuvanted vaccine, 0.5 
mg anti-mIL-1β antibody was administered i.p. 24 hours before and after immunisations. One 
further group was administered 10mg/kg body weight caspase-1 inhibitor (YVAD) i.p. 24 
hours before and after immunisations. 4 weeks later, mice were infected i.n. with 6x10^4 p.f.u 
H1N1 ENG195 influenza. Mice were monitored for weight changes during infection before 
harvest on day 7 post-infection. Weight change during influenza infection (A). Serum anti-
influenza IgG was assessed 1 day before (B) and 7 days after infection (C). BAL anti-
influenza IgA on day 7 of infection (D). Total cells isolated from lung homogenates (E) and 
BAL fluid (F). D7 Lung Influenza A M-gene copies (G). Points (A) and lines (B-G) represent 
mean of n=5 mice. *p<0.05, **p<0.01 NanoSiO2 vs Antigen Alone or for indicated groups as 
measured by two (A) or one-way (G) ANOVA.  
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Cells in the lungs on day 7 of challenge were isolated and stained for T cell markers 

before analysis by flow cytometry (Figure 4.23). In keeping with previous 

observations, NanoSiO2 adjuvantation without immunological intervention treatments 

leads to an increase in proportional bias towards CD3+ CD4+ (Figure 4.23A) over 

CD3+ CD8+ cells (Figure 4.23C) compared with immunisation with antigen alone. 

Treatment with either anti-mIL-1β or YVAD resulted in a CD4/CD8 ratio comparable 

to that seen in antigen alone treated mice. This bias is less evident when total cell 

numbers are analysed owing to the differences in total cell numbers isolated from 

each group (Figure 4.23B and D). NanoSiO2 and NanoSiO2 + anti-mIL-1β treatment 

groups had the highest proportions of influenza-specific CD3+ CD8+ cells (Figure 

4.23E). YVAD treated mice had proportions of these cells comparable to 

immunisation with antigen alone. When total influenza-specific CD3+ CD8+ cell 

numbers were calculated, NanoSiO2 groups had the highest average, but groups 

administered anti-mIL-1β or YVAD had numbers more comparable to those seen in 

the lungs of mice immunised with antigen alone (Figure 4.23F).  
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Figure 4.23 The Effect of Pre and Post-Immunisation Administration of Caspase-1 Inhibitor or 
Anti-mIL-1β Antibody on the Adjuvant Effect of NanoSiO2.  

Adult female CB6/F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or in combination 
with 50 ug dose of NanoSiO2. In one group receiving adjuvanted vaccine, 1 mg anti-mIL-1β antibody 
was administered i.p. 24 hours before and after immunisations. One further group was administered 
10mg/kg body weight caspase-1 inihibitor (YVAD) i.p. 24 hours before and after immunisations. 4 
weeks later, mice were infected i.n. with 6x10^4 p.f.u H1N1 ENG195 influenza. Mice were monitored 
for weight changes during infection before harvest on day 7 post-infection. Proportions and total 
number of CD3+ cells which were also positive for CD4 (A and B) and CD8 (C and D), and CD8+ cells 
specific for influenza (E and F). Lines represent mean of n=5 mice.  
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4.3.12 Protective Efficacy of NanoSiO2 to High Dose Influenza 

Challenge. 

Previous results have shown that when used as an adjuvant during intramuscular 

administration of influenza H1N1 vaccine, NanoSiO2 imparts a good partially 

protective response to challenge, and the efficacy of NanoSiO2 is dose-dependent. 

What remained unclear however was the limit of this protection in terms of initial 

challenge burden. Therefore, the outcome of challenge following an increase in the 

p.f.u dose of H1N1 influenza A from 6x104 to 2x105 was investigated. Two groups of 

mice were immunised with either 0.1 μg dose of H1N1 antigen alone or combined 

with 50 μg dose of NanoSiO2, before being challenged with the increased dose of 

virus. Initially, both groups had similar weight loss profiles, reducing to around 80-

85% original weight by day 4 (Figure 4.24A). However, at this point, the groups 

weight loss profiles diverged rapidly. NanoSiO2 treated mice gained weight to 

recover to 90% original weight by day 7 of challenge, whereas antigen alone treated 

groups continued to lose weight. This resulted in significant differences in weigh 

change by days 6 and 7 (p<0.00001). NanoSiO2 treatment induced significantly 

higher anti-H1N1 IgG titres in serum pre-challenge (Figure 4.24B) (p<0.05), and a 

similar pattern, but increased in magnitude, was observed on day 7 of challenge, 

although this was not significant (Figure 4.24C). BAL fluid recovered from NanoSiO2 

treated mice at day 7 of challenge contained significantly higher titres of anti-H1N1 

IgA than those observed in antigen alone treated mice (Figure 4.24D) (p<0.01). The 

NanoSiO2 treated group also had the highest BAL cell numbers (Figure 4.24E), 

significantly higher than those seen in the antigen alone group (p<0.05). NanoSiO2 

treatment also resulted in more cells recovered from lung homogenates, but this was 

not significantly more than those recovered from lungs of the antigen alone group. 
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4.24 Protection to High Dose Influenza Infection by NanoSiO2 as a Vaccine Adjuvant. 

Adult female CB6F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or in 
combination with a 50 ug dose of NanoSiO2. 4 weeks later, mice were infected i.n. with 2x10^5 
p.f.u H1N1 Cal09 influenza. Mice were monitored for weight changes during infection before 
harvest on day 7 post-infection. Weight change during influenza infection (A). Serum anti-influenza 
IgG was assessed 1 day before (B) and 7 days after infection (C). BAL anti-influenza IgA on day 7 
of infection (D). Total cells isolated from BAL fluid (E) and lung homogenates (F). Points (A) and 
lines represent mean of n=5 mice. *p<0.05, **p<0.01, ****p<0.0001 measured by t-tests.  
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Next, the cellular response in the lungs on day 7 of challenge was investigated by 

flow cytometry. Again as observed previously, NanoSiO2 adjuvanted immunisation 

results in a stronger bias towards CD3+ CD4+ (Figure 4.25A) over CD3+ CD8+ cells 

(Figure 4.25C) compared with immunisation with antigen alone. The higher number 

of cells recovered from the lungs of NanoSiO2 treated mice translated into higher 

total numbers of both CD3+ CD4+ (Figure 4.25B) and CD3+ CD8+ (Figure 4.25D) 

cells compared to antigen alone mice. The NanoSiO2 group had higher proportions 

(Figure 4.25E) and total numbers (Figure 4.25F) of CD8+ cells that were specific for 

H1N1 than the antigen alone group. 
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Figure 4.25 Protection to High Dose Influenza Infection by NanoSiO2 as a Vaccine 
Adjuvant Immunisation.  

Adult female CB6F1 mice were immunised i.m. with 0.1 ug H1N1 HA antigen alone, or in 
combination with a 50 ug dose of NanoSiO2. 4 weeks later, mice were infected i.n. with 2x10^5 
p.f.u H1N1 Cal09 influenza. Mice were monitored for weight changes during infection before 
harvest on day 7 post-infection. Proportions and total number of CD3+ cells which were also 
positive for CD4 (A and B) and CD8 (C and D), and CD8+ cells specific for influenza (E and F). 
Lines represent mean of n=5 mice. 
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4.3.13 Optimisation of Muscle Cell Isolation Protocol  

It was important to attempt to understand the mechanism of action of the putative 

inflammasome targeting adjuvants. This could in part be achieved by assessing the 

recruitment of innate immune effector cells to the site of injection immediately 

following immunisation. The response of such cells response will ultimately frame the 

adaptive response to the vaccine antigen. Intramuscular injection is a common 

administration route for vaccination; however, few reliable protocols for 

characterising immune cell populations within muscle exist. Recently, [208] 

described the characterisation of innate cell influx into muscle following injection with 

MF59 adjuvant and a reliable method of extracting these cells. Before utilising this 

protocol (2.5.11) for studies it was important to perform a pilot study with the aim of 

successfully identifying various innate populations which had been recruited to the 

site of injection. MF59 was used as the model adjuvant. 5 adult female CB6F1 mice 

hind leg muscles were injected with 50 μL of a 1:1 diluted PBS:MF59 solution and 

excised after 24 hours. Cells were extracted as previously described (2.5.11), 

stained for surface markers for neutrophils (Ly6G+), macrophages (F4/80+, CD80+, 

MHCIIlo) monocytes (CD80+) dendritic cells (MHCIIhi) and natural killer cells 

(NK1.1+), and analysed by flow cytometry. These cells were quantified and 

compared to control uninjected muscles from the same mice. In all mice, MF59 

injected muscles had noticeably larger numbers of cells expressing these innate 

markers than the comparison non-injected muscles (Figure 4.26). The difference 

was striking, given that the control uninjected muscles had to be pooled into a single 

sample in order to reliably gate enough events to form a valid result. The most 

populous cell type were CD80 expressing cells (Figure 4.26D), indicating a large 

monocyte/macrophage presence in MF59 injection sites. Ly6G positive cells also 
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made up a large proportion of live cells (Figure 4.26B), indicating that neutrophils 

also play a role in the response to MF59.  

These results confirmed the efficacy of this protocol for the isolation of innate cell 

populations and also indicated that resting muscle does not contain large number of 

innate cells. 

 

  

Figure 4.26. Muscle Immune Cell Isolation Protocol Optimisation.  

Adult female CB6/F1 mice were i.m. injected in the right hind quadriceps muscle with MPLA. The 
left quadricep was not injected. 24 hours following injection, mice were culled for harvest and both 
quadriceps muscles excised and digested into a single cell suspension. Cells were analysed by 
flow cytometry. Live cells (A), were stained for Ly6G (B), F4/80 (C), CD80 (D), MHCII (E) and 
NK1.1 (F). Lines represent mean of n=5 mice for MF59 injection, and all 5 injected muscles 
combined to produce the control non-injected comparison. 
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4.3.14 Acute Responses to Intramuscular Injection of Adjuvant 

Candidates 

Having successfully established a working protocol for the isolation of immune cells 

in muscle tissue, the characterisation of the acute, local innate cellular response to 

CPPD, MTriDAP and NanoSiO2 in vivo could proceed. The response to these 

putative adjuvants was compared to the response to an established adjuvant, MF59, 

to MPLA, and also to PBS to control for the effect of the injection bolus on the 

recruitment of cells to the site. Adult female CB6F1 mice were injected with a 50 µL 

volume of each of these treatments in the right hind quadriceps. Mice were bled for 

serum cytokine analysis at 4, 12 and 24 hours post injection (Figure 4.28 and 4.29). 

Mice were culled at 24 hour post injection and injected muscles harvested and 

processed as before. Following isolation from muscle, cells were stained for the 

surface markers Ly6G, CD80, F4/80 and MHCII. Cells were also stained for the 

marker of recruited cells CD11b (Figure 4.27A – D).  

Due to difficulties with quantifying total cells isolated in such preparations, results 

were depicted as the number of positive events per 50,000 live events. Muscles 

injected with 40 μg CPPD had the highest number of Ly6G CD11b double positive 

cells (Figure 4.27A), regarded as incoming neutrophils. This number was 

significantly higher than those seen in control PBS injected muscles (p<0.05). All 

other treatments had elevated, though not significantly increased numbers of these 

cells compared to PBS injection. MF59 injection resulted in the highest numbers of 

CD80 CD11b double positive cells (Figure 4.27B), considered to be recruited 

monocyte lineage cells, and CD11b F4/80 double positive cells (Figure 4.27C), 

considered to be recruited macrophages. MF59 induced significantly higher numbers 

of both these cell types than PBS injection (p<0.05). Again, all treatments increased 
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numbers of such cells in muscles compared to PBS injection. Finally, numbers of 

MHCII CD11b double positive cells were assessed. This revealed increased 

numbers of such cells in muscles following all treatments compared to PBS, but 

none were significantly higher. 

In addition to muscles, the sciatic draining lymph nodes, serving the hind limbs [248], 

were also harvested. Following cell isolation, preparations were subjected to an 

identical staining protocol as muscle preparations. (Figure 4.27E – H). No significant 

differences were observed between any treatment groups in this instance. It is 

possible that the harvest time point was too early to detect the influx of such cells to 

these lymph nodes, or that cells trafficked to an alternative hind limb lymph node 

such as the subiliac or popliteal nodes [248]. 
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Figure 4.27 Acute Cellular Responses to i.m Injection of Adjuvant Candidates.  

Adult female CB6/F1 mice were administered PBS, 1μg MPLA, MF59, 40 μg CPPD, 5 μg 
MTriDAP or 50 µg NanoSiO2 i.m. in a 50 μL volume in the right hind quadricep muscle. Serum 
was sampled at 4 and 12 hours post-injection before mice were culled for harvest at 24 hours. 
Injected muscles (A – D) and draining lymph nodes (E – H) were excised and digested into a 
single cell suspension. Cells were analysed by flow cytometry. Live cells were stained for Ly6G 
(A and E), CD80 (B and F), F4/80 (C and G), MHCII (D and H) as well as CD11b (A-H).). Lines 
represent mean of n=5 mice. *<p=0.05 measured by one-way ANOVA. 
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The serum cytokine response was also measured during the course of this study to 

determine if local i.m injection results in a detectable systemic response. Serum was 

sampled at 4, 12 and 24 hours after injection and analysed using a 17-plex luminex 

kit. 5 of the kits analytes; mTNF-a, mIL-2, mIL-6, mIFN-y and mRANTES, were 

undetectable in all samples at all time points. Overall, MF59 injection produced the 

highest concentrations of serum cytokines, noticeably higher than all other conditions 

for mJE and mKC at the 4 and 12 hour time points, and higher at 24 hours for mIL-

12p70. Additionally, MF59 caused serum mIL-5 concentrations to spike at 12 hours 

post-injection. However, none of these concentrations were significantly increased 

over those found in serum from all other conditions. CPPD injection resulted in 

noticeably increased mIL-1β at 12 hours post-injection, but this was not significantly 

higher than any other condition. MPLA injection resulted in an increase in serum 

mVEGF concentration at 24 hours post-injection, but again this was not significantly 

increased over the other treatments. All other cytokine tested mGM-CSF, mMIP-2α, 

mIL-1α, mIL-10, mCRG2 and mMIP-1α), were at similarly low levels following all 

treatments. 
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Figure 4.28 Acute Cytokine Responses to i.m Injection of Adjuvant Candidates.  

 

Adult female CB6/F1 mice were administered PBS, 1μg MPLA, MF59, 40 μg CPPD, 50µg 
NanoSiO2 or 5 μg MTriDAP i.m. in a 50 μL volume in the right hind quadricep muscle. Serum 
was sampled at 4 and 12 hours post-injection before mice were culled for harvest at 24 hours. 
Serum cytokines and chemokines were analysed by Luminex. mGM-CSF (A). mJE (B). mMIP-
2α (C). mIL-1α (D). mKC (E). mIL-12p70 (F). Points represent mean of n=5 mice.  
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Figure 4.29 Acute Cytokine Responses to i.m Injection of Adjuvants.  

Adult female CB6/F1 mice were administered PBS, 1μg MPLA, MF59, 40 μg CPPD, 5 μg 
MTriDAP or 50 µg NanoSiO2i.m. in a 50 μL volume in the right hind quadricep muscle. Serum 
was sampled at 4 and 12 hours post-injection before mice were culled for harvest at 24 hours. 
Serum cytokines and chemokines were analysed by Luminex. mIL-1β(A). mVEGF (B). mIL-5 
(C). mIL10 (D). mCRG2 (E). mMIP-1α (F).Points represent mean of n=5 mice.  
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4.4 Chapter Summary 

In summary, this chapter was concerned with the identification of inflammasome 

inducing compounds which could be used as adjuvants to increase vaccine efficacy, 

with the overarching aim of inducing strong immune responses in early life mouse 

models. The hypothesis was that the NLRs, particularly those which form 

inflammasome complexes, would make good alternative adjuvant targets, offering an 

alternative to classical TLR targeting adjuvants which have proven less efficacious in 

young children 

IL-1β was again used as the primary measurement of inflammasome engagement by 

putative agonists. NanoSiO2, CPPD and MTriDAP showed particularly strong 

inflammasome stimulating properties in THP-1 cells in vitro, and NanoSiO2 showed 

ability to induce inflammasome activity in bone marrow macrophages. 

Influenza mouse models used to assess adjuvant capacity of compounds. Although 

several of the tested compounds demonstrated some protective effect, NanoSiO2 

was taken forward for more detailed studies as the most consistent performer. 

Coupling influenza H1N1 antigens with NanoSiO2 as a single formulation lead to 

significant protection to weight loss and faster recovery in both adult and neonatal 

mice following intranasal H1N1 influenza challenge. This protective capacity also 

extended to protection to lethal challenge. In addition, increasing adjuvant dose lead 

to increased anti H1N1 antibody titres.  

The involvement of the inflammasome in this protective effect was then assessed by 

selectively blocking both IL-1β and caspase-1 activity in vivo. Analysis of such 

studies revealed that in fact, IL-1β may be dispensable for the adjuvant action of 

NanoSiO2. A modest reduction in protective effect of NanoSiO2 was noted following 

caspase-1 inhibition. 
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5 Discussion  

5.1 Role of RSV ΔSH Gene 

5.1.1 The Difference in the Response between HEp-2 and Immune Cell 

Lines 

When examining the difference between the IL-1β responses to ΔSH RSV of HEp-2 

cells and immune cells, there are two possibilities. First, is this difference a reflection 

of the ability to become infected, or the ability of the virus to infect that cell? It would 

be expected that cells which could harbour RSV would be those cells seen to have 

the strongest IL-1β response. Using GFP-tagged RSV (Figure 3.2), it is clear that in 

fact, the HEp-2 cell line is highly permissive to RSV infection and replication, but 

these cells do not mount strong IL-1β responses to either WT or ΔSH RSV infection 

(Figure 3.3). Conversely, cells which support RSV replication less strongly, such as 

the THP-1 cell line (Figure 3.8 and 3.9), release high concentrations of IL-1β during 

ΔSH RSV infection (Figure 3.6 and 3.7), indicating a strong inflammasome response. 

These observations suggest that the nature of the cells themselves is the key to the 

difference in the IL-1β response.  

Although certain epithelial cells, especially those located at mucosal surfaces, 

possess the capability to form inflammasome complexes [249] including in response 

to respiratory viruses such as influenza [250], they have not classically been 

associated with inflammasome activity, and epithelial cell inflammasome responses 

are likely to play roles distinct from immune cells, including promotion of wound 

healing [251] and pain sensitivity [252]. Instead, it is myeloid (bone marrow) cells of 

the immune system, particularly those of innate immunity, which are most often 

observed to produce IL-1β via inflammasome formation in response to pathogenic 
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stimuli [253]. It is therefore likely that the differences in IL-1β responses seen in vitro 

reflect the epithelial or immune lineages of those cells. 

5.1.2 SH Protein Involvement in Elevated IL-1β 

Since SH encodes a viral envelop protein, it is possible that its absence results in an 

earlier recognition of some viral PAMP that was perhaps masked or not present 

when SH is present. To test that infection and replication of virus is required for 

increased IL-1β both WT and ΔSH viruses were made incapable of productive 

infection whilst maintaining the integrity of the envelope. This was achieved by 

ultraviolet irradiation of aliquots of both viral strains. UV inactivation of RSV [254], 

[255] and other respiratory viruses is a common technique. Since sustained UV 

exposure sheers and scrambles RNA, this would ablate the ability of RSV to 

replicate and produce progeny. If the increased IL-1β production by cells continued 

despite the fact that the virus could not replicate and produce its gene products, this 

would suggest that the initial recognition of the virus during viral attachment and 

fusion was the trigger. 

Many PRRs recognise conserved viral motifs including RNA, which itself acts as a 

PAMP, and so it was important to exclude. Viral RNA has also recently been 

identified as a possible activator of the NLRP3 inflammasome [250]. UV inactivation, 

whist disrupting RNA sufficiently to inactivate viruses, produces RNA residues which 

remain capable of activating TLR3 [256].  In addition, RSV has been shown to bind 

and activate TLR4 on the surface of target cells [257], and TLR4 activation can feed 

into the priming steps of inflammasome activation [258].  

The efficacy of UV inactivation of virus was confirmed using GFP expressing RSV 

(Figure 3.8). The GFP gene is present at the beginning of the RSV genome, and so 
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expression of GFP by infected cells indicates that replication of the viral genome has 

commenced [242].  

These studies found that following UV inactivation, at all previously assessed time 

points, ΔSH RSV infection no longer caused THP-1 cells to produce high levels of IL-

1β (Figure 3.7).  

This result indicates two things. Firstly, exogenous RNA sequences, which 

commonly lead to inflammatory responses upon detection, are not responsible for 

the IL-1β of cells during the initial stages of ΔSH RSV infection. Additionally, intact 

viral particles, with or without SH laden envelopes, are not capable of inducing this 

response alone. However, TLR3/4 activation, or indeed activation of any of the TLRs 

involved in virus recognition, may well be one of the triggers of the inflammasome 

response following the generation of new viral RNA, but investigating this was out 

with the scope of these studies. 

Secondly, combined with results obtained using GFP RSV, it is clear that 

transcription of viral genes is required to induce the increased production IL-1β of 

THP-1 cells to SH gene deleted RSV infection.  

 

5.1.3 Why is ΔSH Attenuated In Vivo but not In Vitro? 

HEp-2s are a well-established cell line used for the propagation of RSV in vitro [259]. 

Using the HEp-2 cell line, both WT RSV and ΔSH RSV was shown to grow to 

comparable titres (Figure 3.2B). This indicates that the SH protein is a non-essential 

element for viral replication, and previous studies have also shown SH gene deletion 

does not attenuate RSV growth in vitro [61]. However, other studies [75], [76], [60] 

and this study clearly demonstrate that in vivo, compared to WT RSV, SH gene 
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deleted RSV does not replicate efficiently. Indeed this study demonstrates that in 

vivo, WT RSV is able to replicate as much as 1000 times more efficiently than ΔSH 

RSV (Figure 3.16D).  

This indicates that in vivo, the growth of ΔSH RSV is being inhibited in a manner that 

is not applicable in vitro. Since the same virus was used in vitro and in vivo, it must 

be assumed that some aspect of the in vivo environment is therefore responsible for 

this discrepancy. The most probable explanation is the presence of the intact 

immune response, comprising of multiple cell types. Since the control of replication is 

apparent at even the earliest time points, adaptive immune responses are redundant 

for the control of primary ΔSH RSV replication. Therefore, cells of the innate immune 

system are most likely key to the observations. These include macrophages, 

dendritic cells and neutrophils, all key inflammasome competent innate immune first 

responders. 

Increased levels of IL-1β were noted during the acute infection time points in lungs of 

ΔSH infected animals (Figure 3.16C). In vitro, this was seen only from cells of 

immune origin (Figure 3.6, 3.7 and 3.10), or from PBMCs (Figure 3.5), the majority of 

which is comprised of immune cells.  

Since ΔSH infection in vivo is associated with increased IL-1β at early time points, 

and since ΔSH RSV is attenuated in vivo, this suggests that IL-1β is in part involved 

in the attenuation of ΔSH RSV. This IL-1β is most probably produced by innate 

immune cells such as macrophages and neutrophils, and in vitro, primary neutrophils 

and the macrophage-like cell line THP-1 showed strong IL-1β responses to ΔSH 

RSV infection. 

To test the contribution of macrophages and neutrophils to the IL-1β response to in 

vivo RSV infection, animals were selectively depleted of these cell types prior to and 
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immediately following infection with RSV. The results demonstrate that depletion of 

both cell types in tandem dramatically reduced the IL-1β response to RSV infection 

in vivo (Figure 3.24, 3.25 and 3.26), suggesting that these cells make a significant 

contribution to the IL-1β response to RSV. 

 

5.1.4 The Difference in IL-1β Responses between WT and ΔSH RSV 

Strains of RSV with a deletion of the SH gene have been tested as potential vaccine 

candidates [75],[76]. This is despite a lack of understanding of the role of the SH 

protein. The studies presented here reveal a large difference in the IL-1β response of 

cells to WT or ΔSH RSV infection. When the SH protein is absent, infected cells 

produce greater concentrations of IL-1β in vitro and in vivo. How then might the SH 

protein be exerting this effect? 

As previously discussed, IL-1β is produced and released as a consequence of 

inflammasome formation [89]. The most well characterised inflammasome complex 

is that formed by the NLRP3 protein. Events leading to the convergence of the 

components of this complex are poorly understood, and no single activator ligand 

has yet been identified. Instead, there are events which appear to be common 

precursors to NLRP3 inflammasome activation. These include a variety of processes 

which lead to K+ efflux and recruitment of the pannexin-1 membrane pore [260], 

[261], [95].  

The likely structure formed by the SH protein has been solved [62], [2], [63], and 

these studies all point to the formation of a homo-oligomeric pore structure with a 

transmembrane domain. This data suggests that the SH gene encodes a viroporin, a 

common viral virulence factor [262]. The size of the “pore” formed is relatively 
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narrow, meaning that only very small molecules and ions could pass through it. This 

suggests therefore that the SH protein forms an ion channel, and indeed, strong 

evidence for this role has been found [65], [2]. Ion channel viroporins are not 

uncommon, and many other viroporins are proposed to function as ion channels 

[263], [264]. 

Since ion flux is one of the precursory events common to inflammasome formation, 

and since the SH protein is proposed to form an ion-selective channel, this suggests 

the possibility that the SH protein affects ion flux leading to changes in the activation 

state of inflammasome complexes. Therefore, the initial hypothesis of this study was 

that the SH protein is involved in the activation of the inflammasome and its absence 

would reduce IL-1β production by target cells during infection.  

Observations similar to this have been made with other respiratory virus such as 

influenza [72], and one limited study claimed this was also the case for RSV [59]. 

However, the results of the studies presented here disprove this hypothesis and 

clearly show the antithesis: The RSV SH protein acts to prevent host inflammasome 

activation and its absence therefore increases production of IL-1β during infection. 

This effect may be exerted by compensating for the loss of ions by recruiting ions 

from other cellular stores, such as the golgi apparatus [59], or by allowing previously 

exported ions a means to easily re-enter the cell of origin at the plasma membrane 

[2]. 

5.1.5 The Adaptive Advantage of the SH Protein 

Viruses possessing small genomes, such as RSV, are unlikely to possess genes 

which are redundant or which do not confer a significant advantage to that virus. 

Although the functions of the other RSV genes have been well described, the 

function of the SH protein encoded by the SH gene remains poorly understood. It 
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has been previously reported that the growth of RSV strains lacking the SH gene is 

not attenuated in vitro in epithelial cell lines. This suggests that the SH protein is not 

directly involved in viral replication events. However, SH knockout viruses are 

heavily attenuated in vivo. Taken together, this suggests that the SH protein plays a 

key role in immunomodulatory processes. As described previously, studies on the 

SH protein suggest that it may act as an ion-selective viroporin, which could 

influence inflammasome activity. 

The studies presented here provide strong evidence that the SH protein acts to 

prevent inflammasome activation. If indeed the role of the SH protein is to prevent 

inflammasome activation, this would have wide ranging positive outcomes for the 

virus.  

The inflammasomes are a pivotal innate immune response mechanism and are 

critical for the control of a number of pathogens including many viruses [265]. A 

number of antiviral immune responses, both innate and adaptive, are influenced by 

IL-1 cytokines and inflammasome activity. For example, at the local level, 

recruitment of immune cells, particularly in vascularised tissues, is heavily influenced 

by IL-1β [105] [106] [107]. Additionally, strong inflammasome activation can lead to 

pyroptosis of the host cell, destroying that cell and therefore eliminating the 

intracellular environment required for pathogen replication [129]. Moreover, 

pyroptosis releases endogenous danger signals to prime the local environment, 

guarding against further pathogen spread. 

Inflammasome activity also produces IL-18, which has been shown to induce 

activation of NK cells [116]. In particular, the production of IFN-γ is induced in NK 

cells by IL-18. IFN-γ is a particularly important antiviral cytokine and is critical for the 

control of viral pathogens. 
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Severe RSV associated immunopathology can be correlated with a Th2 response 

commonly seen in hospitalised infants. Importantly, the induction of a Th1/Th17 

response, which can be induced by active IL-18 and IL-1β respectively, has been 

linked with improved patient outcome during severe RSV disease and RSV infection 

is less likely to be fatal in the context of a Th1/Th17 response [47].  

Moreover, the induction of cytotoxic CD8 T cell proliferation has been associated 

with more positive outcomes in clinic [43]. Cytotoxic CD8 T cells are particularly 

associated with Th1 responses, which are driven by IL-18 requiring inflammasome 

activation. 

Many viruses, including RSV, induce strong humoral responses. IL-1β is often a 

requirement for efficient antiviral antibody production, particularly against antigens 

which require T cell help [113]. Anti-RSV antibody responses, although high in titre, 

can be insufficient to protect against RSV re-infection [54], and subversion of the IL-

1β response through SH mediated inflammasome regulation may be a tactic 

employed by RSV to prevent effective antibody responses 

Taken together, it would seem that possession of a gene tasked with the prevention 

of a host inflammasomal response would be evolutionarily highly advantageous. 

Therefore it follows that removing the ability of RSV to control this important aspect 

of immunity would have consequences for the fitness of the virus.  

Indeed, as previously described and shown here, ΔSH RSV growth is heavily 

attenuated in vivo. If uncontrolled induction of IL-1β production during ΔSH RSV 

infection was a major contributing factor to this viral growth attenuation, it would be 

expected that blocking IL-1β signalling would allow this virus to grow to similar titres 

as WT RSV in vivo.  
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To test this, mice were infected with WT or ΔSH RSV. One group of animals infected 

with ΔSH RSV were also administered an anti mIL-1β antibody. Earlier experiments 

revealed that the greatest difference in RSV L-gene copies recovered from infected 

lungs, a surrogate measure of viral burden, occurred on days 2 - 4 after infection 

(Figure 3.16), and when viral load was measured in mice treated with anti-IL-1β, it 

revealed that this antibody treatment had increased L-gene copy number by over 

100-fold compared to regular ΔSH RSV infected animals (Figure 3.29). This 

increased viral burden was now within one log difference of levels seen in WT RSV, 

whereas previously this difference had been between a 2-3 log difference. This then 

is the clearest evidence yet that the SH protein of RSV negatively influences 

inflammasome activation in order to subvert the IL-1β response of the host. IL-1β 

would appear to be detrimental to the fitness of the virus, and this justifies the 

possession of an anti-inflammasome virulence factor in the form of the SH viroporin. 

Indeed, lack of efficient inflammasome or IL-1 cytokine potency during infections can 

be highly detrimental to the host. This has been shown to be particularly true when 

considering viral pathogens. For example, deficiencies in the host IL-18 response 

can lead to lethal cytomegalovirus infection in mice [266]. The inflammasomes and 

their by-products have been shown by many groups to be essential to the murine 

response to a variety of mouse [250] and human [267], [268] influenza strains. 

Additionally, IL-1 cytokines may be critical for the control of H5N1 influenza infection, 

as mice lacking the IL1 receptor IL1R1 were severely compromised during infectious 

challenge, and were significantly more susceptible to mortality than WT mice ([269]). 
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5.2 Limitations and Future Work for RSV ΔSH project 

5.2.1 Inflammasome Stimulation by RSV 

These studies have produced strong evidence that the RSV SH protein is tasked 

with subverting the inflammasome responses of the host cell. This also suggests that 

some element of the RSV viral life cycle has the effect of activating the 

inflammasomes. As previously discussed, the toll-like receptor response has been 

studied in the context of RSV infection, and evidence has been found for roles for 

TLR2 – 7 in the induction of pro-inflammatory cytokines such as IFNs and TNF-α 

[270]. Although TLR activation pathways could provide the priming signal for the 

inflammasomes, the stimulus provided by RSV infection leading to IL-1β has not 

been investigated. Discovering this stimulus could inform on the mechanism of 

action of the SH protein, as well as leading to the generation of novel therapeutics. 

5.2.2 GFP RSV 

Although cells infected with GFP RSV did consequently express GFP, this cannot be 

considered proof that the RSV genome is being transcribed. The virus used was 

originally engineered by insertion of the GFP gene as the first in the genome [242]. 

This means that GFP expression simply informs of the success of initial infection and 

the start of viral gene transcription. In order to confirm full transcription of the viral 

genome, additional analysis would be required. 

5.2.3 Caspase-1 Inhibition 

In these studies, IL-1β was used as a measure of inflammasome activity. However, 

the production of IL-1β is just one consequence of this process. The primary function 

of inflammasome formation is the activation of caspase-1, which goes on to exert 

effects on IL-1 cytokines and cell death. Therefore, targeting caspase-1 may be a 
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more logical strategy in examining the role of the SH protein. This was not possible 

within the timeframe of this project, and immune interventions ended with anti-IL-1β 

administration. 

5.2.4 IL-18 

During this project, as well as studying IL-1β, attempts were made to analyse 

samples for IL-18 and to define the role of IL-18 in the contribution to the attenuation 

of ΔSH RSV. However, the lack of compatible commercially available IL-18 detection 

reagents made this particularly challenging. As a key IL-1 cytokine, analysing the 

contribution of IL-18 is a priority. IL-18 is an important cytokine for the polarisation of 

the adaptive immune response to type Th1, which as previously described, has been 

associated with improved patient outcome during severe RSV disease. 

5.2.5 Pyroptosis 

A key feature of inflammasome-mediated caspase-1 activation is the induction of the 

cell death protocol pyroptosis. Pyroptosis is distinct in a number of ways to 

apoptosis, and these differences can be exploited to distinguish between the two. 

For example, since pyroptosis causes swelling and membrane disintegration, 

pyroptotic cell death releases a number of intracellular molecules into the 

supernatant which would otherwise remain contained to apoptotic bodies during 

apoptosis. One such molecule is lactate dehydrogenase (LDH). The presence of 

LDH in sample supernatants can therefore act as measurement of pyroptotic cell 

death, which itself could be used as a surrogate measure of caspase-1 activation 

[271]. LDH detection kits are commercially available, and samples from this study 

were analysed for LDH. However, problems were encountered during the 

establishment of a standard curve for reference, and no reliable results could be 

obtained.  
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5.2.6 SH Transfection 

The contribution of the SH protein to the prevention of ion flux mediated 

inflammasome activation may be studied by inducing SH expression in a suitable cell 

type. This could be achieved by transfection of competent cell with a plasmid 

encoding the SH protein and a suitable selection marker. Once expression is 

confirmed, the cells could be stimulated with inflammasome agonists or infected with 

ΔSH RSV and compared to non-transfected cells.  

5.2.7 Mechanistic Investigations 

As described, ion channel activity of the RSV SH protein has already been 

demonstrated. However, it is possible to link this activity to inflammasome 

stimulation. By manipulating the ion content of cell culture media, it may be possible 

to influence the flow of ions into/out of the cell. If indeed, the SH protein, localised at 

the cell surface, does prevent ion flux mediated inflammasome activation by pulling 

ions back into the cell, then using ion chelators or binders to sequester ions before 

they can be recruited back into the cell by the SH protein, may render the SH protein 

ineffective. An example of a relevant compound which may be used is sodium 

polystyrene sulfonate, which is a potassium binder and is routinely used to treat 

hyperkalemia [272]. Conversely, the cell culture media may be saturated with ions in 

order to enhance this process.  

Recently, the use of a compound traditionally used as a biologic dye, Pyronin B, was 

reported to block the activity of SH as an ion channel in liposomes [273]. 

Administration of Pyronin B in the context of WT RSV infection may reveal the 

involvement of SH mediated ion flux in the suppression of inflammasome activation. 
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5.2.8 Macrophage populations in vivo 

During in vivo studies into the cellular sources of IL-1β in the lungs of infected mice, 

alveolar macrophages were described as highly positive for F4/80 and CD11c, and 

minimally positive for MHCII in wider agreement with the literature. However, another 

marker, CD11b, may have been more suitable for identifying macrophages which 

were active in the lung during the course of viral challenge. The CD11b cell surface 

marker is often used to denote active or recently recruited cells (for this reason it was 

used in later adjuvant studies as described). Therefore, replacing CD11c with CD11b 

as a macrophage marker would allow the identification of relevant cells, rather than 

cells which may simply have been resident at the time of infection which may not 

therefore have been actively recruited.  



234 
 

5.3 Discussion: Adjuvants Targeting the Inflammasome 

5.3.1 In Vitro Observations 

During screening of potential NLR activating compounds, two cell types were used. 

The first cell type was the THP-1 cell line. THP-1 cells were used as they are a well-

established model for IL-1β responses. Additionally, the previous section of this 

project successfully established the optimal protocol for THP-1 cell culture.  

THP-1 cells responded to many of the inflammasome inducing compounds tested 

with strong IL-1β production. In particular, stimulation of these cells with Nigericin, 

NanoSiO2, MTriDAP and CPPD resulted in the highest IL-1β production, and 

ultimately, it was NanoSiO2, MTriDAP and CPPD which were taken forward for 

detailed in vivo adjuvant studies.  

However, it was felt that since the THP-1 cell line is derived from a case of human 

monocytic leukaemia, it may not be the most representative model of the likely 

responses to these compounds in murine in vivo studies. Therefore, to bridge this 

experimental gap, mouse bone marrow derived macrophages were isolated and 

differentiated before exposure to the leading adjuvant candidates identified 

previously. Unlike THP-1 cells, BMM cultured with the inflammasome/NLR ligands 

alone, or with the positive control Nigericin did not produce any detectable IL-1β. 

The explanation for the discrepancy between the IL-1β responses between the two 

cell types can be found by examination of the conditions required for optimal 

inflammasome activation and by the differences in the conditions required for the 

differentiation of both cell types. Generally, inflammasome activation is two-signal 

dependent [99], [274], [275]. The first signal must result in the liberation of NfKΒ and 
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the production of the inactive caspase-1 and IL-1β precursors. Typically, this can be 

achieved by stimulating cells with TLR agonists.  

Lack of a stimulus which provides the first priming signal could explain why BMM fail 

to mount IL-1β responses to inflammasome ligands. However, THP-1 cells did 

respond with strong IL-1β production to the same stimuli. This is most likely due to 

the use of PMA to drive differentiation of THP-1 cells from non-adherent monocytes 

to adherent macrophage-like cells [276]. Previous studies have revealed that PMA 

stimulation can mimic TLR activation, and can lead to downstream cytosolic events 

which result in, among others, the production of liberated NfKΒ [277]. Therefore, 

PMA itself can prime inflammasome responses, leading to strong IL-1β output 

observed upon provision of the second activation signal, provided in this case by 

incubation with the NLR/inflammasome ligands. 

In contrast, BMM differentiation from bone marrow haematopoietic stem cells is 

driven by L929 cell derived M-CSF [278], [95], [279] which does not cause 

stimulation of TLR pathways. Therefore for BMM, the priming signal has not yet been 

provided, and thus, these cells are unable to form inflammasomes and produce IL-

1β. 

This was addressed by repeating the studies in the context of pre-stimulation with 

the TLR4 ligand MPLA. Now, BMM incubated with the leading adjuvant candidates 

and Nigericin as a positive control did produce some IL-1β. However, of the 

candidate ligands, only NanoSiO2 produced a detectable response. 

This result has potential implications for the efficacy of these compounds as 

adjuvants in vivo. If these compounds require formulation with TLR agonists to be 

efficacious as inflammasome targeting vaccine adjuvants, one of the key aims of the 

development of such adjuvants becomes immediately redundant. Since it is known 
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the TLR responses are deficient in neonates, this implies that, should the 

requirements of inflammasome activation in vivo match those seen for BMM in vitro, 

this approach will not be successful. 

However, the studies presented here show that these may well make good adjuvants 

for both adult and infant immunisations. There are two explanations for this. First, 

that although these compounds are capable of inducing IL-1β production in 

stimulated cells in vitro, the mechanism of adjuvant action is unrelated to 

inflammasome activity in vivo. The second explanation is that in vitro models do not 

fully represent the requirements of inflammasome stimulation in vivo.  

Since a partial requirement for caspase-1 was demonstrated in later experiments in 

this thesis, it is likely that the second scenario is true, and further investigations into 

how inflammasomes are stimulated by these compounds in vivo are necessary.  

 

5.3.2 The Contribution of IL-1β and Caspase-1 

The initial rationale for compound selection for testing as adjuvants was the ability of 

those compounds to induce a strong IL-1β response, a marker of inflammasome 

activity, in vitro in the THP-1 cell line and in bone marrow macrophages. 

Following extensive in vivo influenza vaccination and challenge model studies, 

NanoSiO2 emerged as the strongest adjuvant candidate, inducing good partial 

protection with minimal antigen requirement. Therefore, the contribution of major 

products of inflammasome activation to the adjuvant efficacy of NanoSiO2 was 

assessed. This was achieved through the use of an anti-IL-1β antibody used in the 

previous section, and through the use of an irreversible caspase-1 inhibitor 

compound YVAD, which has been used in studies examining the role of caspase-1 
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during pulmonary oedema [280] and viral myocarditis [281], in the context of 

vaccination.  The aim was to eliminate the effect of these important aspects of the 

inflammasome response during immunisation. 

If either of these components of the response to NanoSiO2 was important for its 

capacity as an adjuvant, it would be expected that protection afforded by NanoSiO2 

would be reduced.  

These studies revealed that in fact, IL-1β may be dispensable for the mechanism of 

action of NanoSiO2 as an adjuvant. It may be argued that the efficacy of the anti-IL-

1β antibody could be questionable. However, the previous section of this thesis 

describes the successful use of this antibody to block the IL-1β. Therefore, since the 

administration protocol was unchanged, it must be assumed that IL-1β is 

dispensable for NanoSiO2 adjuvant efficacy. This however may not be an issue in 

the context of infant vaccination, as it may be that the infant IL-1 response is itself 

deficient [282]. 

Together, these findings appear to compromise the rationale for inflammasome 

targeting during immunisation. However, inflammasome activation, as described 

previously, results in the generation of multiple inflammatory mediators, including 

caspase-1.  

The use of the caspase-1 inhibitor YVAD revealed that the mechanism of NanoSiO2 

adjuvant action may be partially dependent on caspase-1, since this resulted in a 

clear reduction in protection to influenza challenge afforded by NanoSiO2 adjuvanted 

vaccination. There was also a trend for decreased titres of anti-influenza serum IgG 

following YVAD administration. 

Although studies revealed a partial contribution of caspase-1 in the efficacy of 

NanoSiO2, it is clear that other factors are playing an important role. With respect to 
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inflammasome activity, one such factor may be crucial, IL-18. As previously outlined, 

IL-18 is a pivotal member of the IL-1 cytokine family and is released as a 

consequence of inflammasome activation. However, due to constraints discussed in 

the first part of this project, it was not possible to assess the role of IL-18 in the 

mechanism of action of NanoSiO2 as a vaccine adjuvant. Any future studies using 

NanoSiO2 in this respect should endeavour to include analysis of the contribution of 

IL-18 should reagents become available. 

5.3.3 Safety Considerations 

Because of the intended role of adjuvants, it is important that efficacy is balanced 

with safety. Whilst adjuvants must help to induce a strong immune response to be 

efficacious, adjuvants must not cause detrimental or intolerable reactions, and this is 

especially true in the context of our time, when infectious diseases are no longer the 

biggest cause of premature death in the western world. This means that despite their 

apparent efficacy, some licensed adjuvants have been scrutinised for rare post-

immunisation sequelae.  

One example is the pandemrix H1N1 vaccine. Administration of this formulation has 

been correlated with an 6-fold increase in the incidence of childhood narcolepsy in a 

number of countries including France [283], Norway [284] and Finland [285]. 

Although the vaccine was effective at protecting patients, this increase in narcolepsy 

cases was found to not be as a result of the immune response to subsequent natural 

encounter with H1N1 influenza [286], meaning the antigen is unlikely to be the 

cause. 

Pandemrix is not alone as a recent source of vaccine controversy. Another H1N1 

influenza vaccine, Fluvax, has been heavily associated with febrile convulsions in 

Australian children but not adults [287]. This vaccine is a trivalent inactivated 
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vaccine, and alternatives exist. But only the Fluvax trivalent vaccine has been 

associated with febrile convulsions, calling the formulation itself into question [288]. 

Such incidents serve to put potential vaccine and adjuvant candidates under ever 

increasing scrutiny. One measure commonly used to assess the potential for 

unintended detrimental vaccine induced sequelae is to assess levels of circulating 

safety markers. [289] During this study, using a 17-plex luminex assay, the acute 

systemic response to intramuscular injection of adjuvant candidates was assessed. It 

was expected that since some of the candidates were insoluble particulates, they 

may persist at the site of injection and that systemic cytokine responses may be 

detected [290], which could mean that clinically these compounds may not be 

appropriate.  

However, intramuscular injection of CPPD, MTriDAP and NanoSiO2, caused very 

little systemic cytokine responses compared to PBS control. In fact, the greatest 

systemic responses were induced by administration of the well-established emulsion 

adjuvant MF59, which resulted waves of IL-5, CCL2 and CXCL1, broadly in 

agreement with previous studies [208].  

 

This suggests that these candidate adjuvants may in fact have a better safety profile 

than the leading adjuvant MF59, and that any concerns regarding their use may be 

dismissed. However, further studies are clearly required to confirm this, including 

analysis of the half-life of these adjuvants following administration. 

 

5.3.4 Implications for Design of Vaccines 

The results demonstrate two things. Firstly, adjuvant targets other than the TLRs are 

a legitimate target and should be considered further. Secondly, neonates are often 
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dismissed as a target group for vaccination for a variety of reasons including lack of 

immunogenecity and most importantly, on grounds of safety.  

This study has shown that it may be possible to target vaccinations to early life 

patients if new approaches are considered, and that, at least in murine models, the 

neonatal immune response is not completely diminished. Therefore neonate specific 

vaccination approaches could be successful despite the difficulties traditionally 

encountered with this group should safety concerns be adequately addressed. 

Concerns over the safety and ethics of neonatal immunisation have culminated in 

the development of alternative methods of protecting this group. One of the current 

strategies for protecting newborns via vaccination usually involves immunisation of 

the mother pre-term, leading to the passive transfer of immunity, usually in the form 

of antibody, to the developing foetus in utero [291], [292], [293]. Compared with 

attempting to develop neonatal specific vaccine formulations, this method is far 

easier to regulate, and has the added benefit of also protecting the mothers who are 

more susceptible to severe symptoms during pregnancy [294]. In addition, such 

strategies may lead to vaccine antigen transfer to the foetus, possibly priming the 

infant response before birth [295].  

Despite the success of these strategies, room remains for neonatal immunisation 

approaches. This is particularly important when considering the vulnerability of 

neonates to early life infections. Maternal antibody levels do not persist for long past 

the first few weeks of life, and maternal antibodies can in fact interfere with the 

induction of an adaptive response by the neonates themselves.  In addition, the 

infant immune response does not become fully matured before 6 months – 1 year 

after birth. The result is a significant window of vulnerability to infection which may be 

met with the design of infant-specific adjuvant approaches. 
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6 Concluding Remarks 

Vaccination is clearly the greatest success of modern medicine, potentially saving 

hundreds of millions of lives. However, a number of significant challenges remain in 

the field and must be addressed as a priority. RSV is one such challenge. Despite 

decades of research, no vaccine has yet become available. To address this 

challenge, better understanding about the function of the RSV genes and their 

products is needed. 

For example, the function of the SH protein is unknown. Most studies of this protein 

suggest that it acts as an ion channel, but quite why RSV might encode a gene 

which produces such a channel is unknown. A subset of the intracellular NLR family, 

the inflammasomes, can be activated by events associated with the movement of 

ions across cellular membranes. Therefore, the first hypothesis tested in this project 

was that the SH protein plays a role in the activation state of the inflammasomes, 

thereby playing an immunomodulatory role. Inflammasome modulating virulence 

factors are not uncommon, and the data presented here suggests that SH acts to 

prevent activation of inflammasomes, reducing production of the key cytokine IL-1β. 

This study provides evidence suggesting that IL-1β is detrimental to viral growth in 

vivo, therefore providing a rationale for the possession of the SH gene by RSV. 

Further, SH gene knockout RSV growth is heavily attenuated in vivo. It is therefore 

hypothesised that since this strain does not produce the SH protein, it is unable to 

control inflammasome activation and therefore the host IL-1β response, leading to 

growth attenuation.  

So in the context of vaccination with a live attenuated SH knockout strain of RSV, 

inflammasome activation may have a positive outcome for the patient. Based on this 

notion, it was then tested whether inflammasomes would make good adjuvant 



242 
 

targets for improving vaccination efficacy. The NLRs/inflammasomes have yet to be 

fully explored as adjuvant targets, despite the fact that many studies have identified 

a critical role for the inflammasomes in the efficacy of licensed adjuvants.  

Traditional adjuvants target pathways which are less functional in vulnerable 

populations, including neonates, making them less efficacious in such patients. 

Putative inflammasome activating compounds were tested in vitro for IL-1β inducing 

capabilities. Those found to induce such responses were taken forward into 

influenza vaccine and challenge models.  

It was found that one adjuvant, NanoSiO2, showed particularly strong potential as a 

vaccine adjuvant. Moreover, this compound appears to afford protection to severe flu 

infection in neonates, a group traditionally challenging to immunise. However, this 

study failed to fully link inflammasome activity with the efficacy of NanoSiO2 as an 

adjuvant in this system, as IL-1β blockade had no effect on outcome, and prevention 

of caspase-1 activity had only a moderate effect. Further studies are therefore 

required into this area.  

Despite this, the studies presented legitimise experimentation with alternative innate 

receptor adjuvant targets for populations in which vaccine efficacy is deficient, and 

could contribute to the development of the next generation of adjuvants 
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