
  

 

 

 

 

University of Southampton Research Repository  

Copyright © and Moral Rights for this thesis and, where applicable, any 

accompanying data are retained by the author and/or other copyright owners. A 

copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. This thesis and the accompanying data cannot be 

reproduced or quoted extensively from without first obtaining permission in writing 

from the copyright holder/s. The content of the thesis and accompanying research 

data (where applicable) must not be changed in any way or sold commercially in 

any format or medium without the formal permission of the copyright holder/s.  

When referring to this thesis and any accompanying data, full bibliographic details 

must be given, e.g.  

Thesis: Gbesemete DF (2024) "Controlled Human Infection with Neisseria 

lactamica", University of Southampton, Faculty of Medicine, PhD Thesis, 

pagination.  

  



 

 

 

  



  

 

University of Southampton 

Faculty of Medicine 

Clinical and Experimental Sciences 

 

Controlled Human Infection with Neisseria lactamica 

by 

Dr Diane Frances Gbesemete 

 

BM, MRCPCH, PG Dip ID, ORCID ID 0000-0001-7539-9069 

 

Thesis for the degree of Doctor of Philosophy in 

Infection, Inflammation and Immunity 

2nd September 2024 

https://orcid.org/0000-0001-7539-9069




 Abstract 

 i 

 

University of Southampton 

Abstract 

Faculty of Medicine 
Clinical and Experimental Sciences 

 
For the degree of Doctor of Philosophy 

 
Controlled Human Infection with Neisseria lactamica 

by 

Dr Diane Frances Gbesemete 
 

Meningococcal disease is a globally important cause of mortality and morbidity, 

particularly in the meningitis belt of Sub-Saharan Africa. The causative agent, Neisseria 

meningitidis, commonly colonises the human nasopharynx asymptomatically, but 

occasionally becomes invasive, resulting in fulminant disease.  

 

Neisseria lactamica is a closely related bacterium which colonises the same niche, 

but is non-pathogenic. Colonisation with N. lactamica may provide protection from 

colonisation with N. meningitidis, and from meningococcal disease. A controlled human 

infection model has previously been developed, using nasal inoculation to induce 

nasopharyngeal colonisation with N. lactamica, with a subsequent reduction in N. 

meningitidis carriage demonstrated. 

 

This thesis describes four controlled human infection studies designed to optimise 

and further develop this model. In the first study, the impact of duration of colonisation on 

immunogenicity was assessed by allowing participants to remain colonised for a short, or 

longer period after inoculation. The use of an increased inoculum dose, antibiotic 

clearance of colonisation, and the shedding of bacteria were also investigated. 

 

The second study involved challenge with a genetically modified strain of N. 

lactamica expressing the meningococcal antigen NadA. This study aimed to investigate 

the immunological impact of the expression of a bespoke, heterologous antigen during 

asymptomatic colonisation.  



Abstract 

 ii 

 

 

The final two studies investigated the use of a lyophilised preparation of N. 

lactamica, aiming to make the model feasible for use in a lower resourced setting, beyond 

a reliable cold-chain. Dose-ranging studies were conducted in the UK, and subsequently 

in Mali, within the meningitis belt. The impact of lyophilisation on the ability of N. lactamica 

to colonise the nasopharynx, and to induce an immune response, was investigated. 

 

These studies have confirmed that intranasal inoculation with both wild-type and 

genetically modified strains of N. lactamica safely induces long-standing nasopharyngeal 

colonisation in a high proportion of individuals. This colonisation induces N. lactamica 

specific and cross-reactive N. meningitidis specific immune responses. An immune 

response specific to a heterologous antigen can be induced by expression of that antigen 

by recombinant N. lactamica. Lyophilisation of N. lactamica is safe, feasible, and does not 

reduce colonisation potential or immunogenicity. Use of the model within the meningitis 

belt is feasible, safe and induces a similar pattern of colonisation and immunogenicity. 

 

Future studies will investigate the impact of N. lactamica colonisation on 

meningococcal carriage and disease in the meningitis belt, and the use of further genetic 

manipulation to improve cross-reactive immunity to N. meningitidis, with the overall aim of 

developing improved strategies for protection from meningococcal disease.  
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Chapter 1 Introduction 

1.1 Neisseria meningitidis and meningococcal disease 

1.1.1  Meningococcal disease 
Meningococcal disease is an important cause of mortality and morbidity globally. It is 

characterised by an acute onset and rapid progression, typically in previously healthy 

children and young people, frequently resulting in death or devastating sequelae (1). 

Cases occur sporadically, in outbreaks and in larger epidemics with the potential to 

overwhelm health systems. While effective vaccines have substantially reduced the 

burden of disease in many populations, meningococcal disease remains a globally 

important health concern (2). In 2021 the World Health Organisation (WHO) published a 

roadmap aiming to defeat meningococcal disease by 2030, recognising the ongoing need 

for effective strategies for prevention and control of disease (3). 

1.1.2  Clinical features 
The initial symptoms of meningococcal disease are often non-specific and difficult to 

distinguish from of a viral upper respiratory tract infection but can progress to invasive 

disease with multi-organ failure and death over a matter of hours. Invasive meningococcal 

disease usually presents predominantly as either meningitis or septicaemia but features of 

both may be present (1). 

 

Meningitis is a common clinical presentation, seen in approximately 60% of cases in 

industrialised countries and a higher proportion of cases in low resource settings (4). The 

classical symptoms of headache, photophobia, neck stiffness, vomiting, altered conscious 

level and seizures occur as a result of meningeal irritation and raised intracranial 

pressure. These features may be less apparent in young children who instead present 

with poor feeding, a bulging fontanelle, and a characteristic change in cry. More 

generalised features of infection such as a fever are usually present. Long term sequelae 

of meningitis include hearing and visual impairment, seizures, motor impairment and 

behavioural difficulties (1). 
 

The most dangerous consequence of meningococcal bacteraemia is severe sepsis, which 

presents as a febrile illness, classically with a rash. At initial presentation there may be no 

rash present, or a non-specific blanching rash easily confused with a viral exanthem. The 

characteristic petechial and then purpuric rash usually becomes apparent as the disease 

progresses. Shock may develop with signs of peripheral hypoperfusion (cold peripheries, 

pallor, prolonged capillary refill, and metabolic acidosis) and initial compensation 
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(tachycardia, tachypnoea, reduced urine output) progressing to decompensated shock 

with hypotension and end organ failure (decreased myocardial function, altered conscious 

level) and a severe coagulopathy (disseminated intravascular coagulation) (1, 4). 

Progressive coagulopathy, intravascular thrombosis and hypoperfusion lead to necrotic 

damage to the skin and underlying structures resulting in purpura fulminans and tissue 

destruction which may necessitate amputation of affected extremities (1, 5). Long term 

sequelae of meningococcal sepsis include the effects of tissue destruction such as 

amputation, scarring, growth plate damage and chronic pain (1). 
 

Occasionally, meningococcal disease follows a less fulminant course as either a more 

slowly progressive febrile illness, a transient self-resolving bacteraemia or a chronic 

intermittent febrile illness. Rarely it can cause an isolated localised infection such as a 

pneumonia, arthritis, pericarditis or myocarditis (1, 4).  

 

The clinical management of invasive meningococcal disease has been well documented 

in established guidelines (6) and centres around early recognition, early and effective 

antibiotic treatment to halt the rapid proliferation of meningococci, and good supportive 

care including fluid resuscitation to limit the pathophysiological consequences of infection 

such as cerebral oedema, raised intracranial pressure, hypoperfusion and end organ 

damage. 

 

The case fatality rate is approximately 8-14% worldwide with significant long term 

sequelae in 11-19% of survivors (1, 7). 

1.1.3  Microbiological features 
The causative agent of meningococcal disease is Neisseria meningitidis (Nmen) or 

meningococcus. This Gram negative β-proteobacterium is part of the bacterial family 

Neisseriaceae (8, 9). It is an aerobic diplococcus with fastidious growth requirements, 

growing best on supplemented media (e.g. blood agar) at 35-37°C in 5-10% CO2. 

Colonies appear smooth, round and grey-white on blood agar, are oxidase positive and 

metabolise glucose and often maltose (9). Nmen is adapted to colonise the human oro-

nasopharynx. This carrier state is its only environmental habitat, with no known animal 

reservoir. Within the human host Nmen can adhere to host cell surfaces or survive within 

the host cells (10, 11). Transmission between human hosts sustains the reservoir of 

carriage which underlies both endemic and epidemic meningococcal disease. 

 

The outer membrane of the Nmen cell envelope is associated with a layer of lipo-

oligosaccharide and is often surrounded by a polysaccharide capsule. Pili extend from the 
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outer cell membrane to well beyond the capsule. Outer membrane proteins involved in 

adherence and metabolic functions traverse, or are embedded in the outer membrane (4, 

9). Many of these structural features contribute to meningococcal virulence.  

1.1.4  Virulence factors 
A variety of virulence factors allow Nmen to evade host defences and cause invasive 

disease. The relative virulence of different strains is a consequence of the variable 

expression of those factors. 

 

1.1.4.1 Polysaccharide capsule 

Nmen is often, although not always, an encapsulated bacterium. There are multiple 

structural types, which are the basis for serogrouping and traditional vaccines (4, 8, 9). 

The expression of a capsule is a key determinant of invasion as it confers resistance to 

host defences, allowing bacterial cells to survive in the hostile environment within tissues 

and blood. Invasive disease is almost exclusively caused by encapsulated meningococci 

expressing one of six capsular types – A, B, C, W-135, X and Y (4).  

 

Capsules protect the bacterium from host defences such as opsonisation, phagocytosis 

and complement-mediated killing (4, 8). In the past they were considered to protect the 

bacteria from dessication when outside of the human host and therefore have a role in 

transmission, although more recent studies have shown that non-capsulate meningococci 

are no more liable to dessication than encapsulated meningococci (12, 13). Acapsulate 

strains are often identified in carriage studies, therefore either they are not necessary for 

transmission and colonisation, or expression may be switched off after successful 

colonisation. It has been suggested that the presence of a capsule may hinder prolonged 

colonisation, as it blocks the outer membrane proteins involved in adhesion, so down 

regulation of the expression of capsule may then confer an advantage (14).  

 

Nmen is thought to have evolved from a single common non-capsulate ancestor with 

other Neisseria species and acquired the ability to express a capsule, and thus become 

virulent, as a result of horizontal transfer from another unrelated species (15). Molecular 

typing of Nmen has shown evidence of capsule switching, where strains with the same 

sequence type express different capsular groups as a result of horizontal gene transfer 

between strains (16). As the capsule is highly immunogenic and targeted by traditional 

vaccines, capsule switching is a mechanism of escape from naturally acquired or vaccine 

induced immunity. The acquisition and expression of a new capsular polysaccharide by a 

virulent strain has been identified as the cause of outbreaks (17-19). The use of mass 
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vaccination with capsule based vaccines has raised the concern of immunological 

pressure resulting in a vaccine escape strain with the potential for epidemic spread (9).    
 

1.1.4.2 Bacterial endotoxin 

The lipo-oligosaccharide (LOS) surrounding the bacterial cell membrane is a potent 

endotoxin with an important role in adherence, colonisation, and the induction of an 

inflammatory response. It is composed of biologically active lipid A and a core 

oligosaccharide. It has structural similarity to human antigens, using molecular mimicry to 

evade innate immunity (8).  
 

1.1.4.3 Outer membrane proteins 

Pili are complex proteins which are anchored into the outer membrane and extend out 

beyond the capsule (4, 20). They allow bacterial movement by means of a twitching 

motility (8, 21). There are two major classes of meningococcal pili but the more important 

is class 1, also known as Type IV pili. These pili bind to CD46 – a complement regulatory 

glycoprotein expressed on the outer surface of host cells (8, 21). 

 

Another important class of outer membrane proteins are the Porins; PorA and PorB. 

These are involved in bacterial interaction with, and adhesion to, host cells. PorB inserts 

into the host cell membrane, causing an influx of calcium which in turn results in host cell 

apoptosis via Toll-like receptor 2 (8). 

 

A range of other outer membrane proteins act as adhesins. Important examples include 

the opacity associated proteins (Opa, Opc), factor H binding protein (fHbp) and Neisserial 

adhesin A (NadA) (8).  

 

Outer membrane proteins and LOS are released from the cell surface in blebs known as 

outer membrane vesicles (OMVs) (22). These OMVs are involved in cell-cell interaction 

and communication. Outer membrane proteins and surface antigens are highly 

immunogenic and some have been used as subcapsular targets in vaccine development 

(23).  

 

Meningococci exhibit phase variation of some outer membrane proteins where expression 

of the surface antigen is up or down-regulated in response to the environment or cell-cell 

interactions (24). This is an important mechanism of host immune evasion (8, 24).  
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1.1.4.4 Iron acquisition systems 

Iron is essential for the survival and replication of Nmen. Meningococci express lactoferrin 

and transferrin binding proteins to scavenge iron from host stores and internalise it. The 

expression of these bacterial surface proteins is under the control of the ferric uptake 

regulator (Fur) protein – an iron responsive repressor gene (8, 24, 25).  

1.1.5  Genetic features 
The Nmen genome is approximately 2.0-2.1 megabases and contains approximately 2000 

genes. The entire genome has been sequenced for several specific strains and loci 

encoding the capsule and other virulence factors have been identified (15, 26-28). 

 

The genome is subject to frequent spontaneous chromosomal mutations as well as 

recombination and transformation from other commensal and pathogenic species. This 

genomic plasticity results in significant phenotypic and antigenic diversity and the potential 

for antigenic shift in response to selective immunological pressure (29, 30).  

1.1.6  Classification 

1.1.6.1 Phenotypical typing 

Classification of Nmen strains has traditionally been made phenotypically with the major 

division being into serogroups and further subdivision into serotype and immunotype. The 

classification of serogroup is made on the basis of capsular polysaccharide structure with 

13 serogroups described (4, 8, 20).  

 

Serotyping is defined by the type of major (class 1) outer membrane protein and sero-

subtyping by the type of class 2 and 3 outer membrane protein. The type of LOS defines 

the immunotype (8, 21, 31).   

 

The use of such phenotyping, particularly at a serogroup level, has provided information 

about the global epidemiology of different strains and therefore informed the use of 

vaccines in different epidemiological settings. However, the propensity of Nmen for 

genetic recombination, particularly of antigenic determinants including capsule type, 

means that this classification technique is potentially inadequate for tracking transmission 

during an outbreak (21).  

 

1.1.6.2 Molecular typing 

Molecular techniques have been developed to more accurately classify isolates of Nmen 

including multi-locus sequence typing (MLST) and whole genome sequencing. 
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Multi-locus sequence typing is the most commonly used molecular technique in which 

fragments of 7 “house-keeping” genes are compared. The specific allele at each locus is 

identified and the combination of all seven loci is summarised as a sequence type (ST). 

Closely related sequence types are then grouped into clonal complexes (31, 32). Multiple 

sequence types have been identified and specific clonal complexes are characteristically 

associated with invasive disease (8, 31). MLST has been used to demonstrate significant 

antigenic variation including capsule type within an epidemic strain. It allows the tracking 

of an epidemic strain even when capsular switching has occurred, unlike classification by 

serogroup (31).   

1.1.7  Transmission and acquisition 
Humans are the only natural host of Nmen, which is almost exclusively found in the 

nasopharynx and is widely regarded as a commensal organism. Acquisition of 

meningococcus is via airborne or directly transferred droplets of saliva or respiratory 

secretions (4, 24, 33) and the main reservoir of onward transmission is the asymptomatic 

carrier. The highest risk of transmission is between household contacts and kissing 

contacts (34, 35) and usually occurs within the first few weeks after acquisition (36).  

 

Studies have shown some environmental survival of Nmen for up to 8 days, on glass and 

metal surfaces kept at optimal temperature and humidity conditions. This suggests that 

fomite transmission e.g. via unwashed drinking vessels may be another possible source of 

transmission (12, 13). Meningococci may rarely be transmitted sexually (4). 

 

When Nmen enters the upper respiratory tract of a new human host, it can either be 

present transiently and rapidly cleared, it can adhere and result in a more prolonged 

period of colonisation or it can invade and result in invasive disease (4).  

1.1.8  Colonisation 
In order to colonise the human nasopharynx, meningococci must penetrate the host 

mucus barrier and adhere to the host nasopharynx (4). Traversing the mucus barrier is 

facilitated by the twitching motility action of pili. Pili are also essential for interaction with, 

and adhesion to cells of the host nasopharynx. Nmen preferentially adheres to non-

ciliated columnar epithelial cells or damaged epithelium (10, 24). Bacterial outer 

membrane proteins such as the porins and adhesins are also involved in the process of 

adhesion (8). 

 

Once adhered, meningococci multiply to form micro-colonies on the host cell surface and 

can also invade and survive within host cells. Bacterial-host cell interaction triggers the 
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production of pseudopodia by the host cell, resulting in internalisation by endocytosis. 

Intracellular meningococci survive by resisting host defences such as phagosome 

maturation and lysosymal degradation and are capable of intracellular replication (4, 8, 21, 

37). 

 

Colonising meningococci almost always remain as commensals in the nasopharynx, with 

episodes of asymptomatic carriage lasting for several months prior to spontaneous 

clearance (38). Individuals will have multiple episodes of Nmen carriage over their lifetime 

(33).  

 

Asymptomatic meningococcal colonisation is an immunising event, inducing both systemic 

and mucosal specific humoral responses (39, 40). These responses are discussed further 

in section 1.1.12. 

 

Oral Ciprofloxacin has been shown to be effective in eradicating carriage of Nmen within 

24 hours (41) and is used as prophylaxis in close contacts of meningococcal disease 

cases (42). 

1.1.9  Invasion 
Occasionally, acquisition of Nmen is followed by rapid invasion and proliferation resulting 

in invasive meningococcal disease. The development of disease in this minority of cases 

is not fully understood but is influenced by pathogen, host and environmental factors. It 

can be considered an `accidental` consequence of the carrier state, as no biological 

advantage is conferred to the organism that invades. Specific hypervirulent strains of 

Nmen are known to be associated with most cases of invasive disease (31, 38). Host and 

environmental factors are discussed further in sections 1.1.11 and 1.1.12 below. 

 

Invasion occurs when intracellular meningococci traverse the host cell cytoplasm 

(transcytosis), or adhered meningococci directly invade through epithelial layers that have 

been damaged by environmental factors e.g. dust, smoke, or low humidity (4, 37). From 

the submucosa, meningococci can enter the bloodstream where they will usually be 

cleared by host humoral and phagocytic defences. Occasionally they can evade these 

defences and multiply rapidly leading to invasive disease. Invasive disease usually occurs 

within 1-14 days following the acquisition of carriage (21). 

1.1.10  Pathophysiology 
In meningococcal sepsis, the rapid multiplication of meningococci in the bloodstream 

results in the release of large amounts of LOS (endotoxin). This is present on the surface 
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of bacteria and in their associated outer membrane vesicles and can reach high 

concentrations in the blood. A high bacterial genomic load in blood correlates with severity 

of disease (43). The lipid A portion of LOS forms complexes with lipopolysaccharide 

binding protein, which in turn binds to a receptor complex on the surface of host immune 

cells. This interaction results in a transmembrane signal via TLR-4, which initiates a 

pathway of intracellular signals leading to the release of inflammatory mediators such as 

IL-1. IL-5, IFNγ and TNFα by the host cell (8, 25). These cytokines activate multiple 

pathways including the coagulation cascade and the complement cascade, leading to an 

increase in capillary permeability and disordered coagulation. Excessive activation of the 

coagulation system and reduced fibrinolysis lead to intravascular thrombosis in the skin 

and organs, and fluid shifts due to capillary leak lead to shock and tissue hypoperfusion. 

These changes appear clinically as the classical cutaneous lesions progressing to purpura 

fulminans, and multi-organ dysfunction and ultimately death (4, 8, 25). 
 

When meningococci cross the blood brain barrier, by a mechanism that is not fully 

understood, they bind to endothelial cells of the cerebral microvasculature and replicate. 

High levels of endotoxin are found in the CSF, which trigger an inflammatory process in 

the meninges and subarachnoid space. This inflammation increases the permeability of 

the blood brain barrier resulting in cerebral oedema and raised intracranial pressure. The 

resulting reduction in cerebral blood flow results in cortical hypoxia.  

 

Meningeal inflammation, cortical hypoxia and raised intracranial pressure are evident 

clinically with increasing levels of neurological abnormality. Headaches, photophobia and 

neck stiffness progress to reduced conscious level, focal neurological deficits and 

seizures and ultimately cerebral herniation and death (8, 25). 

1.1.11  Host factors in disease 
Non-bacterial factors can have an impact on the risk of disease, either by increased 

opportunity for transmission, increased rate of colonisation from a given exposure or by 

increasing the risk of colonisation leading to invasive disease. 

 

Social and behavioural factors can increase the opportunity for onward transmission from 

an asymptomatic host. Close social interaction such as attending crowded social 

environments, dormitory sharing or intimate kissing can increase transmission (44). 

Increased rates of carriage in students (45, 46), military camps (38, 47) and mass 

gatherings such as the Hajj pilgrimage (19, 48) are well documented. 
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Any damage to the integrity of the nasopharyngeal host defences such as the mucus layer 

and epithelium, can increase the chance of carriage acquisition and of invasion through 

the epithelial layer. Environmental factors such as decreased humidity, dust and smoke 

inhalation, as well as concurrent viral infections, can cause such damage (49). In addition, 

an increase in the temperature of the air within the nasopharynx can alter the expression 

of genes, resulting in a more virulent phenotype (24). 

 

Specific deficits in host immunity can increase the risk of invasive disease, such as 

deficiencies in the terminal complement pathway (50), properdin deficiency and asplenia 

(20). 

1.1.12  Immunity 
The presence of specific serum bactericidal antibodies (SBA) has been shown to correlate 

with the risk of invasive disease and the induction of SBA is widely accepted as a 

correlate of protection in vaccine efficacy studies (23, 51-53). 

 

Studies carried out in the 1960s by Goldschneider et al. showed an age-related pattern in 

both the incidence of disease and the presence of SBA with an inverse correlation 

between the two. Antenatally acquired SBAs are present during the first month of life 

when invasive meningococcal disease is rare. These maternal antibodies are then lost in 

a physiological period of hypogammaglobulinaemia prior to the development of the 

infant’s own immunity. The trough in SBA occurs between 6 months and 2 years of age, 

coinciding with a peak in invasive meningococcal disease. There is then a gradual 

increase in SBA inversely correlating with a gradual decrease in disease incidence (51). A 

study of military personnel during an outbreak of meningococcal meningitis showed that 

individuals who went on to have invasive meningococcal disease were significantly less 

likely to have had Nmen specific SBA at baseline (5.6%) in comparison to matched 

controls (82.2%) (51). 

 

The majority of the population do not develop invasive disease and yet do develop 

protective immunity in the form of humoral immunity (SBA) and mucosal immunity, which 

must therefore be a result of asymptomatic carriage (52). This has been demonstrated by 

observing a rise in SBA in individuals in response to episodes of asymptomatic carriage 

(39). This humoral response is mainly strain specific but some cross reactivity has been 

seen between strains (38, 54). Mucosal immunogenicity has also been demonstrated with 

a rise in salivary specific IgA in response to colonisation (38, 40). Such local mucosal 

responses are thought to prevent adhesion to the epithelial surface while allowing the 

organism to remain in the mucus layer (24).  
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Individuals will have multiple discrete episodes of meningococcal carriage over their 

lifetime, including repeated carriage of the same serogroup, each lasting up to several 

months before spontaneous clearance. This suggests that the development of protective 

immunity from an episode of carriage does not necessarily terminate carriage (24) and 

may be short lived or only be protective against invasive disease and not colonisation 

(33). These repeated periods of carriage appear to induce, develop and maintain natural 

immunity to invasive meningococcal disease over the course of a lifetime (39, 55). 

1.1.13  Vaccines  
Attempts at developing meningococcal vaccines began in the first half of the 20th century 

with the use of killed whole bacteria. These early vaccines were found to be highly 

reactogenic and due to the availability of antibiotic treatment, further vaccine development 

was abandoned for some time (55). With the advent of antibiotic resistance and following 

the increased understanding of meningococcal immunology in the 1960s, the first 

serogroup specific polysaccharide vaccine directed at the serogroup A capsule was 

developed in 1970 and was shown to be effective in field trials (55, 56). Further plain 

capsular polysaccharide vaccines were successfully developed for serogroups A, W, and 

Y (55). Plain polysaccharide vaccines were found to be safe and immunogenic in adults 

and children over 2 years, but not effectively immunogenic in infants and children less 

than two years. There was a reduction in the induced SBA over time and poor induction of 

immunological memory (55). Polysaccharide vaccines have not been shown to be 

effective at reducing meningococcal carriage which is required for herd immunity (57). 

 

The use of a highly immunogenic protein conjugated to the polysaccharide capsule has 

been found to induce a stronger antibody response in all age groups, effective in 

protection against both disease and colonisation (58, 59). There is some waning of 

immunity following vaccination in early childhood, with a reduction in SBA after one year. 

Vaccination in later childhood or adolescence results in a longer duration of protection (60, 

61). Such glycoconjugate vaccines were developed in the 1990s and have become a 

highly effective part of routine immunisation schedules (55). These have had dramatic 

effects on disease incidence, probably mostly due to herd protection conferred by 

vaccine-induced modification of colonisation reducing inter-host transmission (62, 63).  

 

Glycoconjugate vaccines are currently available for serogroups A, C, W, and Y. A 

pentavalent glycoconjugate ACWYX vaccine has recently been developed (64).  
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A concern regarding serogroup specific vaccines is the potential for immune pressure to 

induce capsular switching resulting in a virulent vaccine escape strain with epidemic 

potential (9, 16). 

 

The development of a vaccine directed against Nmen serogroup B has been more 

complicated. The serogroup B capsule is poorly immunogenic (55, 65) and exhibits 

molecular mimicry. The Nmen B capsule contains an α1,8-linked polysaccharide acid 

which is structurally identical to a neural cell adhesion molecule (55, 66). This has 

therefore led to concern that a capsular vaccine may induce autoimmune antibodies with 

the potential to cross react with foetal brain tissue (55). The development of a meningitis B 

vaccine has therefore focussed on the antigenicity of subcapsular structures such as outer 

membrane proteins and lipo-oligosaccharide.  

 

Outer membrane vesicles, shed from the surface of meningococci, contain surface 

proteins and LOS. Vaccines have been developed based on these OMVs, which have 

been highly immunogenic, but also very strain specific. The outer membrane proteins are 

very variable between strains and therefore many different subserotypes would need to be 

included in a vaccine to provide sufficiently broad protection (23, 55). 
 

More recently outer membrane protein-based vaccines have been developed using 

reverse vaccinology – bioinformatic analysis of the meningococcal genome to identify 

sufficiently immunogenic proteins with limited variability across strains (55). Two such 

vaccines have recently been developed. 

 

4CMenB (Bexsero) is licensed for use in several countries and is part of the routine 

immunisation schedule in the UK at 2, 4 and 12 months (23, 67). This vaccine targets 3 

immunogenic Nmen serogroup B surface proteins – Neisseria heparin binding antigen 

(NHBA), Neisserial adhesin A (NadA) and Factor H binding protein (fHbp) as well as an 

OMV based vaccine developed for use in an outbreak in New Zealand (23). It induces 

bactericidal antibodies against a range of strains including serogroup B, and protects 

vaccinated infants against disease (68). However, unlike the glycoconjugate vaccines, 

4CMenB does not have a significant impact on carriage and so will not induce herd 

immunity (58, 69, 70).  

 

MenB-fHbp (Trumenba) is a bivalent factor H binding protein (fHbp) vaccine containing an 

antigen from each of the two fHbp subfamilies. fHbp is expressed by virtually all 

pathogenic strains of serogroup B. It is licensed in the United States for use in 10 to 25 

year olds but is not available for use in younger children who are at the highest risk of 
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invasive disease, due to a high incidence of vaccine related fever (23). Assessment of the 

impact of MenB-fHbp on carriage is ongoing (71).  

1.1.14  Epidemiology 
Meningococcal carriage and disease occur throughout the world but the epidemiology 

varies dramatically across different geographical locations and over time, with different 

serogroups and sequence types predominating in different populations (72). 
 

1.1.14.1 Carriage 

In Europe, approximately 10% of the overall population are asymptomatic carriers of 

Nmen but carriage rates vary significantly with age. The lowest rate is seen in infants 

(4.5%) increasing to a peak in adolescents/young adults (24%) and then dropping 

throughout adulthood to less than 10% (73, 74). Certain sub-populations can have much 

higher rates of carriage, such as students (45, 46) and military recruits (38, 47) due to the 

increased transmission risk in close communities, and with close social behaviour. 
 

1.1.14.2 Disease 

The incidence of disease also varies with age although the pattern of this association is 

quite different to that of colonisation, with the highest risk of disease seen in infants and 

young children. Invasive disease is uncommon in the first month of life then rises to a 

peak between 6 months and 2 years of age. Following this there is a progressive decline 

in the incidence of disease throughout childhood with a second smaller peak in disease in 

late adolescence coinciding with the peak in carriage. The incidence of disease then 

steadily declines through adulthood (33, 51). The risk of disease developing in a colonised 

individual is therefore substantially higher in younger children and decreases with age, 

presumably with the development of immunity (33). 

 

Meningococcal disease can occur as sporadic cases, small outbreaks or larger epidemics. 

Cyclical fluctuations of disease are seen in some regions (72). The meningitis belt of sub-

Saharan Africa has a particularly high incidence and unique epidemiology and is 

discussed in the next section. 

 

Different serogroups are seen to cause disease in different regions of the world. 

Serogroups B and C have classically caused the majority of disease in Europe, 

Australasia and the Americas and serogroup A and C in Asia and Sub-saharan Africa. 

The serogroup distribution is changing in response to vaccination with a decrease in the 

incidence of serogroups A, B and C and the emergence of serogroups Y and W-135 and 

X (72, 75). 
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1.1.15  The meningitis belt 

1.1.15.1 Definition and geography 

The meningitis belt is a region of Sub-saharan Africa with a high incidence of 

meningococcal disease. It has an estimated population of 500 million people and 

stretches from Senegal in the west to Ethiopia in the east (76). It was originally described 

by Lapeyssonie in 1963 with boundaries defined on the basis of annual rainfall between 

300 and 1100 mm. Rainfall within these limits was deemed high enough to allow sufficient 

population density for transmission and low enough to be below a critical level of humidity 

(77, 78). The defined area has been extended in 1971, 1992 and 1996 to cover areas 

observed to have regular epidemics, and on the basis of improved diagnostics and 

changing climate (49, 78-80). Ongoing climate change has the potential to further alter the 

geographical definition of the region (78). 
 

1.1.15.2 Epidemiology 

The increase in meningococcal meningitis incidence occurs annually with peaks 

coinciding with the middle of the dry season and abating with the onset of the rainy 

season (78, 80). This seasonal hyperendemicity is thought to result from dust or low 

humidity causing damage to the nasopharyngeal mucosa or inhibiting the host mucosal 

immune responses leading to an increased rate of bloodstream or CNS invasion. Weekly 

incidence rates increase by a factor of 10-100 in comparison to the baseline rate outside 

of this season (78, 80). 

 

Sporadic localised epidemics or outbreaks also occur intermittently and more widespread 

epidemic waves, affecting larger regions over more than one season, occur at irregular 

periods of approximately every 5-12 years (78, 81). These epidemics are thought to be a 

result of increased transmission and colonisation at a population level due to changing 

population immunity as a result of genomic change of the pathogen (78, 81). 
 

1.1.15.3 Typing 

The main pathogen responsible for outbreaks and epidemics in the meningitis belt has 

historically been Nmen serogroup A. With the introduction of a serogroup A vaccine, the 

disease incidence due to serogroup A has declined but other serogroups of Nmen such as 

C and X, and other pathogens such as Streptococcus pneumoniae have also been 

identified in localised outbreaks and occasional larger epidemics (75, 78). 
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1.1.15.4 Risk factors 

The main risk factors for meningococcal disease in the meningitis belt are climate related 

with an increased incidence at times of lower humidity and rainfall. Dust and carbon 

monoxide emissions have also been shown to have an association with increased 

epidemic potential (78, 82). In addition increased population density, viral infections and 

smoking have been suggested as potential factors (78). 
 

1.1.15.5 Control strategies 

Strategies for the control of meningococcal disease include preventative interventions 

such as mass and routine vaccination, rigorous and co-ordinated disease surveillance, 

and reactive vaccination in response to outbreaks or epidemics.  

 

An affordable serogroup A glycoconjugate vaccine, MenAfriVac, was developed 

specifically for the meningitis belt and approved for use in 2010 (83). The strategy for 

rollout was mass vaccination of 1 to 29 year-olds, followed by introduction of the vaccine 

into routine infant immunisation schedules, with catch up campaigns where necessary. 

Between December 2010 and December 2019, mass vaccination campaigns had taken 

place in 24 of the 26 meningitis belt countries, with coverage of the entire country in 

approximately half, and targeted high-risk areas for the other half. It has since been 

introduced into routine immunisation schedules in 14 meningitis belt countries (84). This 

has had a profound impact on the incidence of serogroup A disease with near elimination 

of disease and carriage among vaccinated populations (85). Limitations to this strategy 

are the need for ongoing high vaccine coverage to avoid the resurgence of disease in 

unvaccinated populations or age groups, and the potential for serogroup replacement, 

with outbreaks of non-A serogroup disease occurring (75, 86).  

 

Two different models of surveillance are used in the meningitis belt. Enhanced 

surveillance involves the weekly collection of case and laboratory data at a district 

population level. This allows for the calculation of weekly incidence rates and the early 

detection of outbreaks, with pre-defined alert and epidemic thresholds. If the incidence 

crosses the alert threshold, then surveillance is increased with investigation of the 

causative organism and serogroup, and preparation is commenced for a potential 

vaccination campaign. If the epidemic threshold is crossed, reactive vaccination of the 

population is triggered. All countries within the meningitis belt participate in enhanced 

surveillance (76). 

 

Case based surveillance uses individual case level data to monitor the impact of 

vaccination on disease incidence and serogroup epidemiology. Case based surveillance 
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is used in addition to enhanced surveillance in districts or regions with sufficient resources 

and vaccine uptake (76).  

 

These surveillance strategies are limited by the ability and choice of individuals to access 

health care providers when unwell, and the resources available to accurately diagnose 

meningococcal disease with identification the causative organism and serogroup.   

 

Serogroup specific mass vaccination campaigns should occur within four weeks of a 

district crossing the epidemic threshold (76). However, there are significant challenges to 

achieving this aim. During a recent epidemic with serogroup C in Nigeria there were over 

12,000 cases and 887 recorded deaths. A review of the control strategies highlighted 

delays in detection, serogroup identification and notification, the co-ordination of the 

response and the supply of vaccines, with approximately nine weeks from crossing the 

epidemic threshold to the commencement of reactive vaccination (87). It has been 

estimated that each week of delay in vaccination reduces the number of prevented cases 

of disease by 3-8% (88). Specific limitations to the timely accessibility of vaccines are the 

requirement for a cold chain, which is logistically difficult in a resource poor setting, and 

the relatively high cost of effective vaccines for non-A serogroups (89). There is also likely 

to be a delay between vaccination and the development of a protective adaptive immune 

response (90). 

 

While antibiotic prophylaxis is currently recommended for household contacts of 

laboratory confirmed cases in non-epidemic settings, it is not currently recommended in 

epidemics because although it would effectively reduce carriage within the household, it 

would not have a significant impact on overall carriage within the population (91). 

However, a recent trial of the village wide distribution of antibiotic prophylaxis within 72 

hours of a case presenting in that village, was effective in reducing the overall attack rate 

(92). 

 

The use of antibiotics for reactive prophylaxis on a wider scale, such as in whole villages 

or communities has been suggested, as it has the advantage of requiring no cold chain, 

and therefore being potentially quicker and cheaper to distribute (92). The effect of 

antibiotics on carriage is also extremely fast so may halt transmission more quickly than 

reactive vaccination (41).  However, the widespread use of antibiotics has important 

implications for antibiotic resistance. No change in resistance patterns of enteric 

organisms was seen by Coldiron et al (92) but this is an important potential hazard given 

the significant global threat of anti-microbial resistance.   
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1.1.15.6 Future developments 

The WHO Roadmap “Defeating meningitis by 2030” has a number of strategic goals 

within the the pillar of “Prevention and epidemic control”. One of these is to “Develop and 

improve strategies for epidemic prevention and response” (3). 

 

The recently developed pentavalent ACYWX vaccine is planned for use in mass 

vaccination campaigns and subsequently to be included in routine immunisation 

schedules in the meningitis belt (93). This has the potential to have a dramatic impact on 

the incidence of disease with these serogroups. However, consideration should still be 

given to the potential for serogroup replacement and the challenges posed by the need for 

a cold chain and training for administration.  

 

Alternative epidemic control strategies must focus on the speed of implementation and 

carriage reduction, as well as considering the effects on anti-microbial resistance, the 

required infrastructure and cost. An ideal form of reactive prophylaxis would be non-

serogroup specific, cheap, readily available with no requirement for a cold chain, easy to 

administer and with no impact on anti-microbial resistance. 

1.2 Neisseria lactamica  

1.2.1  Non-pathogenic Neisseria 
The genus Neisseria contains two important pathogens - Nmen and N. gonorrhoea. There 

are multiple other species of Neisseria which are not typically associated with disease. 

These non-meningococcal, non-gonococcal Neisseria species are found in abundance in 

the human upper respiratory tract. Carriage is seen from the neonatal period and is seen 

in across many geographical regions (94, 95) including the meningitis belt (96). Unlike the 

two pathogens, many commensal Neisseria are not exclusive to humans but also colonise 

a variety of animal hosts (94, 95).  

 

These typically non-pathogenic Neisseria do occasionally cause clinically important 

infections, with a wide range of clinical presentations described. The majority are 

opportunistic with underlying factors such as immunocompromise, recent surgery or 

intravenous drug use (94, 97). A recent report highlighted an association with the use of 

eculizumab, a terminal complement inhibitor, with seven cases reported (98). 

 

Examples of commensal Neisseria include N. cinerea, N. sicca, N. flavescens, N. 

polysacchareae, N. mucosa and the species of particular interest in this thesis, N. 

lactamica (Nlac) (94). 
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1.2.2  Microbiological and genomic features 
Nlac is a Gram negative, acapsulate, aerobic diplococcus which is both oxidase and 

catalase positive. It grows best at 35-37°C in 5% CO2. Like other Neisseria it can 

metabolise glucose and maltose, but it is the only member of the genus to ferment lactose 

due to the action of β-D-galactosidase, which is encoded by the gene lacZ. This allows 

Nlac to be differentiated from other Neisseria by the appearance of colonies on media 

containing the chromogenic substrate 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside 

(X-gal). Colonies of Nlac appear blue whereas colonies of other Neisseria species will 

grow white (99). 

 

The lack of a polysaccharide capsule means that Nlac does not have the ability to 

withstand human host defences, and that it cannot be classified by serogroup. It can be 

classified by MLST in the same way as Nmen (99, 100). 

 

The Nlac genome is similar in size to that of Nmen, at approximately 2.2Mb. A high 

percentage of this is coding content (85.3%), containing genes for almost 2000 proteins 

(99). 

1.2.3  Carriage of N. lactamica 
Nlac is a common commensal of the human nasopharynx, particularly in young children. 

The rate of natural carriage of Nlac rises over the first year of life then wanes in toddlers 

and older children and by adolescence carriage is approximately 1% (100, 101). 

 

Genetic analysis of isolates of Nlac obtained in carriage studies suggests that 

transmission occurs between household contacts (102) and is more likely to occur 

between siblings, than between adults and children, within the same household (100).  

 

The efficacy of ciprofloxacin to clear Nlac carriage is likely to be similar as for Nmen, as 

the organism is acutely sensitive to this antibiotic (103).  

1.2.4  N. lactamica disease 
Disease caused by Nlac is extremely rare, with only a few cases reported, almost always 

in the context of significant immunocompromise or co-morbidity (97). Table 1.1 details the 

few reported cases of Nlac disease (104-114). Nlac was not one of the Neisseria species 

identified in the series of infections in patients receiving eculizumab (98). 
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Disease Predisposing 
conditions 

Patient Reference 

Septic arthritis and 
septicaemia 

Myeloma 

Corticosteroids 

60 year old man Everts 2010 (104) 

Pneumonia Hepatitis B 

Liver cirrhosis 

42 year old man Wang 2006 (105) 

Cavitatory lung 
disease 

Organ transplant 

recipient 

64 year old man Zavascki 2006 (106) 

Otitis media Not reported Not reported Orden 1991 (107) 

  

Septicaemia ALL on 

chemotherapy 

7 year old girl Schifman 1983 (108) 

Septicaemia and otitis 
media 
Nlac and Gram positive 

cocci cultured from ear, 

Nlac in blood culture 

Chromosomal 

abnormality 

  

23 month old girl Wilson 1976 (109) 

Septicaemia and 
meningitis 

None 7 month old girl Lauer 1976 (110) 

  

Septicaemia Cerebral infarcts 15 week old boy Brown 1987 (111) 

Meningitis Cribiform plate 

fracture 

Adult female Denning 1991 (112) 

Meningitis Unknown Male child Hansman 1978 (113) 

Lung cavity Organ transplant 

recipient 

55 year old man Changal 2016 (114) 

 
Table 1.1 Nlac disease 
Summary of Nlac disease case reports 
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1.2.5  Epidemiological relationship between N. lactamica and N. 
meningitidis 

Nlac and Nmen are closely related species and occupy the same niche – the human 

nasopharynx. They have a high level of homology at a nucleotide level (8) and the 

majority of genes present in Nmen are also present in Nlac, including many associated 

with meningococcal virulence (115). Age-related patterns of carriage have been described 

in sections 1.1.14.1 (Nmen) and 1.2.3 (Nlac). These patterns have been consistently 

observed, and are inversely proportional, with Nmen carriage increasing over childhood to 

peak in adolescence and Nlac carriage falling over childhood from a peak in pre-school 

children (74, 100, 101). Co-colonisation with both species is rare (102, 116).  

 

A negative association between Nlac carriage and both meningococcal carriage and 

disease was demonstrated during an outbreak in the Faroe Islands. Overall, Nmen 

colonisation rates were 4.5% in Nlac colonised individuals and 17.3% in those not 

colonised with Nlac. Comparison was made of Nlac and Nmen carriage in distinct areas of 

high and low incidence of meningococcal disease. Areas of high disease incidence had 

higher Nmen and lower Nlac colonisation rates than areas of low disease incidence. The 

age adjusted odds ratio of Nlac carriage for those living in areas of high incidence was 

0.41 (95% CI 0.31-0.53) (117). 

 

These observations have led to the hypothesis that Nlac carriage may provide protection 

from both Nmen carriage and meningococcal disease. Mathematical modelling has 

estimated a potential duration of protection of 4-5 years (118). 

 

Gold et al demonstrated the natural acquisition of Nlac carriage over early childhood in the 

1970s. A rise in cross-reactive Nmen IgG and bactericidal activity was seen among those 

who were Nlac colonised in comparison to non-colonised children (101). However, more 

recent studies have shown that the development of protective levels of SBA does not 

occur until later in childhood, after Nlac carriage rates have decreased (119). In a in a 

murine model of invasive meningococcal disease, mice immunised with either killed whole 

cell Nlac or Nlac OMVs were protected against challenge with a variety of Nmen strains in 

comparison to controls. However, bactericidal activity was not demonstrated using sera 

from the immunised mice (120). Furthermore, a phase 1 human clinical trial of Nlac OMV 

demonstrated generation of immune responses to Nlac but there was little evidence of 

cross protective SBA against Nmen (121). 
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Other postulated immunological mechanisms include cross-reactive but non-bactericidal 

antibodies, non-humoral acquired immune responses, or innate immune responses 

triggered by Nlac colonisation. 

 

Potential non-immunological interactions include competition for resources and direct 

antagonism by the release of specific toxins, antimicrobial peptides or extracellular DNA 

fragments (122). 
 

The relationship between Nlac and Nmen has been further investigated in previous 

controlled human studies (123, 124). These studies and the insights they have provided 

are discussed in section 1.4.1. 

1.3 Controlled Human Infection 

1.3.1  Introduction 
Controlled human infection, or human challenge, involves the deliberate exposure of 

volunteers to a micro-organism of interest, with the aim of inducing infection or 

colonisation. A controlled human infection model (CHIM) is a standard process of 

exposure developed for a specific organism which has been shown to be safe, effective 

and reproducible. Such a CHIM can then be used in clinical studies to investigate the 

bacterial-host interaction, immunological parameters and the efficacy of preventative or 

therapeutic interventions (125, 126).  

1.3.2  History 
The practice of deliberate infection of human subjects has a long, and at times 

unpalatable, history. An early example is the use of cowpox inoculation to prevent 

smallpox disease, made famous by Jenner in the 1700s. In the early 20th century, 

thousands of individuals were experimentally infected with a wide range of micro-

organisms via respiratory exposure, ingestion and injection. Some of these studies yielded 

valuable insights into the aetiology, transmission and clinical features of infections, others 

allowed assessment of vaccines and therapeutic interventions (126, 127). However, many 

were highly unethical, involving experimentation on non-consenting vulnerable groups 

such as prisoners and children. Most lacked scientific rigor and appropriate consideration 

of risk (128).  

 

Over recent decades, controlled human infection has become a valuable, scientifically 

robust and ethically sound field of clinical research. Great consideration has been given to 

the justification, design and ethical conduct of CHIM studies (125, 128-130). Current 

examples include influenza and other respiratory viruses (131), gastrointestinal pathogens 
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such as Vibrio cholerae (132) and Salmonella typhi (133), and parasitic infections such as 

malaria (134) and leishmaniasis (135). 

1.3.3  Uses and limitations 
The crucial strength of controlled human infection is prospective knowledge of the timing, 

site, and level of exposure of specific subjects, to the organism of interest. This allows a 

unique insight into the host-pathogen interaction before, during and after exposure and 

infection. The dynamics of the host immune response can be mapped in detail and 

immunological correlates of protection from infection, or disease, can be elucidated. Other 

factors influencing the response to infection can also be considered, e.g. co-infections, 

microbiome, host genetics and diet (126). The impact of different challenge doses, the 

incubation period, microbial dynamics, shedding and transmission to other subjects can 

be monitored (125). The response to re-challenge can give clues to the potential 

protection afforded by natural infection (136). 

 

CHIMs can be used to evaluate and compare the efficacy of vaccines and other 

preventative interventions, as well as therapeutics. Given that many infections occur 

sporadically and may have very low incidence in the research population, the efficacy of 

such interventions can be assessed much more quickly, and with a far smaller sample 

size, than would be required in a conventional field study. During the development of new 

vaccines, potential candidates can be quickly assessed and either discarded or 

progressed to further stages of development (125, 126).  

 

A limitation of CHIM studies is that because of the level of control required, it may not 

accurately represent real life infection. Volunteers are by necessity young healthy adults 

from the population local to the study site, the process of exposure may be different to 

natural infection and the fixed dose will not be representative of the wide range of 

exposure levels experienced in natural infection. These factors limit the generalisability of 

the results (126). 

 

Safety is of paramount importance and so CHIMs are designed to avoid causing harm to 

the participants. This may mean limiting the endpoints of the study to microbiological 

confirmation of infection with no disease, or to clinical endpoints of mild disease which can 

be quickly terminated with no long-term effects. These limitations are clearly necessary in 

order for a study to be ethically acceptable, but it does limit the clinical information that 

can be gained (125, 126, 128). 
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1.3.4  Regulations and standards 
In the United Kingdom, CHIM studies are subject to the same regulatory requirements as 

other clinical research studies. They therefore require approval from the National 

Research Ethics Service (NRES) and Health Research Authority (HRA) and must adhere 

to the principles of Good Clinical Practice (GCP). In contrast to the United States and the 

European Union, challenge agents are not considered to be Investigational Medicinal 

Products (IMPs), and so Medicine and Healthcare Regulatory Agency (MHRA) approval is 

not required, unless an IMP is included elsewhere in the protocol, for example as a 

candidate vaccine. Although Good Manufacturing Practice (GMP) production of challenge 

agents is desirable, it is not a requirement, and often not logistically practical, so a GMP-

like approach to production is often used. Any challenge agent which is genetically 

modified will require approval from the Department of Food and Rural Affairs (DEFRA) 

prior to release (130).  

 

However, standards have been published regarding the design and conduct of CHIM 

studies (128-130, 137). Robustly designed studies will minimise the risks and burdens to 

the participants and local population, while optimising social and scientific value (128).  

1.3.5  Public Engagement  
Public and participant involvement and engagement activities are an important part of the 

ethical design and conduct of clinical research and particularly so in CHIMs due to the 

potentially higher level of risk and burden to participants and third parties, and the 

potential for public scrutiny and misinformation. Consultation with potential, current and 

past participants and representatives of the local population as well as other key 

stakeholders such as community leaders and expert groups can help to inform study 

design and to optimise communication with the public, ensuring accountability and 

transparency (128-130). A variety of different activities can be employed e.g. focus 

groups, surveys, and consultation with specific individuals and groups (138). 

 

The level of public engagement required will vary between different studies and situations. 

This may be relatively minimal in a well characterised CHIM with a low risk or burden, but 

will be more comprehensive in a novel CHIM with a higher level of risk or public interest. 

(128). 
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1.3.6  Controlled human infection in low and middle income countries 
In order to address ethical requirements and safety concerns, CHIM studies are designed 

to avoid higher risk or more vulnerable populations. In addition, the infrastructure and 

resources required to maintain scientific robustness have generally limited their use to 

well-resourced research centres. As a result, the vast majority have been conducted in 

high income countries. However, many infections have the highest, or only, burden of 

disease in lower income countries. Differences between populations, such as previous 

exposure levels, baseline immunity, co-infections, microbiome, environment and social 

behaviour mean that the study findings may not be generalisable to the populations with 

the highest burden of disease. In fact, naïve individuals within a research population may 

be at higher risk of disease than those within an endemic setting.  

 

There has therefore been a recent move towards translating established CHIMs to low- 

and middle-income countries (LMICs) where the infection of interest is endemic. When 

designing such a study, public engagement activities are vital to establish trust and ensure 

acceptability to the local population and community leaders. Care must be taken not to 

exploit vulnerable individuals, and a careful balance needs to be struck between fair 

compensation and undue inducement. The resources, processes and infrastructure must 

be put in place to ensure safety and appropriate access to health care for participants, 

and to maintain scientific integrity. With such safeguards in place, CHIM studies within 

endemic settings can be conducted safely and ethically and can yield results and benefits 

relevant to that population (128, 139). 

1.4 The Neisseria lactamica controlled human infection model 

1.4.1  Previous studies 
Controlled human infection with Nlac can be used to investigate and potentially exploit the 

relationship between Nlac and Nmen. Two studies were conducted during the initial 

development of the model – LACTAMICA 1 (L1) (123) and LACTAMICA 2 (L2) (124). 

Healthy adult volunteers were challenged intranasally with Nlac using an automated 

pipette, with the aim of deliberately inducing nasopharyngeal colonisation. The inoculum 

used was a suspension of wild type Nlac strain Y92-1009 in phosphate buffered saline 

(PBS), prepared from frozen bacterial stocks. A dose of 104 colony forming units (CFU) 

was used for the majority of challenges.  

 

The colonisation fraction (the proportion of challenged volunteers who were successfully 

colonised) was 58.5% by two weeks and 63.4% over the whole study period of 24 weeks 

in L1, and 33.6% by two weeks, 41% over the whole study period of 26 weeks in L2. This 
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difference in colonisation fraction was partly due to an inhibitory effect of Nmen carriage 

on Nlac acquisition. Carriage of Nmen at baseline was an exclusion criterion in L1 but not 

in L2. In L2, 24% of challenged volunteers were colonised with Nmen at baseline and the 

Nlac colonisation fraction by two weeks was 21% in those with, and 37% in those without 

baseline Nmen colonisation. In addition, the exclusion of smokers from L1 but not L2 may 

also have had an impact on colonisation fraction. Acquisition of colonisation with Nlac 

predominantly occurred within the first two weeks following inoculation, but some new 

acquisition continued to occur up to 4 weeks (L1) and 26 weeks (L2) (123, 124). 

 

There was some spontaneous loss of carriage of Nlac throughout the follow up periods 

but long-standing colonisation was achieved in the majority of those successfully 

colonised with a colonisation fraction of 41% after 24 weeks (L1) and 24% after 26 weeks 

(L2) (123, 124). 

 

Successful colonisation with Nlac was seen to have an inhibitory effect on the acquisition 

of Nmen carriage in both studies, and to displace pre-existing Nmen carriage in L2, 

supporting the role of Nlac carriage in protection from meningococcal carriage and 

therefore disease (123, 124). 

 

Successful colonisation with Nlac was also shown to be immunogenic with the production 

of Nlac specific systemic and mucosal antibody responses by 4 weeks. Some cross-

reactive Nmen specific opsonophagocytic antibody production occurred but there was not 

a significant production of cross-reactive bactericidal antibodies to Nmen (123).  

 

Colonisation following rechallenge with Nlac at 26 weeks differed between the two 

studies. In L1 there was evidence of resistance to rechallenge following spontaneous loss 

of carriage or failure to colonise. This resistance to rechallenge was not seen in L2. In L1 

six volunteers underwent a third challenge at a higher dose of 105 CFU. These volunteers 

had not been successfully colonised at either of the first two challenges at 104 CFU. The 

colonisation fraction at this higher dose was 50%. There were no significant safety 

concerns in either study, at a dose of 104 in over 340 volunteers, or at a dose of 105 CFU 

in six volunteers (123, 124). 

1.4.2  Further development of the model 
The studies described above demonstrated that challenge with wild type Nlac is safe and 

induces long standing immunogenic colonisation in a reasonable proportion of healthy 

adults. However, some aspects of the model could be further optimised to improve the 
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colonisation fraction, the logistics and transferability of the model and the cross-reactive 

Nmen specific immunogenicity.  

 

Six participants were safely challenged with a dose of 105 CFU in L1. The colonisation 

fraction in this subgroup, apparently resistant to challenge at the lower dose, was 50% 

(123). This suggests that this higher dose could be used safely in a less selected 

population, and is likely to substantially improve the colonisation fraction. 

 

The preparation of the inoculum from frozen bacterial stocks is effective, but requires a 

temperature monitored -80oC freezer. The resulting inoculum dose may be inaccurate due 

to variability and gradual decline in the batch viability over time. The need for precise and 

complex dilutions adds further logistical difficulty and potential inaccuracy. Modification of 

these storage and preparation processes using lyophilised stocks of Nlac could improve 

the reliability and accuracy of the model and make it a feasible model to use outside of the 

highly resourced research environment. This is discussed further in section 1.4.3. 

 

Experimental colonisation with Nlac induces some cross-reactive Nmen specific 

antibodies, but does not result in a significant rise in serum bactericidal activity (123), 

which is the accepted correlate of protection against meningococcal disease (23, 51-53).  

Transformation of Nlac to express a meningococcal-specific antigen could potentially 

improve the Nmen specific immunogenicity. This is discussed further in section 1.4.4 and 

1.4.5. 

1.4.3  Lyophilisation 
Lyophilisation, or freeze-drying is a well-established method used to store specific strains 

of micro-organisms. Large counts of bacteria can be produced at high concentrations in 

small volumes and then stored or transported at ambient temperatures. These can then 

be reconstituted when required to yield viable cells.  

The process of lyophilisation is variable but involves initial culture of the bacteria followed 

by the addition of protective agents, freezing, dessication and storage (140). 

 

A disadvantage of lyophilisation has been the occurrence of cell damage during the 

freezing process leading to the loss of a proportion of the original number of bacterial 

cells. Many variables have an impact on this cell loss and the final viable cell count. Such 

variables include the species and strain of bacteria, the original cell count, the growth 

media and protective agents used, the speed of freezing and drying, the method of 

storage and the fluid and temperature of reconstitution (140). With optimisation of these 

variables, the recovery of a high and reproducible proportion of the original cell count is 
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possible, although the effect of lyophilisation on the ability of micro-organisms to interact 

with host cells is unknown (141). 

 

The optimal cell count to lyophilise has traditionally been taken as greater than 108 CFU. 

Protective agents include oligosaccharides and proteins such as skimmed milk. The 

speed of freezing influences the size and shape of the ice crystals formed, which then 

influences the ability to remove water vapour during the drying phase, and the direct cell 

damage. The shelf life and recoverable cell count is improved with packaging that does 

not allow interaction with moisture or oxygen. Vacuum sealed glass vials or ampoules are 

commonly used (140). 

 

Two controlled human infection studies using a lyophilised Nlac inoculum are detailed in 

Chapter 6 of this thesis. 

1.4.4  Genetically modified Nlac 
Colonisation with a strain of Nlac expressing a meningococcal antigen could potentially 

impact both the colonisation fraction and duration, and the Nmen specific immunogenicity, 

in comparison to wild type Nlac. A CHIM incorporating such a genetically modified 

organism (GMO) would allow evaluation of the impact and host response to that specific 

antigen. A small number of CHIMs with “knock out” GMOs are in progress or have been 

published (133, 142, 143). To our knowledge, no previous controlled human infection 

studies involving a “knock-in” GMO have been undertaken.  

1.4.5  The use of NadA as the antigen of interest 
NadA is a surface-expressed meningococcal antigen with a role in adhesion and invasion 

into human epithelial cells (144). It is variably expressed by strains possessing the nadA 

gene, found in 30-50% of disease isolates. It is associated with hypervirulent clonal 

complexes and is present in only a small proportion of carriage strains (145, 146). NadA is 

potently immunogenic and is one component of the 4CMenB vaccine (146). NadA has 

been shown to induce bactericidal antibodies in a murine model with mice inoculated with 

Streptococcus gordonii expressing NadA (147) or purified NadA protein with adjuvant 

(148). 

 

NadA expression by a genetically modified strain of Nlac may therefore impact the 

colonisation fraction following challenge, and may improve the induction of cross-reactive 

Nmen immune responses. However, due to its potent immunogenicity, it may in fact 

reduce the duration of colonisation due to enhanced clearance.  
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A controlled human infection study with GM Nlac expressing NadA is detailed in Chapter 5 

of this thesis.  

1.5 Aims of this thesis 
This thesis describes the design, conduct and results of four Nlac CHI studies, each 

addressing different research questions, and each progressing the Nlac CHI research 

programme towards the overall aim of improving protection from meningococcal disease. 

 

Chapter 2 is an overview of Nlac CHIM methods. The common processes and procedures 

used across all four studies are described, and differences between the studies noted.  

 

For each study, a key endpoint was Nlac specific IgG, with comparison made from 

baseline to post challenge timepoints. Chapter 3 describes the development, optimisation 

and validation of an in-house ELISA used to determine titres of serum IgG specific to 

outer membrane vesicles derived from the inoculum strain of Nlac – Y92-1009.  

 

Chapter 4 describes LACTAMICA 3 (L3), a study designed to assess the impact of 

duration of colonisation on immunogenicity. Volunteers were inoculated with wild type 

Nlac and received antibiotic eradication therapy at day 4 (Group 1) or day 14 (Group 2). In 

order to optimise the colonisation fraction, the dose of inoculum was increased from that 

used in previous studies, and methods for assessing shedding were developed. The 

information gathered during this study helped to inform the design of the subsequent 

studies. 
 

Chapter 5 describes LACTAMICA 4 (L4), in which volunteers received one of two strains 

(intervention or control) of genetically modified (GM) Nlac. As a world first controlled 

human infection study using a “knock in” genetically modified organism (GMO), safety and 

infection control were of paramount importance in the design of this study. Volunteers 

were therefore observed as inpatients for 4.5 days and then discharged and followed up 

until carriage was cleared after approximately 3 months. Safety, colonisation and 

shedding were closely monitored. A further group of ‘contact volunteers’ were also 

enrolled to assess potential onward transmission to bedroom sharers of the inoculated 

challenge volunteers following discharge. The immunological responses among those 

colonised with the different strains were compared.  

 

All studies to this point used inocula prepared from frozen stocks of Nlac. This was 

effective, but limited the use of the model to centres equipped with the resources to 

reliably store and prepare the inoculum immediately prior to administration. In order to 
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develop the model for potential use in a resource-limited setting, such as in the meningitis 

belt of Sub-Saharan Africa, the method of inoculum storage and preparation was 

modified. Stocks of Nlac were freeze-dried, or lyophilised, and then reconstituted shortly 

prior to administration. To demonstrate that this method was equivalent to using frozen 

stocks, two further studies were carried out. The first, LACTAMICA 5 (L5), recruited 

healthy adult volunteers in the UK, and following this, the second, similar study was 

carried out in a setting within the meningitis belt, in Bamako, Mali, LACTAMICA Étape 1 

(LE1). Both studies used a dose-ranging strategy to identify the optimal dose of inoculum 

derived from lyophilised bacterial stocks, and then assessed safety, colonisation duration 

and immunogenicity of inoculated volunteers. These two studies are described in Chapter 

6. 
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Chapter 2 The Neisseria lactamica controlled human 

infection model – an overview of methods 

2.1 Overview 
The Neisseria lactamica controlled human infection model (Nlac CHIM) has been 

established to safely and consistently induce nasopharyngeal colonisation with Nlac. 

Eligible volunteers are inoculated nasally with a suspension containing live Nlac, following 

which they can be monitored for endpoints such as colonisation dynamics and specific 

immunogenicity. Colonisation can be cleared with antibiotic eradication therapy if required 

by protocol. The four clinical studies presented in this thesis build on the previous work 

described in the introduction (123, 124), to further develop and optimise this model.  

 

This chapter describes the common methods used across all four studies. An example 

study timeline is shown in Figure 2.1. Study specific methods including the study 

schedule, objectives and endpoints for each study are detailed in study specific chapters 

4, 5 and 6. The study protocols are included as Appendices A1 to A4. 

2.2 Regulatory requirements and approvals 
All four studies were conducted in accordance with the Declaration of Helsinki (1996) and 

the International Conference on Harmonisation Guidelines for Good Clinical Practice and 

were registered with ClinicalTrials.gov. 

 

The sponsor for L3 was University Hospital Southampton Trust and for L4 and L5 was the 

University of Southampton. These three studies were considered and approved by the 

National Research Ethics Service and the Health Research Authority. The two genetically 

modified strains of Nlac used in L4 were approved by the responsible government agency 

– the Department for Environment, Food and Rural Affairs (DEFRA) for use in this study 

(149). 

 

LE1 was sponsored by the Centre pour le Développement des Vaccins du Mali (CVD 

Mali) and received ethical approval from the University of Maryland, Baltimore Institutional 

Review Board (UMB IRB) and the Comite d’Ethique de la Faculte de Medicine et 

d’ondonto-stomatologie Faculte de Pharmacie, Mali. (FMOS/FAPH). Approval was also 

given by the University of Southampton Research Governance Organisation.
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Overview of a generic Nlac CHI study schedule with key interventions and monitoring processes. Specific timepoints are variable for each 
study – see study specific chapters 4-6. 
 

Screening 0

Challenge 
visit

Safety monitoring

Intranasal challenge with Nlac Antibiotic eradication (L3, L4)

Generic study timeline

Assessment of colonisation / transmission
Assessment of shedding (L3, L4)

Immunological samples

Figure 2.1 Nlac CHI study schedule 



 Chapter 2 
 

 31 

 

2.3 Study setting and study team 
L3, L4 and L5 were carried out in Southampton, UK. All study visits and procedures, 

including admission for L4 challenge volunteers, took place at the Southampton NIHR 

Clinical Research Facility (CRF) located within University Hospital Southampton NHS 

Foundation Trust.  
 

The NIHR CRF is a world class research facility with experience of vaccine, early phase 

and human challenge studies. It is staffed with a team of GCP trained research personnel 

including dedicated nurses, doctors and laboratory technicians. Management systems are 

in place for training, standard operating procedures, and sample tracking. The facility has 

multiple individual rooms suitable for inpatient or outpatient use, with additional facilities 

for inpatients such as a recreation room and designated toilets and showers. Laboratory 

facilities include an environmental chamber with category 2 environmental hood, level 2 

microbiological safety cabinets, temperature monitored freezers and incubators. The 

facility is within the main hospital building with access to a resuscitation team and 

intensive care facilities if required. Standard infection control precaution policy is followed 

as per NHS and PHE policy.  

 

For these studies, study team members received study specific training and were 

delegated to appropriate tasks. Informed consent, screening and inoculation procedures 

were all carried out by ALS trained study doctors. Other study visits and procedures were 

carried out by research nurses with ALS trained doctors on site.  

 

LE1 was designed to translate the model to a setting within the meningitis belt. For this 

purpose, we collaborated with investigators from several different institutions, as detailed 

in Chapter 6, and the study was carried out at CVD Mali which is a research facility in 

Bamako, Mali, West Africa. CVD Mali has extensive experience in conducting clinical trials 

and is equipped with clinical and laboratory facilities including microbiological safety 

cabinets and temperature monitored freezers and incubators. Dedicated research staff 

were trained in the study specific clinical and laboratory procedures. CVD Mali is 

partnered with the University of Maryland School of Medicine Center for Vaccine 

Development in Baltimore, USA so collaborators from this institute were also involved in 

the design and conduct of LE1. 
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2.4 Data collection and storage 
For the Southampton studies, all study specific data were collected onto study specific 

source documents including case report forms and laboratory source documents which 

can be found in Appendices C1-7 and D1-3. These were link anonymised and stored 

securely within the CRF or university premises with restricted access. Link anonymised 

data were transcribed into a study specific database stored on the UHS trust (L3 and L5) 

or University of Southampton (L4) systems. In CVD Mali, LE1 link-anonymised clinical 

data were entered directly into a password protected study database stored on a server in 

CVD Mali. Laboratory data were collected onto study specific source documents and 

transcribed into the database. Data were anonymised prior to electronic transfer to the 

University of Southampton for analysis. 

2.5 Sample size 
For all four studies, which all included serological response to Nlac as a primary or co-

primary outcome measure, the sample size was calculated from the results of a previous 

Nlac CHIM study, in which a significant rise in Nlac specific IgG was seen 2 weeks 

following inoculation (123). Using the SD of 0.26 seen in that study, it was estimated that 

a sample size of 10 colonised individuals should be sufficient to confirm a 4-fold rise of 

specific IgG with 90% power using analysis of variance. 

 

We therefore aimed to achieve colonisation in 10 participants for each group in L3 and L4, 

and at a final “standard inoculum dose” for L5 and LE1, with recruitment planned to 

continue until that had been achieved.  

 

For L3 and L4, we estimated a colonisation fraction of approximately 50% at the planned 

inoculation dose of 105 CFU, based on the colonisation fraction seen previously at this 

dose (123), and allowed for a drop-out rate of 10%. We therefore anticipated a total 

sample size of up to 22 participants per group, so 44 participants challenged in total. In L4 

we also planned to recruit a maximum of 1 contact volunteer per challenge volunteer, so a 

maximum of 44 contact volunteers.  

 

In L5 and LE1, the study design included a dose-ranging process with 5 participants per 

dose cohort. The estimated total sample size was therefore dependant on the number of 

cohorts required to find the standard inoculum dose, but we estimated it to be 15-35 

participants in total for L5. For LE1 the initial sample size was expected to be up to 25 

participants, but this was increased to up to 100 participants following the early part of the 

study in which some participants needed to be replaced. This is detailed further in Chapter 

6. 
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2.6 Safety considerations 
The priority in conducting these studies was to avoid causing harm. As in all controlled 

human infection studies, it was important to consider the potential for the inoculum strain 

to cause disease to the challenged participants and the potential for onward transmission 

to their contacts or to the wider population.  

 

Wild type Nlac is a non-virulent commensal organism and has been shown to be safe in 

previous controlled human infection studies. The likelihood of causing disease in L3, L5 or 

LE1 was therefore considered to be negligible. However, the eligibility criteria were 

carefully considered to minimise any risk to immunosuppressed individuals. Volunteers 

with a personal history, or close contacts with known or suspected immunocompromise 

were excluded from participation. HIV testing was not routinely conducted at screening 

after consideration of the local incidence and potential risk to asymptomatic individuals.  

 

Staggered inoculations and maximum cohort sizes were built into the protocols for L5 and 

LE1 for the first individuals challenged at each escalated dose of lyophilised Nlac. These 

are detailed in Chapter 6.  

 

The genetically modified strains used in L4 were designed to be non-virulent, but as novel 

GM strains, with one strain expressing a protein normally expressed by a pathogen, it was 

vital to fully assess their pathogenic potential and to minimise any onward transmission. 

 

Following the production of the two strains, extensive pre-clinical testing was carried out, 

and the resulting data were submitted to DEFRA (150). Approval was given for their 

deliberate release in a controlled human infection study with the acknowledgement that 

onward transmission was possible, but that the risk of this would be minimised. This 

required strict eligibility criteria and infection control procedures, monitoring of shedding 

and transmission to bedroom contacts, and antibiotic clearance of colonisation at the end 

of the study (149). Safety considerations for minimising the risk of disease in challenge 

volunteers included a 4.5-day period of inpatient monitoring following challenge and 

staggering of the first challenges with regular safety reviews and strict stopping / holding 

rules. These are discussed in detail in Chapter 5. Participants were able to contact the 

study team via a 24-hour telephone number throughout their involvement in the study.  

 

L3, 4 and 5 each had an independent external safety committee who reviewed the study 

protocol prior to study commencement, and reviewed safety data at pre-agreed intervals 

and in the event of any safety concerns. For LE1 the safety committee consisted of the 
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investigators from each collaborating institution who met online regularly during the study 

to review all safety, eligibility and colonisation data.  

 

Clearance of Nlac colonisation requires a single dose of Ciprofloxacin, either routinely as 

per protocol (L3 and L4) or in the event of any safety concerns. Eligibility and screening 

for all studies therefore included consideration of the potential risk of Ciprofloxacin to 

participants.  

 

Additional safety measures were implemented to mitigate the risk of SARS-CoV-2 

infection, which emerged during this research programme. These are detailed in 

Appendices E18-19. 

2.7 Recruitment and consent 
The recruitment strategy, all advertising material and information sheets were approved 

by the relevant ethics committee for each study.  

 

In Southampton, the studies were advertised using a variety of media including social 

media, posters and articles within literature for circulation. Individuals registered with the 

NIHR CRF Healthy Volunteers Database were contacted directly by email. Individuals 

who responded to these advertisements were provided with a volunteer information sheet 

containing full information about the requirements, potential risks and benefits of the 

study. For L4, potential challenge volunteers were asked to inform their bedroom sharer (if 

applicable) about the study and if willing, they were provided with a contact volunteer 

information sheet.  

 

All potential volunteers, including contact volunteers for L4, had a short pre-screening 

telephone call and if willing and potentially eligible, they were invited to attend a screening 

visit at the NIHR CRF. Fully informed written consent was taken by a study doctor at the 

screening visit, prior to any study procedures taking place. For volunteers in L4, a pre-

consent questionnaire, infection control questionnaire and infection control agreement 

were completed to ensure the volunteers understood and agreed to the requirements, 

risks and benefits of the study. This is detailed further in Chapter 5. 

 

The recruitment and consent strategy in Bamako differed from that in Southampton as the 

population and setting required a different approach including seeking community 

permission and consideration of lower literacy rates. This is discussed further in Chapter 

5. Volunteer information sheets, informed consent forms and questionnaires (where 

applicable) for each study are included in Appendix B1-11. 
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2.8 Eligibility 
Following informed consent, a detailed medical history and physical examination were 

conducted by a study doctor, ensuring that all inclusion criteria, and no exclusion criteria 

were met. Screening investigations included baseline safety bloods, urinalysis, urine drug 

screen and pregnancy test with details for each study in the specific study chapters. An 

ECG was performed (L3, L4 and L5 only) as a prolonged QT interval was considered a 

contra-indication for the use of ciprofloxacin. Results were considered on an individual 

basis, using the reference ranges in Table 2.1 as a guideline for L3, L4 and L5 and local 

normal ranges for LE1. Investigations could be repeated at the discretion of the study 

investigators.  

 

All four studies required challenge volunteers to be healthy adults, aged 18-45 years. 

Care was taken to avoid recruiting vulnerable or immunosuppressed individuals or those 

with close contacts who were immunosuppressed. Smoking and pre-existing Neisseria 

carriage are known to influence the acquisition of Nlac. Current smokers were therefore 

excluded from all three studies in the UK, whereas in Mali it was felt to be culturally 

unacceptable to exclude smoking. Nasal wash and/or throat swab samples were taken for 

assessment of pre-existing Nlac and Nmen carriage at the screening visit, and at a pre-

challenge visit 5-7 days prior to inoculation for challenge volunteers in L4. Nlac carriers 

were excluded from all four studies, and Nmen carriers were excluded from L3 and L4. 

Details of the screening investigations for each study are in the relevant chapter, and the 

eligibility criteria are summarised in Table 2.2 and 2.3.  



Chapter 2 
  

 36 

 
 Lower limit Upper limit 
Haematology 

Haemoglobin [g/L] Male: 130, Female: 
120 Male: 170, Female: 150 

White Cell Count [x 109/L] 4 11 
Platelet Count [x 109/L] 150 450 
Neutrophil count [x 109/L] 2 7.5 
Lymphocyte count [x 109/L] 1.5 4.0 
Biochemistry 
Sodium [mmol/L] 133 146 
Potassium [mmol/L] 3.5 5.3 
Urea [mmol/L]  7.8 
Creatinine [µmol/L]  97 
Albumin [g/L] 35  

Total bilirubin [µmol/L]  20 
ALT [IU/L]  Male: 50, Female: 43 
ALP [IU/L]  130 
C reactive protein [mg/l]  10 
Urine pregnancy test Excluded if positive 
QTc Excluded if ≥440 ms (Male) or ≥460 ms (Female) 

 
Table 2.1 Screening investigation reference ranges  
Reference ranges for screening investigations for Nlac CHI study inclusion – to be 
used for guidance but investigator discretion is allowed. Based on University 
Hospital Southampton laboratory reference ranges. 
Adapted from L3, L4 and L5 study protocols (Appendix A1, A2, A3).



 Chapter 2 
 

 37 

Inclusion criteria L3 
L4 

ChV 
L4 

CoV 
L5 LE1 

Healthy adults aged 18 to 45 years inclusive 
on the day of enrolment 

✔ ✔  ✔ ✔ 

Healthy adults aged 18 years or over on the 
day of enrolment 

  ✔   

Residing outside the demographic 
surveillance area 

    ✔ 

Fully conversant in the English language ✔ ✔ ✔ ✔  

Able and willing (in the investigator’s opinion) 
to comply with all study requirements  

✔ ✔ ✔ ✔ ✔ 

Provide written informed consent to 
participate in the trial 

✔ ✔ ✔ ✔ ✔ 

Provide written agreement to abide by 
infection control guidelines during the study  

 ✔ ✔   

Provide written consent to allow the study 
team to discuss the volunteer’s medical 
history with the General Practitioner 

 ✔    

Written informed contact volunteer consent 
provided by any bedroom contact 

 ✔    

Agreement to be admitted to Southampton 
NIHR-CRF for 4.5 days following inoculation 

 ✔    

For females only, willingness to practice 
continuous effective contraception during the 
study and a negative pregnancy test on the 
day(s) of screening and inoculation 

✔ ✔ ✔ ✔ 

 

✔ 

(to 

D28) 
Able to correctly answer all questions in the 
pre-consent questionnaire 

 ✔    

Able to correctly answer all questions in the 
infection control questionnaire 

 ✔ ✔   

Agreement to take antibiotic eradication 
therapy according to the study protocol 

✔ ✔ ✔   

TOPS registration completed no conflict 
found 

✔ ✔ ✔ ✔  

Table 2.2 Inclusion criteria for Nlac CHI studies 
ChV = Challenge volunteer, CoV = Contact volunteer, Adapted from study protocols 
(Appendix A). 
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Exclusion criteria L3 
L4 

ChV 
L4 

CoV 
L5 LE1 

Current active smokers defined as having 
smoked a cigarette or cigar in the last four weeks 

✔ ✔  ✔  

N. lactamica or N. meningitidis detected on 
throat swab or nasal wash taken at screening or 
at the pre-challenge visit 

✔ ✔   	

N. lactamica detected on throat swab taken at the 
screening visit 

    ✔ 

Individuals who have a current infection at the 
time of inoculation  

✔ ✔   ✔ 

Individuals who have been involved in other 
clinical trials involving receipt of an 
investigational product over the last 12 weeks or 
if there is planned use of an investigational 
product during the study period 

✔ ✔ ✔ ✔ ✔ 

Individuals who have previously been involved in 
clinical trials investigating meningococcal 
vaccines or experimental challenge with N. 
lactamica 

✔ ✔  ✔  

Individuals who have received one or more 
doses of the meningococcus B vaccine Bexsero 

 ✔    

Use of systemic antibiotics within the period 30 
days prior to the challenge 

✔ ✔  ✔ ✔ 

Any confirmed or suspected 
immunosuppressive or immune-deficient state, 
including HIV infection; malignancy, asplenia; 
recurrent, severe infections and chronic (more 
than 14 days) immunosuppressant medication 
within the past 6 months (topical steroids are 
allowed) 

✔ ✔ ✔ ✔ ✔ 

Use of immunoglobulins or blood products 
within 3 months prior to enrolment.  

✔ ✔  ✔ ✔ 

History of allergic disease or reactions likely to 
be exacerbated by any component of the 
inoculum 

✔ ✔  ✔  ✔  
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Exclusion criteria L3 
L4 

ChV 
L4 

CoV 
L5 LE1 

Contraindications to the use of ciprofloxacin, 
specifically a history of epilepsy, prolonged QT 
interval, hypersensitivity to quinolones or a 
history of tendon disorders related to quinolone 
use 

✔ ✔ ✔ ✔  

Contraindications to the use of ceftriaxone, 
specifically hypersensitivity to any 
cephalosporins 

 ✔ ✔   

Any clinically significant abnormal finding on 
clinical examination or screening investigations  

✔ ✔  ✔ ✔ 

Any other significant disease, disorder, or 
finding which may significantly increase the risk 
to the volunteer because of participation in the 
study, affect the ability of the volunteer to 
participate in the study or impair interpretation of 
the study data, for example recent surgery to the 
nasopharynx 

✔ ✔ ✔ ✔ ✔  

Occupational, household or intimate contact with 
immunosuppressed persons, specifically HIV 
infection with a CD4 count <200 cells/mm3; 
asplenia; any malignancy, recurrent, severe 
infections and chronic (more than 14 days) 
immunosuppressant medication within the past 
6 months (topical steroids are allowed) 

✔ ✔ ✔ ✔ ✔ 

Occupational or household contact with children 
under 5 years or an older child with a tendency 
to co-sleep with the volunteer 

 ✔ ✔   

Pregnancy, lactation or intention to become 
pregnant during the study  

✔ ✔ ✔ ✔ ✔ 

Inability of the study team to contact the 
volunteer’s GP to confirm medical history and 
safety to participate 

 ✔    

Table 2.3 Exclusion criteria for Nlac CHI studies 
ChV = Challenge volunteer, CoV = Contact volunteer 
Adapted from study protocols (Appendix A).
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2.9 Inoculum  

2.9.1  Inoculum strain 
Nlac Y92-1009 was originally isolated in 1992 during a school-aged carriage study in 

Londonderry, Northern Ireland. It has been characterised using MLST analysis (ST-3493, 

CC 613) and whole genome sequencing (99). It has been used in previous Nlac CHIM 

studies (123, 124), and to develop an OMV based meningococcal vaccine (121).  

2.9.2  Inoculum production, storage, and quality control 
Bacterial stock vials were produced under GMP conditions at Public Health England 

(Porton Down, UK) and securely transferred under temperature monitored conditions to 

the University of Southampton. These stock vials were then diluted in PBS, glycerol and 

Franz medium and stored in aliquots. 

 

Two strains of genetically modified Nlac were produced for use in L4, using Y92-1009 as 

a parent strain. This strain was also used to produce vials of lyophilised Nlac (LyoNlac) for 

use in L5 and LE1. These processes were designed and undertaken by Dr Jay Laver in 

the University of Southampton laboratories, using GMP-like techniques and specific 

standard operating procedures.  

 

Frozen bacterial aliquots were stored in a -80oC freezer and lyophilised vials were stored 

in a refrigerator. Each was temperature monitored and located in secured facilities with 

restricted access either within the University of Southampton or NIHR Clinical Research 

Facility. Aliquots were assessed regularly for viability and contamination using standard 

microbiological procedures. 

2.9.3  Inoculum preparation 
Each dose of inoculum was prepared immediately prior to inoculation, once all pre-

inoculation checks and investigations had been completed for that participant. The study 

team and laboratory team communicated directly to ensure the inoculum was prepared at 

the correct time.  

 

A suitable aliquot or vial was identified from the refrigerator or freezer and transferred to 

the laboratory where it was prepared in a category 2 microbiological safety cabinet. 

Frozen aliquots of inoculum were thawed and then diluted in phosphate-buffered saline 

(PBS) (L3 and L4), and lyophilised vials were reconstituted and diluted in sterile water (L5) 

or PBS (LE1) according to a pre-specified dilution calculation. This calculation was based 

on the mean viability of the batch of inoculum, aiming for the viability that would achieve 
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the intended dose, expressed in colony forming units (CFU) in 1 millilitre (ml) of inoculum. 

The prepared inoculum dose was handed directly to the study doctor and 1 ml of inoculum 

administered to the participant (see section 2.11). Following inoculation, the residual 

inoculum was immediately returned to the laboratory for assessment of the residual 

inoculum viability using a Miles and Misra technique (CFU/ml). This CFU count was then 

recorded as the actual inoculum dose administered for that subject. While some variability 

in viability was expected, if administered dose was substantially or repeatedly different to 

the intended dose then further batch viable counts were performed and the dilution 

calculation adjusted appropriately.  

 

For L3, L4 and L5 the laboratory was located within the NIHR CRF, within a few metres of 

the clinical room used for inoculation. For LE1 the laboratory was located on the same site 

as the clinical area, but required a 2-3 minute walk in notably higher ambient temperatures 

than the UK. After some initial unexpected variability in the inoculum count, a check of 

inoculum viability was added in immediately after dilution (i.e. pre-inoculation) as well as 

post-inoculation. 

 

The residual inoculum was also assessed for purity following each inoculation, in each 

study. The study specific standard operating procedures (SOPs) for preparation and 

monitoring of the inoculum are detailed in Appendices E1-5. 

2.10 Inoculum dose 
The previous Nlac CHIM studies routinely used a dose of 104 CFU for challenge, all 

prepared from frozen stocks. This achieved a colonisation fraction of 34-63% by two 

weeks (123, 124). In a small subgroup of volunteers who had already been challenged 

twice, but not colonised, with a dose of 104 CFU, the dose was increased to 105 CFU. The 

resulting colonisation fraction in this very select subgroup was 50%, with no safety 

concerns (123). A dose of 105 CFU was therefore felt to be safe and likely to increase the 

colonisation fraction, and so was chosen as the appropriate dose for L3 and L4, 

anticipating a colonisation fraction of at least 50%. 

 

The method of inoculum storage and preparation was then altered for L5, with the use of 

lyophilisation. It was therefore felt that the dose of inoculum may not be comparable and 

so a dose-ranging strategy was designed, starting with the same dose of 105 CFU and 

escalating or de-escalating the dose to find the optimal “standard inoculum dose” which 

resulted in a colonisation fraction of approximately 80%. For LE1, a similar dose-

escalating strategy was used to identify the standard inoculum dose for Mali. Given the 

different population, with differing social behaviours, environment, diet and 
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nasopharyngeal flora, the dose required to achieve colonisation was considered not to be 

generalisable between the two settings. The standard inoculum dose identified in L5 was 

used as a starting dose in LE1. The dose-ranging strategies are detailed in Chapter 6.  

 

A colonisation fraction of 50-80% was chosen as the aim, in order to limit the overall 

sample size required, but to avoid using a higher saturating and potentially physiologically 

inappropriate dose. 

2.11 Inoculation 
On the day of inoculation, the identity, ongoing eligibility and informed consent of 

participants were confirmed. Baseline microbiological, immunological and safety 

investigations were performed including a pregnancy test for females. These are detailed 

in the schedule of procedures in each study specific chapter.  

 

The inoculation procedure was performed by a study doctor and observed by a study 

nurse. Participants were positioned supine with a pillow under their shoulders and neck 

extended. The inoculum was administered slowly into their nose via a pipette, 0.5ml per 

nostril. During administration the participant was asked to breathe slowly through their 

mouth and avoid swallowing. In L3 and L4, an automatic pipette with sterile tip was used, 

and the participant was asked to remain supine for 15 minutes after inoculation. For L5 

and LE1, a single use Pasteur pipette was used, and the volunteer was asked to remain 

supine for 5 minutes following inoculation. This change in inoculation procedure was 

made to improve the feasibility of the model for future field studies, while considering any 

possible impact on colonisation fraction. 

 

SOPs for the inoculation procedure are detailed in Appendices E6-E8. 

2.12 Follow up period 
Following inoculation, volunteers were monitored for safety, colonisation and 

immunogenicity for the remainder of their enrolment in the study. For L3, L5 and LE1, 

volunteers attended outpatient follow up visits according to the study schedule. For L4, 

volunteers remained in the NIHR CRF as inpatients for the first 4.5 days following 

inoculation, following which they were discharged and completed their follow up period on 

an outpatient basis with specific infection control procedures in place. This period of 

admission and the infection control procedures were a requirement of the DEFRA 

approval for deliberate release of the GM Nlac strains, and are discussed in detail in 

Chapter 5. 
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Antibiotic eradication therapy was administered to all volunteers in L3 and L4 prior to 

completing or withdrawing from the study as per protocol, and was available for use in the 

event of significant safety concerns in all of the studies. A single dose of 500mg 

Ciprofloxacin was used for this purpose. Potential volunteers with known contra-

indications for Ciprofloxacin use were excluded at screening and all female volunteers 

took a pregnancy test prior to administration. In the event of a positive pregnancy test, 

Rifampicin 600mg bd for 48 hours was planned as an alternative eradication therapy. The 

dose was administered and directly observed by a member of the study team.  

 

The common methods for monitoring safety, microbiological and immunological endpoints 

are discussed in the following sections and the schedule of procedures and specific 

endpoints for each study are detailed in the study specific chapters. All clinical samples 

were collected and processed according to standard operating procedures, which are 

either study specific, used across the human challenge programme or generic 

Southampton NIHR CRF SOPs. Relevant study or programme specific SOPs are included 

in appendices E9-E15. 

2.13 Safety monitoring 
Volunteers were directly observed for a period of approximately 30 minutes following 

inoculation. Any symptoms reported were recorded as unsolicited adverse events for L3, 

L4 and L5. For LE1, volunteers were asked about specific symptoms during this period of 

observation (nasal irritation/stinging, sneezing, coughing, headache) and these were 

recorded as reactogenicity. 

 

If an administered dose was found to be greater than 5 times the intended dose then it 

was recorded as an adverse event (AE), and if greater than 10 times the intended dose, it 

was recorded as an adverse event of special interest (AESI) and reported as a serious 

adverse event (SAE). 

 

Volunteers were monitored for safety parameters at each scheduled follow up visit, and at 

four-hourly intervals throughout the period of admission for L4. Safety parameters 

included solicited symptoms for L4 and L5 (see Table 2.4), unsolicited symptoms or 

adverse events, safety blood tests taken at the time points specified in the study 

schedules, and clinical observations. Clinical observations and laboratory results were 

graded according to Tables 2.5 and 2.6 for L3, 4 and 5, and according to locally agreed 

parameters for LE1, shown in Table 2.7. Grading of unsolicited AEs and causality 

assessments were undertaken by a study doctor according to criteria in the study 

protocols. 
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In the event of any safety concerns, volunteers were assessed by a study doctor. In 

between scheduled study visits, volunteers were able to contact a study doctor via a 24-

hour telephone number, and additional visits were arranged if required. Early antibiotic 

eradication therapy was available if required, and a plan for further investigation and 

escalation to admission and IV antibiotics was included in the protocol for each study. 

 

AE data was collected throughout the study period for L3, L4 and L5, and until Day 28 

post challenge for LE1. SAE data was recorded throughout the study period for all studies 

and reported according to the relevant regulations. Safety data was reported to the 

external safety committee for L3, L4 and L5, and discussed at regular study safety 

committee meetings for LE1. The safety committee gave approval for ongoing recruitment 

and / or dose escalation where relevant, or advised in the case of any safety concerns. In 

L4, safety stopping and holding rules were specified in the protocol – these are discussed 

in Chapter 5. 
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Solicited symptoms 
Graded as No / Mild / Moderate / Severe 

L4 L5 

Rhinorrhoea  ✔ ✔ 

Nasal congestion ✔ ✔ 

Epistaxis  ✔ 

Sneezing ✔ ✔ 

Ear pain  ✔ 

Eye pain  ✔ 

Sore throat ✔ ✔ 

Cough ✔ ✔ 

Dyspnoea ✔ ✔ 

Feeling generally unwell ✔ ✔ 

Tiredness ✔ ✔ 

Headache ✔ ✔ 

 
Table 2.4 Solicited symptom checklist – L4 and L5 
Symptom data collected from participants at each follow up visit post challenge for 
L4 and L5, and four-hourly during admission for L4. Adapted from L4 and L5 
protocols (Appendix A2 and A3) and case report forms (Appendices C3-5).  
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Table 2.5 Severity grading for clinical adverse events - L3, L4 and L5 
Observations recorded from participants at each follow up visit post challenge for 
L3, L4 and L5, and four-hourly during admission for L4. Adapted from study 
protocols (Appendices A1-A3) and case report forms (Appendices C3-5).  
*During the inpatient period for L4, measurements of heart rate, respiratory rate and 
blood pressure, which fall into the Grade 1 AE range, are only graded as AEs if they 
remain in that range for 2 consecutive sets of observations 

Clinical Observations  Normal values Not an AE Grade 1  Grade 2  Grade 3  

Tachycardia – beats 
per min 

40-100 NA *101-115  116-130  >130  

Hypotension 
(systolic) mm Hg 

<100 >90 *85-89  80-84  <80  

Hypertension 
(systolic) mm Hg 

90-140 NA *141-159  160-179  >180  

Hypertension 
(diastolic) mm Hg 

40-80 81-90 *91-99  100-109  >110  

Fever °C  
  

36.0-37.5 NA 
37.6 – 

38.0  
>38.0  >39.0  

Respiratory rate /min 10-18 19-22 *23-25 26-30 >30 

O2 saturation 
% 

95-100% NA 94-92% 91-88% <88% 
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Lab 
range 

Not an 
AE 

Grade 1 Grade 2 Grade 3 

Haematology       

Haemoglobin 
[g/L]  

Male 130-170  126-129 115-125 100-114 <100 

Female 120-150 114-119 105-113 90-104 <90 

White Cell Count [x 109/L]  4.0-11.0 

11.0-

11.49 

11.50-

15.00 

15.01-

20.00 
>20 

3.51-3.99 2.50-3.50 1.50-2.49 <1.50 

Platelet Count [x 109/L]  150-450 136-149 125-135 100-124 <100 

Neutrophil Count [x 109/L]  2-7.5 1.5-1.9 1.0-1.49 0.50-0.99 <0.5 

Lymphocyte Count [x 
109/L] 

1.5-4.0 1.0-1.49 0.75-0.99 0.50-0.74 <0.5 

Biochemistry       

C reactive protein [mg/l] 0-5 5-9 10-19 20-50 >50 

 
Table 2.6 Severity grading for laboratory adverse events – L3, L4, L5 
Safety bloods taken at scheduled timepoints for L3, L4 and L5. Adapted from study 
protocols (Appendices A1-A3).  
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Mild 
(Grade 1) 

Moderate 
(Grade 2) 

Severe 
(Grade 3) 

Potentially Life 
Threatening 
(Grade 4) Haematology 

Haemoglobin  
(gm/dL) 

Female 

(absolute) 
10.0 – 10.9 9.0 – 9.9 8.0 – 8.9 < 8.0 

Female 

decrease 

from 

baseline 

 1.6 – 2.0 2.1 – 5.0 > 5.0 

Male – 

absolute 

value 

11.5 – 12.4 10.5 – 11.4 9.5 – 10.4 < 9.5 

Male – 

decrease 

from 

baseline 

 1.6 – 2.0 2.1 – 5.0 > 5.0 

WBC  
(103 / µL) 
 
 
 

Increase 11.6 – 15.0 15.1 – 20.0 20.1 – 25.0 > 25.0 
Decrease 2.35 – 3.20 1.50-2.34 1.00 – 1.49 < 1.0 

Lymphocytes 
(103 / µL) 

Decrease 0.75 – 0.99 
0.50 – 

0.74 
0.49 – 0.25 < 0.25 

Neutrophils 
(103 / µL) 
 

Decrease 1.19 – 0.85 
0.84 – 

0.50 
0.49 – 0.40 < 40 

Eosinophils  
(103 / µL) 

Increase 0.50 – 1.50 1.51 – 5.00 > 5.00 Hypereosinophilic 

Platelets  
(103 / µL) 

Decrease 125 – 135 124 – 100 99 – 25 < 25 

Biochemistry 

Creatinine (µmol/l) 132-150 151-176 177-221 
> 221 or requires 

dialysis 

ALT (IU/L) 50-112 113-225 226-450 > 450 

 
Table 2.7 Severity grading for laboratory adverse events – LE1 
Safety bloods taken at scheduled timepoints for LE1. Adapted from study protocol 
(Appendix A4).  
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2.14 Microbiological endpoints 

2.14.1  Colonisation 
Nasopharyngeal colonisation with Nlac and Nmen was assessed by culture of throat 

swabs (all volunteers) and nasal wash samples (L3, L4 Challenge volunteers and L5) at 

specified time-points. Selective GC agar plates supplemented with 5-bromo-4-chloro-3-

indolyl-galactopyranoside (X-gal) were used and colonies which were morphologically in-

keeping with Neisseria species were identified as putative Nlac colonies if they were blue, 

and Nmen colonies if they were white. Colony counts were recorded and putative colonies 

were sub-cultured. Species identification was confirmed by analytical profile index (API) or 

Matrix-assisted laser desorption/ionisation time of flight (MALDI-ToF) for Nmen and Nlac 

at pre-challenge timepoints. The SOPs for microbiological sample collection and 

processing are detailed in appendices E9-14. 

 

Putative Nlac colonies at post-challenge time points were confirmed to be the inoculum 

strain by strain specific PCR (L4, L5, LE1).  

 

Successful colonisation with Nlac was defined as the culture of at least one colony of Nlac 

from a throat swab or nasal wash sample (where appropriate) taken between challenge 

and the Day 14 post challenge visit. In LE1, samples up to the Day 7 visit were used to 

define colonisation fraction for the purpose of dose-ranging decisions, but samples up to 

Day 14 were used for further analysis.  

 

Efficacy of antibiotic eradication therapy was assessed by culture of throat swabs taken 1-

2 days post eradication for all volunteers in L3 and L4. 

2.14.2  Shedding and transmission 
A requirement of DEFRA approval for the deliberate release of the GM Nlac strains in L4, 

was that challenged volunteers were monitored for environmental shedding of the strains. 

Methods for monitoring shedding were therefore developed and optimised for L3, and 

subsequently used for L4 (Appendix E9). 

 

Two different “shedding check” processes were developed, a basic shedding check and 

an extended shedding check. The basic shedding check was used for all volunteers in L3 

at each visit following inoculation, until after they had received antibiotic eradication 

therapy and been shown to be non-colonised. This was also used in L4 for all participants 

each day of the admission period and for at each outpatient visit until antibiotic eradication 

therapy had been given. The extended shedding check was used for volunteers in L4 who 
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had evidence of shedding at the basic shedding check to assess any substantial increase 

in shedding. 

 

The basic shedding check included a mask and air sample. The mask sample was 

collected by asking the volunteer to wear a simple surgical mask over their mouth and 

nose for 30 minutes. The air sample was collected by sitting the volunteer within an 

environmental chamber, asking them to cough intermittently for two minutes and collecting 

exhaled air into a Coriolis µ air sampler.  

 

The extending shedding check included the mask and air samples as above, plus 

additional air samples collected with further aerosol-producing activities 

(speaking/singing/shouting). During the admission period this also included a sample of 

the volunteer’s personal room air and contact samples from specific surfaces within their 

personal room. 

 

These samples were then cultured on GC-Xgal plates, with identification of any resulting 

colonies as described in section 2.14.1. 

 

A further DEFRA requirement for L4 was the assessment of onward transmission to close 

contacts. This was achieved by monitoring contact volunteers for nasopharyngeal 

colonisation using throat swab samples taken at specified time points. This is discussed 

further in Chapter 5.  

2.15 Immunological endpoints 
The immunological response to Nlac colonisation was assessed by analysis of blood 

samples taken at baseline and at post-challenge timepoints as specified in each study 

specific chapter. Comparison was made between participants colonised for a longer 

versus shorter duration (L3), participants colonised with NadA-expressing GM Nlac versus 

control GM Nlac (L4), and colonised versus non-colonised participants (L5 and LE1).   
 
Nlac specific IgG titres were assessed for all studies. In addition, titres of Nmen specific 

IgG were measured in L3, L5 and LE1.  

 

In L4, titres of IgG with specificity for the meningococcal antigen NadA, B cell responses 

with specificity to Nlac, Nmen and NadA, and meningococcal serum bactericidal activity 

(SBA) were also assessed. Methods for assays used for L4 are described briefly below 

and are detailed further in Laver et al 2021 (151), included as Appendix G2.  
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2.15.1  Specific IgG titres 
Specific IgG titres were measured by enzyme-linked immunosorbent assay (ELISA) 

performed on serum samples. General ELISA methods are outlined in Chapter 3, with 

additional details for individual assays included below. 

 

For L4, an Nlac-specific IgG ELISA was performed at an external laboratory. 96-well 

plates were coated with deoxycholate-extracted outer membrane vesicles (dOMV) derived 

from Nlac strain Y92-1009 (the inoculum strain). Participant and reference serum samples 

were serially diluted and added to the plate in duplicate. Secondary antibody (goat anti-

human IgG Fcg-fragment–specific alkaline phosphatase conjugate) and substrate (p-

nitrophenyl phosphate) were added with incubation and wash steps between each 

addition. The reaction was stopped with 3M sodium hydroxide and optical density (OD) at 

405nm determined. Test sample titres were then calculated by interpolating from the 

reference serum. Serial three-fold dilutions of each serum sample were analysed with the 

mean of all acceptable values from all dilutions used as the final titre for each serum 

sample.  

 

Due to the COVID pandemic, this assay was not available for analysis of samples 

obtained from L3, L5 or LE1. Therefore an Nlac-specific IgG ELISA was developed for use 

within the University of Southampton laboratories and optimised for use in these studies. 

This development and optimisation process is detailed in Chapter 3 of this thesis and the 

resulting standard operating procedure is included as Appendix E15. This ELISA was also 

modified to measure Nmen specific IgG by coating wells with dOMV derived from the 

meningococcal strain H44/76. 

 

In L4, sNadA specific IgG titres were determined by endpoint ELISA. 96-well plates were 

coated with sNadA in calcium carbonate buffer, with negative control wells coated with 

bovine serum albumin (BSA) or calcium carbonate buffer alone. Serum samples were 

serially diluted and added in duplicate with a positive control serum. Primary (biotinylated, 

rat-derived anti-human IgG mAb) and secondary (streptavidin-horseradish perioxidase) 

antibodies and substrate (o-phenylenediamine dihydrochloride (OPD)) were added with 

incubation and wash steps between each addition. The reaction was stopped with 

sulphuric acid, and OD at 490nm determined.  Titres were expressed as reciprocal 

endpoint titres, with the endpoint threshold set at an optical density at 490nm (OD490nm) of 

≥ 1.4, a threshold derived from reference curves generated by repeated dilutions of a 

reference serum. Serial two-fold dilutions of each serum sample were analysed and the 
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result for each sample was the reciprocal of the last dilution of that sample to generate a 

positive response (OD490nm of ≥ 1.4). 

2.15.2  B cell responses 
Enzyme-linked immunospot (ELISpot) assays were performed on peripheral blood 

mononuclear cells (PBMCs) to assess antibody (IgG, IgA and IgM) secreting plasma cells 

(BPLAS) with specificity to Nlac and Nmen strains and to NadA, and IgG memory B cells 

(BMEM) with specificity to Nlac and NadA. PBMCs were isolated from participant whole 

blood samples by density gradient centrifugation. BPLAS assays were conducted on freshly 

isolated PBMCs and BMEM assays on PBMCs which had been stored in liquid nitrogen and 

polyclonally stimulated for 5 days. 

 

96-well ELISpot plates were activated, washed and coated with antigens as detailed 

below:  

 

BPLAS ELISpot: 

• Keyhole limpet haemocyanin (KLH) – negative control to determine background 

signal 

• Tetanus toxoid (TT) – negative control to determine any non-specific response to 

colonisation 

• Test antigens: 

o 4NB1 dOMV (NadA expressing GM Nlac strain) 

o 4YB2 dOMV (control GM Nlac strain) 

o sNadA 

o N54.1 dOMV (Nmen serogroup Y, high NadA expressing) 

o N54.1ΔnadA (N54.1 with coding sequence for NadA removed) 

 

BMEM ELISpot: 

• Keyhole limpet haemocyanin (KLH) – negative control to determine background 

signal 

• Influenza haemagglutinin (Infl HA) – negative control to determine any non-specific 

response to colonisation 

• Test antigens: 

o 4NB1 dOMV (NadA expressing GM Nlac strain) 

o 4YB2 dOMV (control GM Nlac strain) 

o sNadA 

• Rat anti-human IgG monoclonal antibody – to determine total circulating IgG BMEM 
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Plates were incubated overnight, washed and blocked prior to the addition of PBMCs in 

duplicate. For the BPLAS ELISpot, 2 x 105 PBMCs were added to each well. For BMEM, 2, 4 

and 10 x 105 cells were added to each 4NB1, 4YB2 and sNadA well, with 5 x 104 for Infl 

HA and 5 x 102 for total IgG. For each, an equivalent number were added to KLH coated 

wells. After incubation and washing steps, cells were lysed and plates were incubated with 

secondary antibody (alkaline phosphatase-conjugated anti-human IgG (BPLAS and BMEM) or 

IgA / IgM (BPLAS). After further wash and incubation steps, substrate (5-bromo-4-chloro-3-

indolyl phosphate) was added. Wells were then washed and dried and the number of 

spots per well was determined using an AID ELISpot reader, expressed as spot-forming 

units (SFU) with the assumption that one SFU indicated the presence of one BPLAS or BMEM 

cell. For each antigen, the mean of duplicates was determined and the background signal 

from equivalent KLH coated wells was subtracted. Antigen-specific IgG, IgA and IgM BPLAS 

were expressed as total SFU after subtraction of KLH background. For BMEM, antigen-

specific IgG SFU were determined from the lowest input well with a mean of one to 20 

SFU after KLH subtraction, and expressed as a percentage of the total IgG SFU.  

2.15.3  Serum bactericidal activity 
Serum bactericidal assays were performed at an external laboratory, against Nmen strain 

5/99. Serum samples were serially diluted, heat inactivated and added to micro-titre 

plates. Nmen strain 5/99 in bactericidal buffer was added to each well. Human 

complement (IgG depleted pooled human plasma) was added, and plates incubated for 1 

hour after which each well was plated and incubated overnight. Colonies were then 

counted for each dilution of each serum sample and compared to a t = zero control plate. 

Plates with colony counts ≤ 50% of the control plate were considered to demonstrate 

bactericidal activity. SBA titres for test samples were expressed as the reciprocal of the 

highest dilution factor to demonstrate bactericidal activity. 

2.16 Data analysis 
Statistical analysis was carried out using GraphPad Prism version 9 for Mac. Appropriate 

parametric and non-parametric tests were used as detailed in the results sections. P-

values were two-tailed and values of ≤ 0.05 were considered to be statistically significant.  
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Chapter 3 Nlac IgG ELISA development 

3.1 Introduction 

3.1.1  Nlac IgG ELISA background 
A specific humoral immune response to Nlac has previously been demonstrated following 

controlled human infection with Nlac Y92-1009 (123), and following vaccination with outer 

membrane vesicles (OMV) derived from the same strain (121). For both studies, titres of 

IgG with specificity to OMV derived from Nlac strain Y92-1009 (hereafter Nlac IgG) were 

determined by analysis of serum using an enzyme linked immunosorbent assay (ELISA). 

This assay was developed and conducted at the Centre for Emergency Preparedness and 

Response, Porton Down, Salisbury by the Health Protection Agency (HPA), now known 

as the United Kingdom Health Security Agency (UKHSA), hereafter termed the Porton 

Down ELISA.  

 

During the design and set up of the controlled human infection (CHI) studies detailed in 

this thesis, the intention was to transport participant serum samples for analysis using the 

Porton Down ELISA. Unfortunately, due to the COVID-19 pandemic, laboratory time and 

resources were necessarily diverted to the pandemic response, limiting their ability to 

conduct other work. Serum samples for L4 (Chapter 5) were analysed using the Porton 

Down ELISA as planned, but it was not possible to analyse serum samples for L3 

(Chapter 4), L5 and LE1 (Chapter 6) within a reasonable time frame. Therefore, an Nlac 

IgG ELISA was developed, optimised and conducted at the University of Southampton 

Medical School Laboratory LC67 / LC70 in order to analyse these samples (hereafter UoS 

ELISA). This chapter details the development, optimisation and validation of the UoS 

ELISA. 

 

3.1.2  Principles of ELISA design and analysis 

3.1.2.1 Generalised ELISA reagents and ELISA protocol  

ELISA capitalises on the specific bond between antigen and antibody, and the catalytic 

action of an enzyme upon a substrate, to detect and quantify the presence of specific 

antigens or antibodies in clinical or test samples (152).  

 

The steps involved in an ELISA designed to detect a specific antibody/combination of 

antibodies (hereafter, target antibody), such as Nlac IgG, are outlined below. A wash step 

between the addition of each reagent ensures that any unbound molecules are removed 

from the reaction. 
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• Coating – a capture antigen that will bind the target antibody is bound to an 

absorbent surface. 

• Blocking – a blocking buffer, usually containing animal proteins, is added to the 

surface to block any unbound sites. This minimises non-specific binding of further 

reagents to the capture surface. 

• Addition of the test sample – target antibody will bind to the capture antigen. Serial 

dilutions of the test sample are added to separate wells.  

• Addition of a secondary antibody – selected to bind to target antibody (typically via 

the Fc domain) bound to the capture antigen. The secondary antibody may or may 

not be conjugated to an enzyme capable of catalysing a reaction with a 

quantifiable product, typically via a colour change. If the secondary antibody is not 

conjugated to such an enzyme, a third component, conjugated to the appropriate 

enzyme can be added in a separate step. 

• Addition of substrate – this will be catalysed by the aforementioned enzyme, 

resulting in a signal, usually a colour change, which develops over time. An 

additional reagent is usually added to stop the reaction after a specified time. 

• Quantification of the signal produced by the substrate reaction by measuring the 

optical density (OD) (152-154). 

 

The readout of the ELISA is the absorbance of light by the enzymatically-derived reaction 

product at a specific wavelength, expressed as an OD. The OD is reported for each 

reciprocal dilution of a test sample and is assumed to be related to the number of target 

antibody molecules bound in the reaction at that specified dilution (152). 

 

3.1.2.2 Antibody titre and reference curve  

The antibody titre, or relative concentration of antibodies in a test sample is determined by 

comparison to a standard, or reference sample. Comparison of different test samples to 

the same reference sample allows comparison of the antibody titre, as they are relative to 

the same absolute concentration.  

 

ELISA of the reference sample generates an OD for each dilution. These reported ODs 

are used to generate a four-parameter logistic (4PL) curve for the reference serum, 

termed the reference curve. The reference curve should be sigmoidal, with a reduction in 

OD seen at each increased reciprocal dilution, and with an R2 > 0.98 to demonstrate a 

good fit (153). 4PL curves can also be generated for test samples. 
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3.1.2.3 Interpolation from the reference curve 

The OD measured at a given dilution of the test sample can be interpolated from the 

reference curve (Figure 3.1). This determines the reciprocal dilution of the reference 

serum which has the same OD, and therefore number of bound target antibody 

molecules, as that dilution of the test sample. Correction for the two dilution factors allows 

the concentration of antibody, relative to the reference curve, to be generated for that test 

sample dilution, using the calculation: 

 

 Test sample reciprocal dilution 

 x 100   

Reciprocal dilution interpolated from reference curve  

 

 

 

In the example shown in Figure 3.1, the relative antibody concentration is:  

 

Test sample reciprocal dilution = 8 
  

Reciprocal dilution interpolated from reference curve = 23.01 
 

(8 / 23.01) x 100 = 34.77 

 

ODs are generated for all reciprocal dilutions of the test sample and the final antibody titre 

is determined by calculating the mean result for all dilutions for which there is an 

acceptable result (i.e. within the range of detection) (153, 155). Alternatively in a 

standardised ELISA in which the reference and test curves are known to be parallel, a 

single pre-specified OD may be used, with interpolation on the test sample 4PL curve to 

identify the dilution factor which results in that OD (155). 
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Stylised example of a test sample curve (red curved line) and reference curve (black 
curved line) derived from ELISA of test and reference serum samples. The test 
sample dilution x8 (red vertical dotted line) meets the test curve at an OD of 0.88 
(red horizontal dotted line) which is interpolated on the reference curve to give an 
equivalent dilution factor of 23.01 (black vertical dotted line). In this example, 
measuring the x8 dilution of the test serum, this material has an interpolated, 
antigen-specific, reciprocal immunoglobulin titre of 34.77. 
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Figure 3.1 Interpolation from a reference curve 
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3.1.2.1 Endpoint ELISA 

An alternative method of estimating test sample concentration is to determine the 

endpoint titre. Serial dilutions of the test sample are assayed, and the reciprocal of the last 

dilution resulting in a detectable level of target antigen, i.e. resulting in an OD above a pre-

defined threshold, is reported as the endpoint titre (156). 

 

3.1.2.2  Potential causes of inaccuracy 

Occasionally an artefactually low OD is seen when very high levels of antibody are 

present in a sample. Binding of antibody and antigen is inhibited due to a phenomenon 

known as steric hindrance, or the hook effect, in which low affinity non-specific binding 

occurs and prevents correct binding in the correct orientation and thus completion of the 

ELISA reaction (157). This may result in a non-sigmoidal curve with a “hook” seen at the 

lowest reciprocal dilution and a poor fit (Figure 3.2). Therefore, if an OD result at a given 

dilution factor is lower than that at the next dilution, this is likely to be falsely low and 

should therefore excluded from the analysis. 

 

“Edge effect” is a previously demonstrated cause of ELISA error and inaccuracy, where a 

higher OD is seen in the outermost wells of a microtitre plate, thought to be due to thermal 

differences (158).
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Figure 3.2 The hook effect 
Stylised example of the "hook effect" in a 4PL curve in which the OD measured by 
ELISA of the x4 dilution (indicated by the red star), is lower than the OD measured 
for the x8 dilution of the same material due to steric hindrance. This single OD 
result should be excluded from further analysis. 
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3.1.2.3 ELISA validation 

 

ELISA protocols must be validated for use, including assessment of the range and limits 

of detection, and assay precision.  

 

The lower limit of detection is the point at which a signal is detected that is robustly 

distinguishable from any background signal. This background signal is determined by the 

ODs of negative control wells which should be consistent and low. The threshold for 

differentiating between a negative and a detectable positive signal is commonly set at the 

mean plus three standard deviations (SD) of repeated negative control results (153).  

 

The precision of the ELISA is defined as the closeness of results from repeated 

measurements of the same sample. An appropriate measurement is the co-efficient of 

variance (%CV) which is the standard deviation (SD) expressed as a proportion of the 

mean (153). This can be split into agreement between duplicate measurements 

(measurements of a single dilution series from one test sample on a single plate), intra-

assay variance (repeated dilution series of the same sample on a single plate), inter-

assay variance (assay of the same sample on different plates and/or different days), and 

inter-operator variance (assay of the same sample by different operators). The threshold 

for an acceptable %CV is arbitrary, with different authors suggesting thresholds between 

10 and 20%. A median %CV of ≤ 10% has been suggested for duplicate ELISA ODs 

(154). The European Medicines Agency (EMA) suggests a %CV of ≤ 15% for both intra- 

and inter-assay variance for the validation of bioanalytic methods, with up to 20% at the 

lower limit of quantification (159).  
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3.2 Methods 

3.2.1  Nlac IgG ELISA protocol development 
A draft standard operating procedure (SOP) for the UoS ELISA was developed from the 

Porton Down ELISA protocol described by Gorringe et al (121) with additional details and 

modifications following personal communication and considering the resources and 

expertise available.  

 

In summary: 

 

96-well microtitre plate layout: 

• Exclude outermost rows and columns to avoid “edge effect” 

• Paired individual test samples requiring direct comparison (e.g. samples from a 

single participant at two timepoints) should be run on a single 96-well plate with a 

single reference serum dilution series. 

• Test samples requiring comparison of summary data (e.g. all participants from a 

single study) may be run on separate plates but must all be compared to the same 

reference serum. 

• A negative control well (no secondary antibody) should be included for each 

sample dilution.  

 

Coating:  

• Capture antigen: Nlac Y92-1009-derived OMV  

• Dilute to 20 mcg/ml in coating buffer: 

a. 0.32g Na2CO3 + 0.59g NaHCO3 

b. Dissolve in water to 200ml 

c. pH adjusted to 9.6 

• 50 μl per well  

• Incubate overnight at 2-8 oC 

• Wash x 5 with Phosphate buffered saline (PBS) 

Blocking: 

• PBS + 5% (v/v) fetal calf serum (PBS-FCS)  

• 200 μl per well 

• Incubate for 2 hours at 37 oC 

• Wash x 5 with PBS + 0.1% (v/v) Tween 20 (PBST) 
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Test sample preparation and addition: 

• Serial dilution of test and reference serum samples in PBS-FCS  

• 50 μl of each dilution added to coated 96 well plate in duplicate 

• Incubate for 1 hour at 37 oC 

• Wash x 5 with PBST 

 

Addition of secondary antibody:  

• Biotinylated, rat derived anti-human IgG (M1310G05) in PBS-FCS (1:1000) 

• 50 μl per well 

• Incubate for 1 hour at 37 oC 

• Wash x 5 with PBST 

 

Addition of detection reagent: 

• Streptavidin horseradish peroxidase (HRP) in PBS-FCS (1:1000) 

• 50 μl per well 

• Incubate for 1 hour at 37 oC 

• Wash x 5 with PBST, x1 with PBS 

 

Addition of substrate: 

• O-phenylenediamine dihydrochloride (OPD) – 1 tablet dissolved in 9ml sterile 

water / 1ml stable peroxide substrate solution (SPSS), protected from light 

• 100 μl per well 

• Incubate for 20 mins at 32 °C 

 

Stop reaction: 

• 1 M sulphuric acid 

• 50 μl per well 

 

Signal measurement: 

• Determine OD at 490nm using Biorad iMark microtitre plate reader 
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3.2.2  Calculation of the Nlac IgG titre 
A standardised method for calculating the relative value for Nlac IgG titre present in a 

given test sample was established following communication about the methods used in 

the Porton Down ELISA (A.Gorringe, J. Laver, Personal communication).  

• Determine the mean and CV% of duplicate ODs  

• Exclude non-valid results (see section 3.2.3) 

• Generate a reference curve using the mean ODs for each dilution of the reference 

sample 

• Interpolate the mean OD for each test sample dilution on the reference curve  

• Derive a value for relative test sample Nlac IgG concentration for that test sample 

dilution factor by correcting for the test and reference reciprocal dilutions (see 

section 3.1.2.3) 

• For each test sample, calculate the Nlac IgG titre as the mean of all dilution factors 

for which there is a valid result  

• This will determine the relative test sample Nlac IgG concentration as a proportion 

of the reference sample concentration 

3.2.3  Non-valid results 
To ensure validity of the ELISA and final Nlac IgG titre results, limits were set for valid and 

non-valid individual results which would need to be excluded from the analysis or 

repeated. 

 

Firstly, duplicate OD values should be in close agreement with each other. Following 

personal communication regarding the Porton Down ELISA, the threshold for acceptable 

variance between individual duplicate pairs was set at a %CV of 35%. (A.Gorringe, J. 

Laver, Personal communication). Any individual OD result with %CV between duplicates > 

35% should be excluded from the analysis. 

 

Secondly, considering the possibility of a falsely low OD due to the “hook” effect, an OD at 

one reciprocal dilution which is lower than the OD of the next reciprocal dilution should be 

excluded from the analysis. 

 

Lastly, the negative control wells should have a low OD value. Higher than expected OD 

in the negative control wells suggests a high background signal for the whole plate, which 

should therefore be excluded and repeated. The specific threshold was set following 

repeated runs of the ELISA and assessment of the resulting negative control values. 
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In addition to these rules, some test sample ODs may not provide a result when interpolated 

on the reference curve, if the OD value falls outside of the range of the reference curve. 

These results would therefore not be able to be included in the final calculation. If the test 

sample Nlac IgG concentration is much higher or lower than that of the reference serum, 

this may occur for some or all dilution factors of the test sample. To determine a result for 

such a test sample, an extended dilution series of either the reference sample (if test sample 

Nlac IgG concentration is too low), or of the test sample (if test sample Nlac IgG 

concentration is too high), may be conducted. 

3.2.4  Identification of an appropriate reference serum  
An appropriate reference sample must have sufficient concentration of Nlac IgG to be 

detectable above the background signal at a high dilution factor, and to generate a 

reference curve against which a wide range of test sample OD values can be interpolated.  

 

Four potential reference sera were identified, denoted Serum A to D. These were 

analysed and compared using the draft UoS ELISA protocol.  

 

For each serum sample, the OD at each dilution factor (as a mean of duplicates) was 

compared to negative control wells on the same plate, looking for an Nlac IgG signal 

detectable above background, nominally set at the mean + 3 standard deviations (SD) of 

the negative control OD values.   

 

The relative Nlac IgG concentrations of each serum sample were compared by generating 

a 4PL curve from the mean OD for each dilution. The interpolated reciprocal dilution of 

each sample was compared at a nominal OD of 1.0. 
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3.2.5  Analysis of variance in the draft UoS ELISA  
Repeat analyses of two serum samples (serum A and serum B) were conducted to assess 

the precision of the UoS ELISA. 

 

Twenty dilution series of serum A, ranging from x8 dilution to x128 dilution were made at 

the same time and run in duplicate on a single day on a total of 4 x 96-well plates. 

Subsequently, six dilution series were made of serum B ranging from x8 dilution to x128 

dilution, two per day over three days. Each dilution series was run in triplicate on two 

separate plates, using a total of 6 x 96-well plates. 

 

Each plate included a negative control for each serum dilution, in which no secondary 

antibody was added. Potential edge effects were eliminated by excluding use of the 

outermost rows and columns of each plate.  

 

The OD resulting from each dilution of each series was measured, in duplicate or triplicate 

and the variance between duplicates or triplicates was assessed, aiming for a median 

%CV of ≤10% (154). 

 

Negative control ODs were assessed for agreement between duplicates/triplicates and 

variance within and between plates. Comparison was also made between the upper limit 

of background signal (mean + 3SD of negative control wells) for each serum sample. 

 

The mean OD for each dilution of each dilution series on an individual plate was used to 

construct a 4PL curve, which was assessed for goodness of fit, aiming for an R2 > 0.98. 

 

Intra and interassay variance were assessed by calculating the %CV between reported 

OD values (as a mean of duplicates / triplicates) between different dilutions, plates and 

days, aiming for a median %CV of ≤15% (159).  
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3.2.6  Finalised standard operating procedure 
Following this analysis, the standard operating procedure for the Nlac IgG ELISA was 

finalised, with minimal amendments to optimise the precision of the assay: 

• Pre-warming of all reagents and washes to the temperature used for the next 

incubation step 

• PBS-FCS added into negative control wells when secondary antibody added to the 

other wells 

• Clarification of each incubation step timing as intended time ± 15 minutes 

• Upper limit of valid negative control set at OD of 0.21 

The final SOP is included as Appendix E15. This includes the ELISA protocol, data 

interpretation including GraphPad Prism analysis instructions, and appendices with 

volumes required for the dilution of reagents and clinical samples.  

3.2.7  Analysis of paired samples and intra-operator variability 
The finalised SOP was used to analyse 58 samples, which were paired samples from 29 

individuals at two timepoints. This analysis was conducted by a single operator with 

comparison to a single reference serum (serum A), and subsequently by a second 

operator with comparison to a second reference serum (serum X). Paired samples were 

always analysed on a single plate with the reference serum. 

 

The usability and precision of the ELISA was assessed for the first set of OD results with 

consideration of the number of invalid or repeated samples and the variance between 

duplicates, aiming for a median %CV between duplicate ODs of ≤ 10%. The range of Nlac 

IgG titres detected and any change in titre demonstrated between timepoints was 

considered.  

 

Intra-operatory variability was assessed by comparison of the final Nlac IgG titre reported 

for each sample following ELISA conducted by the two operators. 
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3.3 Results 

3.3.1  Initial analysis of potential reference sera 
The reported ODs for each duplicate measurement of each dilution of sera A to D are 

shown in Figure 3.3 demonstrating that a signal was detected for each serum sample, 

with decreasing OD seen as the dilution factor increased, as would be expected. One 

exception to this was the x4 dilution of serum A which had a lower OD than the x8 dilution, 

suggesting that steric hindrance had occurred at x4 dilution. The background level of 

signal was considered to be the mean + 3 SD of the negative control ODs = 0.057, shown 

as a black dotted line. An OD in excess of this background level was seen for each of the 

four serum samples even at the highest dilution factor of x128.  

 

4PL curves for each sample using the mean value for each duplicate are shown Figure 

3.4. The x4 value for serum A has been excluded. Each 4PL curve had a good fit, with R2 

> 0.99. 

 

The relative concentrations of Nlac IgG in each serum sample were estimated and 

compared by comparing the interpolated reciprocal dilution of each sample at a nominal 

OD of 1.0. This arbitrary OD was chosen as a point which lay on the steep part of the 4PL 

curve for each sample: 

 

Serum A: 27.0 

Serum B: 11.1 

Serum C: 17.3 

Serum D: 31.9 

 

This demonstrated that each of the four serum samples had sufficient Nlac IgG 

concentration to be appropriate for use as a reference serum, but with serum D having the 

highest, and serum B the lowest concentration of Nlac IgG. 
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Two duplicate OD results shown for each dilution of sera A-D (coloured circles – 
see key) with negative control OD results in black. Black dotted line indicates the 
background signal estimated as the mean+3SD of negative control well OD.

Figure 3.3 OD results for serum samples A-D 
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 4PL curves generated for serum samples A-D with interpolated reciprocal dilution (red) shown for each sample at an OD of 1.0 (black dotted 
lines).  

Figure 3.4 Potential reference sera 4PL curves 
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3.3.2  Agreement between duplicates / triplicates 
Repeated ELISA of serum A and B was conducted as described in section 3.2.5. The 

agreement between duplicate/triplicate results was assessed by calculating the coefficient 

of variance (%CV) between each two duplicate (serum A) or three triplicate (serum B) OD 

values resulting from ELISA of a single dilution series assayed in separate wells of a 

single plate.  

 

Figure 3.5A shows individual %CV for duplicate ODs at each reciprocal dilution of serum 

A. The median %CV and 95% confidence intervals were well below the stated aim of 10% 

for each reciprocal dilution, but there were a few outlying data points above 10%. The 

median %CV across all reciprocal dilutions for serum A was 3.97% (95% CI 3.14-5.05%). 

 

For serum B, the median %CV of triplicates ODs across all reciprocal dilutions for serum 

B was 5.57% (95% CI 4.21-7.42%) and for each reciprocal dilution the median %CV was 

below 10% as shown in Figure 3.5B. However, there were several individual outlying data 

points with notably higher %CV, up to a maximum of 28.5%. Upon visual assessment of 

the raw data there was a notable difference between the OD values in column 2 in 

comparison to the corresponding triplicates in columns 3 and 4, and values in column 7 in 

comparison the corresponding triplicates in 5 and 6. While columns 2 and 7 were not 

“edge” columns, they were the outermost wells in use, with the surrounding wells being 

empty. Exclusion of these outermost triplicates, with analysis of the remaining duplicate 

results improved the overall variance with the median %CV and 95% CI below 10% for all 

reciprocal dilutions, and an overall %CV of 2.98% (95% CI 1.80-4.06%). This is shown in 

Figure 3.5C.  

 

This highlighted the potential impact of the “edge effect” as discussed in section 3.1.2.2. 

To minimise this impact, the SOP was amended to include the addition of warmed PBS 

into the empty external wells at the same time as the addition of substrate and for the final 

incubation period.
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Figure 3.5 Variance between duplicate and triplicate OD values 
%CV of duplicate or triplicate OD values derived from UoS Nlac IgG ELISA at each reciprocal dilution. of repeat dilutions of serum A and B. 
Black circles indicate the %CV of two or three duplicate/triplicate ODs (same dilution series, dilution factor and plate), median and 95% 
confidence interval shown at each reciprocal dilution. 
A: Serum A duplicates, B: Serum B triplicates, C: Serum B duplicates when outermost wells excluded. 
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3.3.3  Negative control background signal  
One negative control well per duplicate or triplicate dilution series was included on each 

plate, identical to the x8 well except for the exclusion of secondary antibody. The negative 

control OD values are shown in Figure 3.6 separated into plates for serum A (Figure 3.6A) 

and plates / days for serum B (Figure 3.6B). 

 

The nominal “background signal” of mean + 3 SD of negative control ODs is shown as a 

dotted line for each serum sample. This is notably higher for serum A (0.59) than for 

serum B (0.21). The serum B value of 0.21 was used as a limit for an acceptable 

background signal for the finalised SOP, meaning that any plate with negative controls 

above that limit would be excluded and repeated.  

 

Within each plate, for both serum A and B, the negative control ODs were consistent, with 

a median %CV per plate of 6.1%. 

 

For serum A, there was a high level of variance between the four plates, with an 

overall %CV of 48.1%. These four plates were all assayed on a single day by a single 

operator using the same reagents and equipment. However, the plates were processed in 

parallel, with the incubation times taken as a minimum requirement. There may therefore 

have significant variation in the time between each step, or variation in the time taken to 

complete each step and thus in incubation time, and / or time out of the incubator. There 

may also have been variation in the temperature of reagents used over the four plates. 

Some of these potential inaccuracies were mitigated for serum B with more precise timing 

and warming of reagents prior to use, to try to reduce the variation in background signal. 

 

For serum B, there was increased consistency between the background signal seen on 

separate plates run on one day, with a median %CV of 16.3%. However, there was a high 

level of variance between the three days, with higher ODs seen on Day 2 and an 

overall %CV of 53.3%. Some of this variation may have been due to ambient temperature 

differences or to the use of a different hood and/or pipette set on different days, as well as 

the “edge effect” in the outermost wells already discussed in section 3.1.2.2.  

 

This variance in background signal between plates and days is higher than would be 

optimal. However, the potential impact of this variance on test sample ODs may be small 

as the absolute background signal is very small, and plates with a particularly high 

background signal would be excluded as per the SOP. The variance between test 

samples ODs on different plates and days is considered in section 3.3.4. 
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Figure 3.6 Negative control ODs for serum A and B 
OD values from negative control wells. Individual ODs shown with median and 95% CI per plate. %CV of values on each plate indicated. 
Black dotted line indicates mean + 3 SD of all negative control OD values. A: Serum A, B: Serum B.  
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3.3.4  Analysis of assay variance 
The precision of the ELISA was analysed by considering the variance in OD values 

reported for repeated analysis of serum A and B. The mean value for each pair of 

duplicates (serum A) or triplicates (serum B) was used to generate a 4PL curve for each 

dilution series assayed on an individual plate. Figure 3.7 shows the 4PL curves for twenty 

dilutions of serum A, run across four plates. Figure 3.8 shows six dilutions of serum B, 

each run on two different plates. All 4PL curves for serum A, and all except one for serum 

B had a good fit with R2 > 0.98. Visually, good agreement is seen for different dilutions on 

one plate (Figure 3.7) and each single dilution run on two plates (Figure 3.8).  

 

The intra and inter-assay variance was analysed by calculating the %CV between 

dilutions, plates and on different days, aiming for a median %CV ≤15% (159). 

 

Figure 3.9 shows the %CV at each reciprocal dilution of serum A. Coloured circles 

indicate the %CV of different dilutions assayed on a single plate, which were <15% for all 

except two plates at x32 dilution. The median %CV across all reciprocal dilutions was 

10.2%. The %CV across all four plates (twenty dilution series) are shown as black stars. 

This increased with increasing reciprocal dilution from <15% at lower dilution factors up to 

almost 35% at a x128 dilution with a median of 18.6%. 

 

Figure 3.10 shows the variance between dilutions, between plates and between days for 

serum B. For individual dilution series assayed on two separate plates, each %CV was 

below 15% (for all dilution series at all reciprocal dilutions), with a median %CV of 3.7% 

overall (Figure 3.10A).  

 

For different dilution series assayed on a single plate, the median %CV at each reciprocal 

dilution was <15% with almost all individual values <15%. Individual values with %CV 

>15% were from the highest reciprocal dilutions, and therefore the lowest concentrations 

of Nlac IgG. The median %CV was 5.5% overall (Figure 3.10B). 

 

Figure 3.10C shows the %CV for all four results on a single day (two dilutions, each on 

two plates). All individual CV% values were <15% with a median %CV of 6.4% overall. 

 

Figure 3.10D shows the %CV for all OD values derived from all six dilutions on all plates 

over all three days. The %CV was approximately 15% for all reciprocal dilutions (range 

13.5–15.4%) with a median of 15.2%
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4PL curves generated by ELISA of twenty dilution series of serum A.  
A-D = Plate 1-4, five dilution series run on each plate (black lines) with combined curve per plate with 95% confidence interval (coloured 
lines).

Figure 3.7 Serum A 4PL curves 
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4PL curves generated by ELISA of six dilutions of serum B. Each graph (A-F) shows 
a single dilution series of serum D assayed on two different plates (indicated in red 
and blue). 
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Figure 3.8 Serum B 4PL curves 
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%CV of OD values generated by repeat ELISA of Serum A. Coloured circles 
denote %CV of five OD values from five dilution series on a single plate, shown for 
each different reciprocal dilution (Plates 1-4, see colour key). Black stars indicate 
the %CV of 20 OD values from 20 dilution series on all four plates, shown for each 
reciprocal dilution.  
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Figure 3.9 Intra and inter-assay variance – Serum A 
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%CV of OD values derived from ELISA of repeat dilutions of serum B. 
Individual %CV values with median and 95% confidence interval shown for each 
reciprocal dilution. 
A: Variance of a single dilution series assayed on two different plates 
B: Variance of two dilution series assayed on a single plate 
C: Variance of two dilution series each assayed on two plates in a single day 
D: Variance of all dilution series on all plates over three days - single value shown 
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Figure 3.10 Intra and inter-assay variance - Serum B 
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3.3.5  Paired sample analysis 
58 test samples, from 29 individuals at two timepoints, were analysed to determine Nlac 

IgG titres and detect any change in titre between the two timepoints, using serum A as a 

reference serum on each plate.  

 

Of these, two plates (four test sample pairs) were repeated due to a high background 

signal and/or inadequate 4PL curves. Seven test sample pairs were repeated to alter the 

dilution series due to low levels of Nlac IgG in the test sample. 13 individual OD values 

from 11 test samples were excluded for apparent hook effect and one individual OD value 

was excluded for %CV >35% between duplicates. 

 

Each test pair therefore had one set of OD values which met the validity criteria. Of these, 

the median negative control OD was 0.047 (Range 0.034-0.068, overall %CV 10.2%). The 

agreement between duplicates at each reciprocal dilution is shown in Figure 3.11 with a 

median %CV <10% for each reciprocal dilution and 3.9% overall (95% CI 3.2-4.3%). 

 

The range of determined Nlac IgG titres relative to serum A was 4.92 – 670.0 with a 

median of 36.32. Example 4PL curves for individuals who demonstrated an increase in 

Nlac IgG titre from the first to the second timepoint are shown in Figure 3.12, and for 

individuals who did not are shown in Figure 3.13. In both figures an example of extended 

dilution of the reference sample is included as the Nlac IgG titres in the test samples were 

very low (Figure 3.12D and 3.13D). For one (Figure 3.13D) it was not possible to generate 

4PL curves for the test samples as only 3 dilutions yielded valid ODs, but interpolation of 

each of these ODs on the reference curve still allowed the Nlac IgG titre to be determined.  

3.3.6  Comparison with a second operator and reference serum 
The same 58 test samples were analysed by a second operator, with comparison to a 

second reference serum X.  

 

Due to the different absolute concentration of Nlac IgG in the two reference sera, the 

values obtained for each test sample would inevitably be different, but should be directly 

proportional. There was a significant correlation between the two sets of results with RS = 

0.917 (95% CI 0.86-0.95) and p<0.0001 (Spearman correlation). Simple linear regression 

of this relationship is shown in Figure 3.14.  
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%CV of duplicate OD values derived from ELISA of test samples. Individual %CV 
values, median, IQR and range shown for each reciprocal dilution.  
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Figure 3.11 Variance between duplicates - test samples 
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OD at each reciprocal dilution (circles) and 4PL curves shown for timepoint 1 (blue) and timepoint 2 (red) test samples in comparison to 
reference serum C (black). Relative Nlac IgG titres and fold change shown. 
A-C: 4x – 64x dilution of test and reference samples, D: 4x – 64x dilution of test samples, 16x – 256x dilution of reference sample (extended 
dilution) 

Figure 3.12 ELISA results for paired test samples demonstrating a rise in Nlac IgG 
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OD at each reciprocal dilution (circles) and 4PL curves shown for timepoint 1 (blue) and timepoint 2 post challenge (red) test samples in 
comparison to reference serum C (black). Relative Nlac IgG titres and fold change shown. 
A-C: 4x – 64x dilution of test and reference samples, D: 4x – 64x dilution of test samples, 16x – 256x dilution of reference sample (extended 
dilution). No 4PL curve generated from ELISA of test samples as only 3 valid OD results available. 

Figure 3.13 ELISA results for test samples demonstrating no change in Nlac IgG 
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Simple linear regression analysis of Nlac IgG titres derived from UoS Nlac IgG ELISA performed by two different operators, with two 
different reference samples.  Black circles indicate individual test samples, p and Rs derived from Spearman correlation.
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Figure 3.14 Comparison of Nlac IgG titres generated by two operators 
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3.4 Discussion 
This chapter describes the development, optimisation and validation of an in-house ELISA 

to determine the relative concentration of Nlac Y92-1009 dOMV specific IgG in serum 

samples. A draft UoS ELISA protocol (Section 3.2.1) was based on the Porton Down 

ELISA, used for previous Nlac CHI studies, but modified for use within the University of 

Southampton laboratories. It was optimised in a step-wise fashion with repeated 

comparison of the variance between duplicates, between different dilutions, between 

plates, and between days.  

 

Good agreement was seen between duplicate and triplicate values, particularly once the 

impact of “edge effect” was considered and affected values excluded. There was notable 

variation in the background signal detected on different plates and different days, 

potentially due to differences in ambient temperature, temperature of reagents or timing of 

incubation steps. Despite this, the precision of the assay was within acceptable limits with 

a median %CV < 15% when comparing the same serum sample run both on the same 

plate and on different plates. The variance over different days was marginally over the 

nominal 15% threshold at 15.2%.  

 

The draft protocol was amended to mitigate potential causes of variation with the addition 

of warmed PBS in the outermost, empty wells of each assay plate and increased control 

reagent temperature and incubation step timings. The SOP was worded to ensure that all 

samples from a single participant would be run on a single plate, and an upper acceptable 

limit of negative control OD was set so that plates with a high background reading would 

be excluded and the ELISA repeated for those samples. Individual OD values with a 

high %CV between duplicates, or with evidence of steric hindrance, would be excluded 

from analysis. 

 

This finalised ELISA protocol was then assessed across multiple serum samples and 

shown to be usable, with a minority of samples requiring repeat analysis, and good 

agreement between duplicate results. A wide range of Nlac IgG titres were determined, 

with a change in titre across time-points demonstrated. Repeat analysis of the same 

samples by a second operator with a second reference serum correlated significantly. 

 

The UoS Nlac IgG ELISA was therefore determined as fit-for-purpose for use in Nlac CHI 

studies, to measure antibody titres in sera sampled longitudinally from baseline to post-

challenge. 



  

 86 



 Chapter 4 
 

 87 

Chapter 4 Optimising the N. lactamica controlled 

human infection model: Dose and duration of 

colonisation 

4.1 Introduction 
The aims of LACTAMICA 3 (L3) were to optimise the previously developed Nlac CHIM 

and to answer specific questions to inform the design of a planned study with a genetically 

modified strain of Nlac (GM Nlac). This MRC funded study – LACTAMICA 4 (L4) was 

expected to have stringent control requirements such as the complete containment of 

participants for a specified period of colonisation, the reliable clearance of colonisation at 

the end of that period, and careful monitoring of bacterial shedding throughout 

colonisation to identify and clear “supershedders”. The design, conduct and results of L4 

are detailed in Chapter 5.  

 

L3 was primarily designed to evaluate the immunogenicity of two different durations of 

Nlac colonisation, comparing a short duration of 4 days with a longer duration of 14 days. 

The effect of duration of nasopharyngeal bacterial colonisation on immunogenicity is 

unknown, and this applies to all bacterial colonisers of the upper respiratory tract, 

including Haemophilus spp, and the pneumococcus as well as Neisseria spp. The 

practical value of L3 was to allow the period of colonisation in L4, and therefore the period 

of containment and follow-up of participants, to be minimised with considerable 

advantages to the cost, logistics and participant experience.  

 

Pre-clinical testing of the GM Nlac strain was sufficiently reassuring that strict containment 

of participants in L4 was not anticipated to be required by the regulatory authorities (The 

Department of Environment, Food and Rural Affairs, responsible for approval of all 

deliberate release of genetically modified organisms) (150). L4 could therefore be 

designed to allow the optimal reasonable period of potential colonisation to generate a 

measurable immune response and was therefore able to commence prior to the 

completion of L3.  

 

In the original Nlac CHIM studies, the standard inoculum dose was 104 CFU (123, 124). A 

small group of subjects who had not been colonised by challenge with this standard dose, 

had received a higher dose of 105 CFU with no safety concerns, and a colonisation 

fraction of 50% (123). Another aim of L3 was to further assess the safety and colonisation 

fraction of this higher inoculum dose in a less selected group of healthy volunteers.  
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A reliable and rapid method of clearing Nlac carriage was required for the safe design of 

L4. Ciprofloxacin clears Nmen carriage within 24 hours (41) and as Nlac is highly sensitive 

to ciprofloxacin (103) it was also expected to rapidly clear Nlac carriage. A further aim of 

L3 was to assess the efficacy and speed of a single dose of oral ciprofloxacin in clearing 

Nlac colonisation. The assessment of environmental shedding from colonised subjects 

would also help inform the design and safe conduct of L4. 

4.2 Study specific methods 

4.2.1  Study design 
In this prospective controlled human infection study, participants were inoculated 

intranasally with wild type Nlac at an intended dose of 105 CFU. Eradication (ciprofloxacin) 

therapy was given at Day 4 (Group 1) or Day 14 (Group 2) post challenge to terminate 

colonisation with confirmation of clearance after 24 hours. Colonisation, shedding, 

immunogenicity and efficacy of eradication were assessed, and participants were followed 

up until Day 28 post eradication. The intended sample size was 10 colonised participants 

per group. Participants and investigators were not blinded to group allocation which was 

on a convenience basis. Laboratory staff processing serum samples were blinded to 

group allocation. 

 

An overview of the study timelines for Groups 1 and 2 are shown in Figure 4.1. The 

objectives and endpoints of this study are summarised in Table 4.1 and the schedule of 

procedures for Groups 1 and 2 are shown in Tables 4.2 and 4.3. The eligibility criteria are 

detailed in Chapter 2.
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Schematic presentation of study timeline for L3 participant visits, interventions and monitoring with comparison between Group 1 and 2. 
Figure 4.1 L3 Study timeline 
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Objectives Endpoints 

Primary objective 

To compare the effect of short (4 days) versus longer 

(14 days) oropharyngeal carriage on systemic 

humoral immunogenicity following nasal inoculation 

with Nlac 

Rise in serological specific antibody titre comparing Day 0 

versus Day 14 and 28 days post eradication and comparing 

early (Day 4) versus late (Day 14) eradication 

Secondary objective 
To assess the efficacy of oral ciprofloxacin in 

eradicating nasal Nlac colonisation by 24 hours after 

treatment 

Culture of Nlac from throat swabs on the day of eradication, one 

day, 10 days and 28 days after eradication 

Additional microbiological endpoints 

Assessment of colonisation – culture of Nlac from throat swabs 

at Day 4 for Group 1 and Days 4, 7 and 14 for Group 2 

Difference in environmental shedding between short (Group 1) 

and longer (Group 2) periods of colonisation. 

Safety endpoints 

Occurrence of unsolicited adverse events within the study 

period 

Occurrence of serious adverse events within the study period 

Table 4.1 L3 Objectives and endpoints 
Adapted from L3 study protocol (Appendix A1)  
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  Screening Inoculation and follow up 
Timeline (days) ≤ 90 0 4 5 14 32 

TOPS confirmation +      

Volunteer Information Sheet +      

Informed consent +      

Vital signs + + (+) (+) (+) (+) 

Medical history +      

Physical examination + (+) (+) (+) (+) (+) 

Pregnancy test (females only) + + +    

Review eligibility  +     

Inoculation  +     

Eradication   +    

Review of AEs / concomitant medications   + + + + 

Nasal wash +    + + 

Throat swab + + + + + + 

Environmental samples   + + + + 

Immunological blood tests (ml)  20   20 20 

Cumulative blood volume (ml)  20   40 60 

Table 4.2 L3 Schedule of procedures - Group 1 
+ Procedure at this timepoint, (+) if clinically indicated 
Adapted from L3 study protocol (Appendix A1) 
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  Screening Inoculation and follow up 
Timeline (days) ≤ 90 0 4 7 14 15 24 42 

TOPS confirmation +        

Volunteer Information Sheet +        

Informed consent +        

Vital signs + + (+) (+) (+) (+) (+) (+) 

Medical history +        

Physical examination + (+) (+) (+) (+) (+) (+) (+) 

Pregnancy test (females only) + +   +    

Review eligibility  +       

Inoculation  +       

Eradication     +    

Review of adverse events and concomitant 
medications 

  + + + + + + 

Nasal wash +    +   + 

Throat swab + + + + + + + + 

Environmental samples   + + + + + + 

Immunological blood tests (ml)  20   20   20 

Cumulative blood volume (ml)  20   40   60 

Table 4.3 L3 Schedule of procedures - Group 2 
+ Procedure at this timepoint, (+) if clinically indicated, adapted from L3 study protocol (Appendix A1)
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4.3 Results 

4.3.1  Recruitment 
All required approvals were gained in early 2017 and recruitment was commenced in April 

2017. Due to competition with other studies, recruitment was paused from October 2017 

to May 2018. With the approval and commencement of L4 in October 2018, recruitment 

was again paused between August 2018 and August 2019 to prioritise recruitment to L4. 

Further recruitment then continued until early 2020 when the study was paused due to the 

emerging SARS-CoV-2 pandemic. The planned sample size of 11 colonised participants 

per group had not been met, but due to ongoing difficulties with recruitment, an interim 

data analysis was carried out late 2021. The immunological data available at this point 

were sufficient to meet the primary objective and so the recruitment was closed, following 

consultation with the external safety committee. 

 

Details of participant screening, enrolment, group allocation and inclusion in analyses are 

shown in Figure 4.2. 

 

Demographic details for challenged participants with comparison between Group 1 and 

Group 2 are shown in Table 4.4. There was a significant difference in the proportions of 

males and females between the two groups, with all participants in Group 2 being female. 

4.3.1  Inoculum dose and purity 
The confirmed doses of inoculum administered to each participant are shown in Figure 

4.3, comparing Group 1 and Group 2. Most participants received a dose higher than the 

intended dose of 1 x 105 CFU. The median dose for Group 1 was 1.15 x 105 CFU (IQR 9.1 

x 104 – 1.8 x 105 CFU) and for Group 2 was 1.53 x 105 CFU (IQR 1.2-4.7 x 105 CFU), 

however there was not a statistically significant difference between the two groups. There 

were some notable outliers who received a much higher than intended dose (maximum 

5.9 x 105 CFU in Group 2). Culture of all residual inocula resulted in a pure growth of Nlac.
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Overview of participant recruitment for L3 with number of participants (n) screened, enrolled and included in each analysis set. 
Figure 4.2 L3 Participant recruitment 
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Comparison of demographics for participants challenged in Group 1 (Eradication 
on Day 4) and Group 2 (Eradication on Day 14) 
Sex – p value calculated using Fisher’s exact test 
Age and BMI – p values calculated using Mann Whitney test. 
  

Number of 
participants

n

Sex
Male  n (%)

Female n (%)

Age 
Median 
(IQR)

BMI 
Median 
(IQR)

Group 1 13 8 (38.5)
5 (61.5) 

33.0 
(27.5 – 42.5)

26.5 
(22.3 – 30.2)

Group 2 8 0 (0)
8 (100)

29.0 
(28.3 – 33.0)

26.6 
(22.1 – 31.9)

p value 0.007 ** 0.24 (NS) 0.97 (NS)

Table 4.4 L3 Participant demographics 
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Confirmed doses calculated by viable count of the residual inoculum following 
inoculation. Individual values, median and range shown, red dotted line indicates 
the intended dose of 1 x 105 CFU. p value derived from Mann Whitney test. 

Figure 4.3 L3 Inoculum doses 
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4.3.2  Colonisation 
The colonisation fraction (proportion of participants colonised with Nlac) at Day 4 was 0.54 

(7 of 13, 95% CI 0.29-0.77) in Group 1 and 0.43 (3 of 7, 95% CI 0.16-0.75) in Group 2. 

Those in Group 1 then received eradication therapy as per protocol and no further 

acquisition of colonisation was seen. In Group 2 the colonisation fraction rose to 0.86 (6 of 

7, 95% CI 0.49-0.99) by Day 7. One participant showed spontaneous loss of carriage prior 

to eradication on Day 14. Eradication therapy was seen to be effective with no carriage 

detected from one day post eradication therapy onwards in either group. The colonisation 

status over time for individual participants is shown for Group 1 and Group 2 in Figure 4.4.  

4.3.3  Shedding 
Environmental samples were obtained at each study visit after challenge until participants 

had already been shown to be non-colonised following eradication. No Nlac was detected 

in any environmental samples from any participants, whether colonised or not. This may 

suggest that shedding does not occur, or that it is outside the limit of detection with the 

sampling techniques used. Of note, other respiratory commensal organisms such as 

viridans streptococci and commensal Neisseria such as N. flavescens and N. subflava 

were detected from these samples.  

4.3.4  Safety 
There were no significant safety concerns or serious adverse events. No events were 

assessed as likely to be related to challenge or colonisation with Nlac.  

 

Two participants reported symptoms which were assessed as possibly related to 

challenge due to the temporal relationship with challenge. The first of these was mild 

nasal congestion from Day 1 post challenge, which resolved following the use of over-the-

counter medication. The other was a participant who reported a sore throat for seven days 

from the day of challenge, and lethargy which continued until Day 14 post challenge, 

although of note this was during a period of unusually hot weather. Both of these 

symptoms were mild and self-resolved. One AE was assessed as likely related to a study 

procedure (onset of sore throat immediately following a throat swab). This self-resolved 

within 24 hours.  

All adverse events are summarised in Tables 4.5 and 4.6.
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Colonisation with Nlac at each timepoint for individual participants. Each row represents one participant, colonisation defined as the culture 
of at least one colony of Nlac from a throat swab or nasal wash taken at the time points shown. No Nmen colonisation detected. 

Figure 4.4 Colonisation status over time 
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Start day 
End 
day 

Symptoms Investigations Treatment Comments Severity Relatedness Serious 

Pre 

challenge 
14 Foot pain  Ibuprofen 

Onset when 

running  
II No relationship N 

1 2 
Nasal 

congestion 
 Antihistamine 

Contacts with 

similar symptoms  
II Possibly related N 

4 5 Sore throat   
Onset after throat 

swab 
I Likely related N 

12 14 
Coryzal, 

cough 
 Paracetamol  II Unlikely related N 

16 43 
Coryzal, 

cough 
Viral PCR NAD    I Unlikely related N 

 
Table 4.5 Adverse events – Group 1 
Adverse events reported by participants in Group 1 during follow up period. 
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Adverse events reported by participants in Group 2 during follow up period. 

Start day End day Symptoms Investigations Treatment Comments Severity Relatedness Serious 

Pre-
challenge 14 Cyst behind ear  Drainage  II No relationship N 

23 23 Malaise  Ibuprofen  II No relationship N 

0 15 Lethargy Safety bloods / 
viral swab NAD  Heatwave I Possibly related N 

0 7 Sore throat Safety bloods / 
viral swab NAD   I Possibly related N 

14 15 Headache  Paracetamol Onset before 
eradication II Unlikely related N 

14 15 Vomiting  
Ibuprofen, 
dioralyte, 

Antiemetics 

Onset before 
eradication III Unlikely related N 

14 15 Diarrhoea   Onset before 
eradication III Unlikely related N 

15 15 Sore throat    I Unlikely related N 

17 24 Sore throat    II Unlikely related N 

41 42 Dysuria/cystitis  Paracetamol  II No relationship N 

Table 4.6 Adverse events - Group 2 
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4.3.5  Serological responses 
Nlac and Nmen dOMV specific IgG titres were compared at baseline (D0), Day 14 post 

challenge (C14) and Day 28 post administration of antibiotic eradication therapy (E28) for 

participants who were challenged, colonised and had serum samples collected at each 

time point, comparing Group 1 (eradication therapy at Day 4, n=6) and Group 2 

(eradication therapy at Day 14, n=6).  

 

No difference was seen between Group 1 and Group 2 in baseline titres of either Nlac or 

Nmen IgG, as shown in Figure 4.5. The median baseline Nlac IgG titre was 5.3 arbitrary 

units (AU) for Group 1 and 4.6 AU for Group 2 and the median baseline Nmen IgG titre 

was 22.6 AU for Group 1 and 10.4 AU for Group 2.  

 

Nlac and Nmen IgG titre trends for each participant are shown in Figure 4.6. A fold 

change of ≥ 2, indicated by a star, was seen by C14 in three participants in Group 2 (50%) 

for Nlac IgG. For each of these the titre reduced by E28 but remained ≥ 2-fold above 

baseline. Two participants in Group 2 (33.3%) had a ≥ 2-fold increase in Nmen IgG from 

baseline. By E28 these had reduced to 1.52 and 1.63 times baseline. No participants in 

Group 1 had a ≥ 2-fold rise in either titre. Median IgG titre fold changes for each group are 

shown in Table 4.7. 

 

Summary data for each group are shown in Figure 4.7. A significant increase was seen in 

both Nlac and Nmen specific titres by Day 14 in Group 2 (p = 0.003 for Nlac IgG and p = 

0.008 for Nmen IgG). By Day 28 post eradication, this remained a significant increase 

above baseline for Nmen specific IgG (p = 0.04) but was no longer significant for Nlac IgG 

(p = 0.09). No increase in either Nlac or Nmen specific IgG titres was seen in Group 1. 

This demonstrates an Nlac specific and cross-reactive Nmen specific humoral immune 

response in participants colonised with Nlac for 14 days (Group 2), but not in those 

colonised for 4 days (Group 1). 

 

The relationship between Nlac and Nmen specific humoral immune responses to Nlac 

colonisation was assessed by comparing fold change in Nlac and Nmen IgG titre from 

baseline to C14 each individual Nlac colonised participant. A significant correlation was 

seen between the two (Spearman correlation coefficient = 0.83, p = 0.0013) as shown in 

Figure 4.8.  
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Nlac (blue) and Nmen (red) IgG titres at baseline for Group 1 and Group 2. 
Individual values, median, IQR and range shown, p values derived from Mann-
Whitney test. 
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Figure 4.5 Baseline Nlac and Nmen IgG titres 
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Individual participant titres shown at baseline (D0), 14 days post challenge (C14) 
and 28 days post antibiotic eradication therapy (E28). Stars indicate ≥ 2-fold rise 
from baseline. 
A = Nlac IgG, Group 1, B = Nlac IgG, Group 2, C = Nmen IgG, Group 1, D = Nmen 
IgG, Group 2.
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Figure 4.6 Nlac and Nmen IgG trends following Nlac colonisation 
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Fold change from baseline to C+14 = 14 days post challenge and E+28 = 28 days 
post antibiotic eradication therapy, median and IQR shown per group. 

Nlac IgG Nmen IgG

Group 1 Group 2 Group 1 Group 2 

C+14
Median
(IQR)

1.13
(1.03 – 1.17)

1.79
(1.14 – 4.86)

1.05 
(0.97 – 1.08)

1.66 
(1.28 – 2.16)

E+28
Median
(IQR)

1.09 
(1.01-1.33)

1.67
(1.11 – 2.98)

1.03 
(0.98 – 1.19)

1.48
(1.05 – 1.68)

Table 4.7 Nlac and Nmen IgG fold change following Nlac colonisation 
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Median, IQR and range shown for each group at each timepoint, Day 0 = Day of Nlac 
challenge, C+14 = 14 days post challenge, E+28 = 28 days post antibiotic 
eradication therapy. 
p values derived from Friedman test with Dunn’s multiple comparisons test 
A = Nlac IgG, Group 1, B = Nlac IgG, Group 2, C = Nmen IgG, Group 1, 
D = Nmen IgG, Group 2. 
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Figure 4.7 Nlac and Nmen specific IgG titres following Nlac colonisation 
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Figure 4.8 Simple linear regression analysis of Nlac IgG vs Nmen IgG fold change 
IgG fold change from D0 to C14 with Spearman correlation analysis.  
Open circles = Group 1, filled circles = Group 2.  
Dotted lines indicate no change from baseline. 
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4.4 Discussion 
The aim of this study was to optimise the previously developed Nlac CHIM, specifically to 

assess the use of an increased inoculum dose, the impact of limiting the duration of 

colonisation upon immunogenicity, the efficacy of antibiotic eradication therapy, and to 

assess shedding of Nlac from colonised participants. 

 

The challenge dose in L3 (105 CFU) was ten-fold higher than that used for the majority of 

challenges in previous Nlac CHIM studies (123, 124). This higher dose had previously 

been used to rechallenge a small group of participants (n=6) who had not been colonised 

following two challenges with the lower inoculum dose (123), but not as an initial 

challenge dose in an unselected group of participants.  

 

In L3, the colonisation fraction of 0.86 by Day 14 among those who had not received 

antibiotics prior to that point (Group 2). This compares to a colonisation fraction of 0.34-

0.59 by Day 14 at a dose of 104 CFU in the previous Nlac CHIM studies (123, 124). There 

were no safety concerns in L3 following the use of this increased dose.  

 

Although the sample size in this study is small, it suggests that the use of this increased 

dose is safe, well tolerated, and results in an improved colonisation fraction, making it an 

appropriate dose to use in future Nlac CHIM studies.  

 

This study has confirmed the previous findings that experimental nasopharyngeal 

colonisation with Nlac is immunogenic (123), with the induction of humoral responses 

specific to both Nlac and Nmen. Although the serological responses appear modest, it 

should be noted that this was a bespoke ELISA assay, and the levels of response cannot 

be reliably compared with those observed in other studies.  

 

We have demonstrated that the duration of colonisation influences immunogenicity. An 

increase in Nlac and Nmen specific IgG was only seen in participants in whom 

colonisation was allowed to continue to Day 14 post challenge. The short colonisation 

duration of four days was chosen for logistical reasons, allowing a potential inpatient 

period to fit into a Monday-Friday working week. The longer duration of 14 days was 

chosen as the nominal time taken for the induction of an acquired immune response.  

 

In Group 2, Nlac and Nmen IgG titres peaked at Day 14 post challenge (at which point 

carriage was cleared) and then reduced by Day 28 post eradication. At this point Nlac IgG 

titres were no longer significantly above those at baseline. In a previous Nlac CHIM study 
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with a prolonged period of colonisation, Nlac IgG rose approximately 2-fold from baseline 

by Day 14 post challenge and was then relatively stable over twelve weeks following 

challenge (123). This suggests that 14 days is a sufficient duration of colonisation to be 

immunogenic, but that prolonged colonisation allows ongoing exposure to antigens, 

resulting in a sustained humoral response. Further studies could interrogate the impact of 

colonisation duration further, potentially looking for a threshold duration at which an 

immune response is induced. The impact of colonisation duration on other immunological 

endpoints could be investigated, for example using functional assays, and also protection 

against rechallenge. 

 

This finding is supported by a previous murine study of nasopharyngeal colonisation with 

a mutant strain of Streptococcus pneumoniae. A significantly higher serum IgG was seen 

at day 14 post challenge in mice colonised for a longer duration (> 5 days) in comparison 

to a shorter duration (< 48 hours). However, by day 28 this difference was no longer 

evident (160). In constrast, the live attenuated influenza vaccine (LAIV) is potently 

immunogenic despite only a brief period of upper respiratory tract infection with restricted 

replication ability (161, 162).  

 

In this study, a single dose of Ciprofloxacin was shown to be effective in clearing Nlac 

carriage within 24 hours in 100% of colonised participants. This is of vital importance in 

providing evidence for the safe and robust design of future studies where effective Nlac 

clearance is required, for example for a GM strain of Nlac where clearance of carriage is a 

pre-requisite for approval, or if clearance of carriage is required prior to rechallenge.  

 

No shedding of Nlac was detected from colonised participants in this study. This may be 

because nasopharyngeal carriage of Nlac by adults does not result in shedding in 

respiratory droplets, or that the carriage density was below a threshold required for 

shedding of respiratory exhaled droplets, or because the techniques used were not 

sufficiently sensitive to detect shedding. However, the shedding of other respiratory 

organisms was identified using these methods. In addition, mechanically aerosolised Nlac 

was successfully detected using the Coriolis air sampler and culture method during the 

development of this technique, suggesting that negligible Nlac shedding from participants 

occurred.  

 

The main limitations to this study were the difficulties with recruitment leading to a smaller 

than planned sample size. Recruitment occurred over three distinct time periods (April-Oct 

2017, May-Aug 2018, Jan-March 2020). The main factor limiting recruitment was 

competition with other similar studies for clinical, nursing and laboratory time, and for 
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volunteer willingness to be screened and enrolled, as competing studies were offering a 

higher level of reimbursement. In March 2020 the study was paused due to the COVID-19 

pandemic, following which an interim data analysis was performed. As the primary 

endpoint had been met, the study was formally closed, having completed six colonised 

participants per group, instead of the planned 10. If a larger sample size had been 

recruited then the resulting data may have been more robust, for example the Nlac IgG 

titres Day 28 post eradication may have remained statistically significant. In addition, this 

would have increased the opportunity to detect shedding from Nlac colonised participants.   

 

In addition to this, the two groups were not ideally matched with a statistically significant 

differences in male : female proportions between the two groups, and an apparent but not 

statistically significant difference between the actual dose of inoculum administered. 

Recruitment of an increased sample size may have resolved these differences.  

 

This study has demonstrated a relationship between duration of colonisation and 

induction of a specific immunological response. Future studies may build on this initial 

evidence, both with Nlac and potentially with other nasopharyneal commensals and 

pathobionts, to better understand the kinetics of the host immunological response to 

transient versus prolonged interaction with a micro-organism or antigen of interest.  

 

Importantly this study provided evidence for an optimised Nlac CHIM, safely achieving 

colonisation of a high proportion of participants, with tools to assess for shedding and to 

quickly and reliably clear carriage. These will be invaluable in progressing the Nlac CHIM 

research programme.  
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Chapter 5 Colonisation with recombinant N. 
lactamica expressing the meningococcal adhesin 

NadA 

5.1 Introduction 

5.1.1  Study overview 
LACTAMICA 4 (L4) was the first ever controlled human infection study using a knock-in 

genetically modified organism inoculated into the upper respiratory tract. It was designed 

to investigate the impact of the expression of the meningococcal antigen NadA on 

colonisation and immunogenicity, using the established Nlac CHIM already described. 

 

Two genetically modified strains of Nlac were used. The intervention strain (designated 

4NB1) was transformed to express NadA, while the control strain (designated 4YB2) was 

an empty vector strain. This control strain was exposed to the same process of genetic 

manipulation but without the addition of the nadA gene. It was a therefore a wild-type 

equivalent strain allowing comparison of NadA expression alone, removing the potential 

for the transformative process itself to alter the behaviour of the organism.  

 

As this study involved challenge with GMOs, it required UK Government Department of 

Environment, Food and Rural Affairs (DEFRA) approval and stringent safety and infection 

control measures, detailed in the sections below. The highest risk of development of 

invasive meningococcal disease is known to be the first 48 hours following acquisition 

(163, 164) so in the unlikely event of any participant developing disease it was anticipated 

that this would be most likely within the first few days following challenge. Participants 

were therefore admitted to the research facility for a period of 4.5 days following challenge 

and were closely observed for the development of any signs or symptoms of disease, with 

a plan for clearance of carriage or treatment of disease if it occurred.  

 

Following the 4.5-day admission period, the remainder of the study was conducted on an 

outpatient basis. However, we aimed to limit the potential for transmission to close 

contacts of the volunteers, study team members and the wider population. Participants 

with potentially vulnerable close contacts were therefore excluded, and all participants 

were required to abide by infection control rules for the duration of their involvement in the 

study. Shedding of GM Nlac was monitored using environmental sampling and onward 

transmission to bedroom sharers was assessed. All participants received eradication 
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therapy at 90 days post challenge, or upon study withdrawal, regardless of their 

colonisation status, with confirmation of clearance after 24 – 48 hours. 

5.1.2  GM Nlac strains 
Wild-type Nlac is able to ferment lactose using β-D-galactosidase, encoded by the lacZ 

gene. Colonies of Nlac therefore appear blue when grown on media containing X-gal, 

allowing for their easy identification and distinction from other Neisseria species which do 

not possess lacZ (99). This characteristic was utilised in the production of the GM Nlac 

strains used in this study. A lacZ deficient strain of Nlac Y92-1009 (ΔlacZ) was initially 

produced, which resulted in white colonies when grown on X-gal-containing medium 

(150).  

 

The intervention GM strain (4NB1) was derived from ΔlacZ by integrating the Nmen gene 

nadA linked to the Nlac gene lacZ. Successful transformation would result in the 

expression of the protein NadA, due to the presence of nadA, and the production of blue 

colonies on X-gal containing media due to the re-integration of lacZ. Colony colour could 

therefore be used as a marker of successful transformation. This phenotypic marker 

allowed the complete avoidance of antimicrobial resistance genes, which might otherwise 

have been used as a marker of transformation, but would have risked the dissemination of 

antimicrobial resistance genes into the nasopharyngeal microbiome. The control GM 

strain (4YB2) was also derived from ΔlacZ and transformed in the same way with re-

integration of lacZ, but without the coding sequence for nadA. The gene content and in 

vitro behaviour of the control strain was very similar to wild type Nlac. However, changes 

to the genetic architecture and gene regulation as a result of the transformation process 

would be equivalent to 4NB1, making it a better control strain than wild type Nlac (150). 

 

Both GM Nlac strains are non-capsulate, which is the key virulence factor in Nmen, and 

both are highly susceptible to killing by human serum (150). NadA has a role in adhesion 

and invasion into epithelial cells, and the presence of the nadA gene in the genome is 

associated with hypervirulent lineages of Nmen. However, NadA surface expression has 

not been shown to be necessary or sufficient for increased virulence (144, 145). 

Therefore, neither the intervention nor control strains were considered more likely than 

wild type Nlac to cause invasive disease. Extensive pre-clinical testing of both strains was 

undertaken prior to submission to DEFRA. This indicated that the GM strains were stable 

and did not undergo recombination events at higher frequency than wild type Nlac. They 

were resistant to the uptake of Nmen capsule-associated genes which could confer 

virulence. Studies in a murine model demonstrated that neither strain was virulent 

following inoculation (150). All preclinical studies satisfied the Advisory Committee for 
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Release to the Environment (ACRE) which informs DEFRA on safety of deliberate release 

of GMOs (149). Vials of both GM Nlac strains were produced to GMP-like standards at the 

University of Southampton Medical School Laboratory LC67 / LC70 by Dr.Jay Laver 

according to specific SOPs. 

5.1.3  DEFRA approval 
DEFRA approval for the deliberate release of the GM strains was gained in October 2017. 

This approval was given with the conditions that there should be enhanced monitoring of 

colonisation and shedding, and clear rules about actions to be taken in the event of any 

disease, enhanced colonisation or shedding. These conditions were written into the 

protocol and are detailed in sections 5.2.6 and 5.2.8. There was no requirement for 

complete containment of colonised participants, so outpatient follow up after the initial 4.5-

day admission period was permitted (149). A Health and Safety Executive (HSE) 

inspection of the study processes was undertaken in December 2018 which was found to 

be satisfactory with no further recommendations or inspections required. 

5.1.4  Public engagement 
Given the novel nature of this study, and the potential for strong public opinion regarding 

use of a GMO, public engagement activities were conducted to inform the local 

community, and to gather opinions, advice and feedback. Information was provided in a 

press release, and a focus group was conducted to discuss attitudes to genetic 

modification and its use in medicine and clinical research. Advice and feedback was 

sought regarding the volunteer information sheets (VIS) (Appendices B3 and B6) and 

recruitment materials. Feedback from participants involved in previous studies requiring 

an inpatient stay was used to inform and improve the admission period experience. 
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5.2 Study specific methods 

5.2.1  Study design 
In this prospective controlled human infection study, participants were inoculated 

intranasally with either the intervention or control strain of GM Nlac at an intended dose of 

105 CFU. Following inoculation, these challenge volunteers (ChV) were admitted to 

Southampton National Institute for Health Research Clinical Research Facility (NIHR 

CRF) for 4.5 days. ChV were then discharged to their normal residence and followed up 

as outpatients for a period of approximately 3 months. Safety parameters, colonisation, 

shedding and immunogenicity were assessed during the admission period and outpatient 

follow up period. A separate group of contact volunteers (CoV) who were bedroom 

sharers of ChV were enrolled to assess for onward transmission and safety from the time 

of ChV discharge until Day 90 post challenge. Colonisation was terminated with antibiotic 

eradication therapy on Day 90, for all challenge and contact volunteers, or prior to study 

withdrawal. Efficacy of eradication was confirmed at 24 – 48 hours post eradication. The 

intended sample size was 10 colonised ChV per group (intervention or control strain). The 

study team was not blinded to group allocation during the study. Immunology samples 

were coded prior to processing and analysis so laboratory staff and investigators were 

blinded to group allocation during those processes.  

 

Overviews of the study timelines for ChV and CoV are shown in Figure 5.1. The objectives 

and endpoints of this study are summarised in Table 5.1 and the schedule of procedures 

for ChV and CoV are shown in Tables 5.2 and 5.3. The eligibility criteria are detailed in 

Chapter 2.
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Figure 5.1 L4 study timeline 
Schematic presentation of study timeline for L4 participant visits, interventions and monitoring with comparison between challenge and 
contact volunteers. 
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Adapted from L4 study protocol (Appendix A2). 
  

 Objectives Endpoints 

Co-primary 
objectives 

To establish the safety of nasal inoculation of healthy 

volunteers with GM Nlac expressing NadA 

Occurrence of unsolicited adverse events within the study period 

Occurrence of serious adverse events within the study period 

To assess the NadA specific immunity in healthy 

volunteers following nasal inoculation with GM Nlac 

expressing NadA 

Rise in serological specific IgG titre (anti-NadA) comparing day 0 

versus days 14 to 90 comparing volunteers colonised with each GM 

Nlac strain 

Secondary 
objectives 

To assess the shedding of GM Nlac following nasal 

inoculation 

Culture of GM Nlac from environmental samples – comparing 

intervention and control groups 

To assess the transmission of GM Nlac to bedroom 

contacts of inoculated volunteers 

Culture of GM Nlac from throat swabs taken from contact volunteers 

from day 4 until day 90 – comparing intervention and control groups 

To assess the efficacy of a single dose of Ciprofloxacin in 

eradicating carriage of GM Nlac 

Culture of GM Nlac from throat swabs taken at the eradication visit in 

comparison to post-eradication visit in challenge and contact 

volunteers 

Table 5.1 L4 Objectives and endpoints 
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+ Procedure at this timepoint, (+) if clinically indicated, a1-2 days after eradication, bIf increased shedding seen at one timepoint from Day 14, 
cIf early eradication triggered, dAs soon as possible after triggering results are known. Adapted from L4 study protocol (Appendix A2) 
 

 Screening Pre challenge Admission Follow up  Potential additional visits 

Timeline (days) ≤ 90 -5 0 1 2 3 4 7 10 14 28 56 90 92  Additional 
shedding 
checkb 

Triggered 
eradicationc 

Post triggered 
eradication 

check Day  W M Tu W Th F M Th M M M  
-1 to 0a 

 

Visit window  +/-2 0 0 0 0 0 +/-1 +/-1 +/-2 +/-3 +/-5 +/-7  0d 0d 0a 

Informed consent +                  

Infection control training  +      +            

Vital signs + (+) + + + + + (+) (+) (+) (+) (+) (+) (+)  (+) (+) (+) 

Medical history +                  

Physical examination + (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+)  (+) (+) (+) 

Pregnancy test (females only) +  +          +    +  

Urinalysis +                  

Electrocardiogram +                  

Review eligibility  + +                

Inoculation   +                

Eradication             +    +  

Review of adverse events and 
concomitant medications 

 + + + + + + + + + + + + +  + + + 

Throat swab + + +  + + + + + + + + + +  + + + 

Nasal wash  +    +    + + + +    +  

Environmental samples    + + + + + + + + + +   + +  

Safety bloods 8  8   8  8  8 8 8 8    8  

Immunological blood tests (ml)   70     70  70 70 70 70    70  

Cumulative blood volume (ml) 8  86   94  172  250 328 406 484      

Table 5.2 L4 schedule of procedures - Challenge volunteers 
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+Procedure at this timepoint, (+) if clinically indicated, aSame day as corresponding challenge volunteer, b1-2 days after eradication, cIf early 
eradication triggered, dAs soon as possible after triggering results are known. Adapted from L4 study protocol (Appendix A2). 

Table 5.3 L4 Schedule of procedures - Contact volunteers 

 Screening 
Challenge 
volunteer 
discharge 

Follow up 
 

Potential additional visits 

Timeline (days) ≤ 90 4 14 28 56 90 92 

 Early 

eradicationc 

Early 

eradication 

check 

Day  F M M M 
+/-7a -1 to 0c 

 

0d -1 to 0b 

Visit window  0 +/-2 +/-3 +/-5  

Informed consent +          

Reconfirm eligibility  +         

Infection control training + +         

Vital signs +  (+) (+) (+) (+) (+)  (+) (+) 

Medical history +          

Physical examination +  (+) (+) (+) (+) (+)  (+) (+) 

Pregnancy test (females only) + +    +   +  

Urinalysis +          

Electrocardiogram +          

Eradication      +   +  

Review of adverse events and 
concomitant medications 

  + + + + + 
 

+ + 

Throat swab  + + + + + + +  + + 
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5.2.2   Safety measures 
The first five participants to receive each strain were staggered for safety. The first was 

challenged individually and the remainder individually or in pairs. Further participants were 

challenged in groups of up to five.  

 

ChV were closely monitored during admission and safety data was collected at each 

follow up visit for ChV and CoV. All participants were encouraged to contact the study 

team via the 24-hour telephone number if any symptoms developed between follow up 

visits. Any participants who developed solicited or unsolicited symptoms or abnormal vital 

signs were discussed with a study doctor. Further clinical assessment and investigations 

were arranged if required. 

 

In the event of symptoms suggestive of possible GM Nlac disease, a clear management 

plan was in place for early eradication with a single dose of ciprofloxacin, or treatment with 

a longer course of oral ciprofloxacin or IV ceftriaxone if required. 

 

A safety review was completed between each set of inoculations, including clinical data 

and safety bloods up to at least day 4. The external safety committee reviewed the safety 

data after the first five volunteers to be inoculated with each strain and in the event of any 

significant safety concerns.  

5.2.3  Infection control measures 
Participants and study team members were provided with appropriate PPE and infection 

control training. Infection control procedures such as the use of PPE, cleaning of 

designated areas, fomite control and disposal of GM waste were detailed in standard 

operating procedures (see Appendices E16 and E17). Any potentially aerosol-producing 

procedures, such as the inoculation or respiratory sampling, were carried out in the level 2 

environmental chamber with trained staff members wearing PPE including FFP3 

respirators. 

 

Participants were required to abide by infection control rules during admission (ChV only) 

and throughout the outpatient follow up period (ChV and CoV), as detailed in Table 5.4. 

These rules were detailed in the VIS (Appendices B3 and B6) and during consent and all 

participants completed an infection control questionnaire and signed an infection control 

agreement at the time of consent (Appendices B8 and B9). The rules were then re-

iterated prior to inoculation and discharge of the challenge volunteer. 
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Volunteers are not allowed to enter the personal rooms of other volunteers 

The volunteer must wash hands before leaving their personal room  

The volunteer is not allowed to leave the NIHR-CRF without permission of 

the clinical team  

Volunteers are allowed to leave the NIHR-CRF for a maximum of two hours 

twice a day, between 08.00-18.00 

The volunteer will be escorted by a member of the study team when 

walking through non-designated areas of the NIHR-CRF  

The volunteer must not have contact with immunosuppressed individuals 

The volunteer must not have any direct contact that could involve transfer of 

respiratory secretions to anyone during the admission period 

The volunteer must not use the main entrance of the hospital or shops or 

cafes within the hospital building 

When outside of the NIHR-CRF the volunteer must be contactable by 

mobile phone at all times and have study emergency phone number stored 

on their phone to contact the clinical study team if necessary 

The volunteer must be able to be return to the NIHR-CRF within 30 minutes 

The volunteer may receive a maximum of two guests at a time between 

8.00 and 22.00, who must wear masks covering nose and mouth while in 

close proximity to the volunteer and must adhere to strict infection control 

procedures.  

O
ut
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p  
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Volunteers must avoid crowded social environments such as pubs and 

clubs for two weeks after discharge 

Volunteers must not have any contact with high risk of transmission with 

any individuals other than their declared and consented bedroom 

contact/corresponding challenge volunteer – such contact includes: 

• Bed sharing 

• Intimate/sexual contact 

• Contact that may involve transfer of respiratory secretions e.g. kissing 

• Sharing cutlery or drinking vessels 

Volunteers must not engage in oral sex 

Volunteers must avoid contact with immunosuppressed individuals  

Table 5.4 Infection control rules 
Infection control rules for Challenge volunteers (ChV) during admission and follow 
up and Contact volunteers (CoV) during outpatient follow up. Adapted from L4 
study protocol (Appendix A2).  
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5.2.4  Admission period 
ChV were admitted to the NIHR-CRF for approximately 4.5 days following inoculation. A 

maximum of 5 participants were admitted at any time, with individual bedrooms, shared 

toilets, washing facilities and a recreational area. Participants were allowed to leave the 

unit for exercise, and to have visitors as detailed in the infection control rules (Table 5.4) 

Two study team members were available on-site for the duration of the admission period. 

 

Participants were reviewed by a study nurse six times per day at approximately four 

hourly intervals. This review included vital signs and recording of any solicited or 

unsolicited AEs. They were also reviewed by a study doctor twice a day, either face to 

face or by telephone, and in the event of any safety concerns. Study procedures were 

conducted according to Table 5.2.  

 

CoVs attended on the day of ChV discharge to reconfirm eligibility. All participants were 

reminded of the infection control rules for the remainder of the study and were provided 

with a 24-hour telephone number to contact the study team if required. 

5.2.5  Outpatient follow up period 
Participants attended for follow up visits as detailed in Tables 5.2 and 5.3 for clinical 

review and assessment of colonisation, shedding, immunogenicity and transmission. 

Additional visits were arranged if required. 

5.2.6  Shedding assessment 
According to the DEFRA conditions for approval of deliberate release, ChV were 

assessed for shedding of GM Nlac throughout the study. A basic shedding check 

including air and mask samples was conducted each day during admission and at each 

follow up visit until antibiotic administration at Day 90 as detailed in Table 5.2. If increased 

shedding was detected, then an enhanced shedding check including further air and 

contact samples was conducted according to the SOP (Appendix E9).  

 

Increased shedding was defined by comparing colonised volunteers in Group 1 (NadA 

expressing strain) with those in Group 2 (Control strain), with a threshold of 10-fold 

greater shedding in a single ChV in Group 1, in comparison to the average shedding at 

the same time point in colonised ChV in Group 2. If increased shedding was detected at 

any point from Day 14, then the ChV would be asked to reattend as soon as possible for 

an additional shedding check. Enhanced shedding was defined as increased shedding at 

two consecutive timepoints in a Group 1 ChV. Any ChV with enhanced shedding, and 
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their corresponding CoV (unless pre-discharge) would be given triggered eradication a 

maximum of 72 hours after detection. 

5.2.7  Eradication 
A single dose of oral ciprofloxacin was was given to all participants (ChV and CoV) to 

eradicate carriage of GM Nlac, with a throat swab to confirm successful eradication after a 

maximum of 48 hours. Standard eradication was given to all volunteers at Day 90, 

regardless of colonisation status, with a confirmatory throat swab on Day 92.  

 

Triggered eradication was given to ChV and CoV (if applicable) on the same day and both 

were then withdrawn from the study, in the following circumstances: 

o Safety concerns in either ChV or CoV (investigator discretion) 

o Enhanced shedding (ChV)  

o Study withdrawal of either volunteer for any other reason 

 

Early eradication was given to CoV only if transmission of GM Nlac was detected, as 

ongoing colonisation of CoV was not required to fulfil the study objectives. Both ChV and 

CoV would continue to participate in the study.  

 

5.2.8  Safety stopping and holding rules 
The following stopping and holding rules were established in response to the DEFRA 

approval conditions:  

 

• Individual stopping rules: 

o ChV and CoV pairs to be withdrawn from the study if either required 

triggered or early antibiotic eradication for safety reasons or enhanced 

shedding 

• Study holding rules: 

1. Enhanced shedding: 

§ Enhanced shedding triggering eradication in 3 or more of the first 5 

ChV or in >50% of ongoing ChV in Group 1.  

2. Enhanced transmission: 

§ Transmission of either strain of GM Nlac to 3 of the first 5 or >50% 

of ongoing CoV. 

3. GM Nlac disease: 

§ Antibiotic treatment (IV ceftriaxone or IV chloramphenicol) given to 

any volunteer due to possible GM Nlac disease. 
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If any study holding rules were met, the study would be paused for a safety review, with 

no further challenges until the data had been reviewed by the external safety committee 

and study continuation approved. 

5.3 Results 

5.3.1  Recruitment 
All required approvals were gained and recruitment was commenced in October 2018. 

Recruitment was continued until June 2019 by which time 11 challenge volunteers had 

been successfully colonised with each GM Nlac strain and the study was completed, as 

per protocol. Details of volunteer screening, participant enrolment, group allocation and 

inclusion of subjects in different analyses are shown in Figure 5.2. 

 

Demographic details for enrolled Challenge volunteers with comparison between Group 1 

and Group 2 are shown in Table 5.5. There were no significant differences, but there was 

a non-significant trend towards younger age in Group 2.  

5.3.2  Inoculum count and purity 
 

The confirmed doses of inoculum administered to each participant are shown in Figure 

5.3, comparing Group 1 and Group 2. The median dose for Group 1 was 3.38 x 105 CFU 

(IQR 2.9-4.8 x 105) and for Group 2 was 3.57 x 105  CFU (IQR 2.8-3.8 x 105), both higher 

than the intended dose of 1 x 105 CFU, with no difference between the two groups. 

Culture of all residual inocula resulted in a pure growth of Nlac.
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Overview of participant recruitment for L4 with number of participants (n) screened, enrolled and included in each analysis set. 

Challenge 
Volunteers 
Screened

Challenged

Group 1 
NadA expressing Nlac

Immunological 
analysis 

GM Nlac colonised 
participants only

n = 42

Ineligible / Withdrawn, n = 16
• 8 Nmen colonised
• 2 Nlac colonised
• 2 Unwilling to consent to infection 

control rules
• 4 Withdrew

Group 2 
Control GM Nlac

n = 14

Microbiological 
analyses 

Colonisation and 
shedding

n = 12 n = 14

n = 11 n = 11

Non-colonised n = 3Non-colonised n = 1

n = 21

n = 12

Safety and 
inoculum 
analyses

Contact Volunteers
Assessment of 
transmission

n = 6

Contact Volunteers
Assessment of 
transmission

n = 3

Figure 5.2 L4 Participant recruitment 
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Table 5.5 L4 Participant demographics 
Comparison of demographics for participants challenged in Group 1 (NadA 
expressing Nlac) and Group 2 (Control GM Nlac) 
Sex – p value derived from Fisher’s exact test, NS = Non-significant 
Age and BMI – p values derived from Mann Whitney test.

Number of 
participants

n

Sex
Male  n (%)

Female n (%)

Age 
Median 
(IQR)

BMI 
Median 
(IQR)

Group 1
NadA expressing 

Nlac
12 7 (58.3)

5 (41.7) 
30.9

(23.3 – 42.8) 
25.7

(22.4 – 34.0)

Group 2
Control GM Nlac 14 7 (50.0)

7 (50.0)
23.3

(20.2 – 29.0)
24.6

(21.8 – 34.0)

p value 0.7 (NS) 0.07 (NS) 0.95 (NS)
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Figure 5.3 L4 inoculum doses 
Confirmed doses calculated by viable count of the residual inoculum following 
inoculation. Individual values, median and range shown, red dotted line indicates 
the intended dose of 1 x 105 CFU, p value derived from Mann Whitney test.
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5.3.3  Colonisation 
The overall colonisation fraction was 0.92 (11 of 12, 95% CI 0.65-0.996) in Group 1 (NadA 

expressing GM Nlac) and 0.79 (11 of 14, 95% CI 0.52-0.92) in Group 2 (Control GM 

Nlac). Successful colonisation was defined as the culture of at least one colony of Nlac 

from throat swab or nasal wash samples between challenge and Day 14 post challenge. 

Isolates were confirmed by PCR to be the inoculum strain of GM Nlac (4NB1 for Group 1 

and 4YB2 for Group 2).   

 

Colonisation was detected by Day 2 in 91% (10 of 11) of those colonised overall in Group 

1 and 72% (8 of 11) colonised overall in Group 2, in the remainder colonisation was 

detected on Day 3. 

 

The only participant in Group 1 who was not successfully colonised with the inoculated 

strain of Nlac was found to be Nmen colonised on Day 0. This participant had negative 

screening throat swabs and nasal wash but the pre-inoculation throat swab on Day 0 was 

positive for Nmen. He then remained Nmen colonised until Day 7 when he received 

triggered eradication having chosen to withdraw from the study for personal reasons. One 

other participant in Group 1 withdrew for personal reasons on Day 14 post challenge and 

received triggered eradication. Both of these participants returned for a triggered 

eradication check after 48 hours and had cleared carriage of GM Nlac / Nmen.  

 

One participant in the Group 2 who was successfully colonised with GM Nlac had that 

colonisation displaced with Nmen between days 28 and 56 and then remained Nmen 

colonised until eradication treatment at Day 90. This was shown to be a non NadA-

expressing strain of Nmen by western blot of whole bacterial lysate, using an anti-NadA 

antiserum. One participant in Group 1 spontaneously cleared Nlac carriage after Day 28 

post challenge. All other colonised participants remained colonised with Nlac until Day 90. 

Therefore, of those colonised participants who completed follow up to Day 90, nine of 10 

participants (90%) in Group 1 and 10 of 11 (90.9%) continued to be colonised for the 

duration of the study. Carriage of the GM Nlac strains and Nmen was cleared by 48 hours 

following eradication in all participants. 

 

The colonisation status over time for individual participants is shown for Group 1 and 

Group 2 in Figure 5.4. 
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Figure 5.4 Colonisation status over time 
Colonisation with Nlac / Nmen at each timepoint for individual participants. Each row represents one participant, colonisation defined as the 
culture of at least one colony of Nlac / Nmen from a throat swab or nasal wash taken at the time points shown. 

Days since inoculation
0 2 3 4 7 10 14 28 56 90 92/

TC

Group 1
(NadA

expressing 
GM Nlac)

TE TC

TE TC

TE Triggered eradication (participant withdrawal)

TC Triggered eradication check – 48 hours after TC

No Neisseria carriage

Nlac colonised – inoculum strain confirmed by PCR

Nmen colonised

Time point missed

Inoculation with Nlac

Antibiotic eradication therapy

Days since inoculation
0 2 3 4 7 10 14 28 56 90 92/

TC

Group 2
(Control 

GM Nlac)
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5.3.4  Comparison of throat swab and nasal wash samples 
Comparison was made between the sensitivity of throat swabs and nasal washes in the 

detection of  GM Nlac carriage. In calculating this, the following assumptions were made: 

 

• All positive cultures were considered to be true positive 

• Negative cultures were considered to be false negatives if culture of the other 

sample type at the same time point was positive 

• Negative cultures were considered to be false negative if the participant had a 

positive culture (of any sample type) at both the preceding and the following time 

point 

• All other negative culture results were considered to be true negative 

 

Using these assumptions, and only looking at time points when both sample type was 

taken, the estimated sensitivity of throat swabs in detecting GM Nlac carriage was 96.0% 

whereas that of nasal washes was only 52.4%, as shown in Table 5.6. This difference in 

sensitivity was statistically significant (p < 0.0001, Fisher’s exact test). 

 

 
Table 5.6 Comparison of sample type for GM Nlac culture 

5.3.5  Shedding  
Air and mask samples were obtained at each study visit up to and including Day 90  or 

triggered eradication. No Nlac was detected in any environmental samples from any 

participants, whether colonised or not. No participants required an extended shedding 

check.  

  

True 
positive

False 
negative Sensitivity

Throat 
swab 97 4 96.0%

Nasal wash 53 48 52.4%
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5.3.6  Transmission 
For contact volunteers, potential exposure to GM Nlac began on Day 4 when the 

corresponding challenge volunteer was discharged. A throat swab was taken from contact 

volunteers on Day 4 to look for baseline carriage, and at all visits from Day 14 to 90 to 

look for transmission. Six contact volunteers were enrolled for Group 1 and three contact 

volunteers were enrolled for Group 2. For all enrolled contact volunteers, their 

corresponding challenge volunteer had been successfully colonised with GM Nlac. One 

contact volunteer in Group 1 received a dose of ciprofloxacin and was withdrawn after 

their Day 14 visit as their challenge volunteer had chosen to withdraw for personal 

reasons, so early eradication therapy for the contact volunteer was triggered per-protocol. 

One contact volunteer in Group 2 acquired Nmen carriage between Day 4 and Day 14 

and then spontaneously cleared this carriage by Day 90. Their corresponding challenge 

volunteer was not colonised with Nmen at any timepoint. Another contact volunteer in 

Group 2 was found to be colonised with Nlac at Day 4 (prior to exposure to GM Nlac). 

PCR confirmed that this was wild type Nlac rather than transmission of GM Nlac. This 

colonisation with wild type Nlac continued until Day 90 and was then cleared following 

eradication therapy. 

No transmission of either GM Nlac strain was detected to any contact volunteer at any 

time point. 

5.3.7  Safety  
No serious adverse events occurred during the study. The inoculation procedure was well 

tolerated with no adverse events or symptoms reported at the time of inoculation for any 

participant.  

 

Participants were reviewed for the occurrence of solicited symptoms or other adverse 

events every four hours during admission. The proportion of participants in each group 

reporting symptoms during admission are shown in Figure 5.5 A and B.  

5 of 12 participants in Group 1 and 7 of 14 participants in Group 2 reported mild or 

moderate solicited symptoms at some point during the admission. Unsolicited symptoms 

reported during admission are recorded as “other”, none of which were considered to be 

likely or definitely related to challenge or colonisation with Nlac. All reported symptoms all 

self-resolved or resolved with simple analgesia.  

 

Symptoms and adverse events reported during the outpatient follow up period are shown 

in Figure 5.5 C and D for Challenge Volunteers and Figure 5.5 E and F for Contact 

Volunteers. Symptoms are categorised as upper respiratory tract, lower respiratory tract, 

generalised (e.g. feeling generally unwell, headache) and other. All upper respiratory tract, 
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lower respiratory tract and generalised symptoms were mild to moderate, all resolved 

spontaneously or with non-antibiotic treatment (e.g. analgesia, anti-histamines), and no 

difference was seen between Group 1 and 2. All “Other” adverse events were unrelated or 

unlikely to be related to challenge or colonisation with Nlac and all were mild to moderate 

with the exception of one Challenge Volunteer in Group 2. This participant had a 

worsening of pre-existing syncopal episodes for which she was referred for cardiac 

investigations during the study period. This was not felt to be related to the study 

interventions or procedures and remained under investigation at the end of the study.  

 

Challenge volunteer clinical observations were recorded four-hourly during admission and 

at each follow up visit and were graded as per protocol. Several participants in each group 

had raised blood pressure but were either entirely well or reported non study-related 

anxieties at the time. One participant in each group had low oxygen saturations (minimum 

94% - Grade 1) and one had a mildly raised temperature at 37.6 °C. All were systemically 

well with no other symptoms and all resolved spontaneously. Abnormal clinical 

observations are summarised in Figure 5.5 G and H. 

 

Challenge volunteers had safety blood samples taken at protocol defined timepoints with 

results graded as per protocol. Mildly out of range results were seen for participants in 

both groups but all participants were asymptomatic or had mild upper respiratory tract 

symptoms only. Abnormal safety blood results are summarised in Figure 5.5 I and J. 

5.3.8  Triggered/early eradication 
No participants were given triggered or early eradication therapy due to safety reasons, or  

transmission to the contact volunteer. Two challenge volunteers and one contact 

volunteer from the intervention group withdrew from the study for personal reasons and 

therefore received triggered eradication therapy.  
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Percantage of participants reporting any adverse events in each category with 
maximum severity with comparison of Group 1 (A, C, E, G, I) and Group 2 (B, D, F, 
H, J) 
A and B: Solicited and other symptoms reported by Challenge Volunteers at four 
hourly reviews during admission period 
C and D: Adverse events reported by Challenge Volunteers during follow up 
E and F: Adverse events reported by Contact Volunteers during follow up  
(C-F categorised as URT = Upper respiratory tract symptoms, LRT = Lower 
respiratory tract symptoms, Generalised = Systemic illness or Other) 
G and H: Challenge Volunteer observations (HR = Heart Rate, SBP = Systolic Blood 
Pressure, DBP = Diastolic Blood Pressure, RR = Respiratory Rate, O2 sats = oxygen 
saturations) 
I and J: Challenge Volunteer blood results (Hb = Haemoglobin, WCC = White cell 
count, N = Neutrophil count, L = Lymphocyte count, CRP = C-reactive protein). 
ChV = Challenge Volunteer, CoV = Contact Volunteer, AE = Adverse event. 
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5.3.9  Immunogenicity 
 

Participants who were colonised with either GM Nlac strain are included in the 

immunological analysis, a total of 11 participants per group. However, some participants 

had incomplete immunological sampling due to early withdrawal or missed vists and so 

are excluded from some analyses as detailed below. One participant in Group 2 lost GM 

Nlac carriage and acquired non-NadA expressing meningococcal carriage between the 

Day 28 and Day 56 visit. This participant is included in the analysis as per protocol, but 

where relevant their results are highlighted, as acquisition of meningococcal carriage is 

likely to have impacted their subsequent immunological results.  

 

5.3.9.1 Nlac specific IgG 

Participant samples were taken at baseline and Day 28, 56 and 90 post challenge and 

only participants who attended each of these visits are included in the analysis – a total of 

10 participants per group. Every colonised participant in both groups had a relative 

increase in titre from baseline by Day 28 post challenge, which was sustained to Day 90. 

This increase was statistically significant at each post challenge timepoint for both groups. 

In Group 1, six participants had a ≥2-fold rise by Day 28 which was sustained to Day 90. 

In Group 2, nine participants had a ≥2-fold rise by Day 28 or 56, this was sustained to Day 

90 for seven participants. Trends in titre for each individual participant with summary data 

for each group are shown in Figure 5.6. 

 

Comparison of absolute titres at baseline and at each post challenge timepoint showed no 

difference between the two groups at any timepoint: Day 0 p=0.9014, Days 28, 56 and 90 

p >0.999 (Kruskal Wallis test with Dunn’s multiple comparisons) as shown in Figure 5.7.  

There was no difference between the maximum fold change from baseline to any post 

challenge timepoint between the two groups, with a median maximum fold change of 2.82 

for Group 1 and 3.04 for Group 2 (p >0.999, Mann Whitney test) as shown in Figure 5.8.  

 

These results are similar to those seen during prolonged colonisation with wild type Nlac 

(123), confirming that neither the genetic manipulation itself, nor the expression of NadA, 

impacts the ability of Nlac to induce an Nlac specific humoral immune response.



 Chapter 5 
 

 135 

 Trend for individual participants per in Group 1 (A) and Group 2 (B). Participant 
timepoints with a ≥2-fold rise from baseline are indicated with blue stars, 
participant colonised with Nmen indicated in red 
Summary data for each timepoint for Group 1 (C) and Group 2 (D) – median, IQR 
and range shown (C+D). P values derived from Friedman test with Dunn’s multiple 
comparisons.

Figure 5.6 Nlac specific IgG trends 
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Figure 5.7 Nlac specific IgG titres per timepoint 
Nlac specific IgG titres – Comparison of Group 1 vs Group 2 Nlac specific IgG titres 
at each timepoint. Individual values, median, IQR and range shown, p values 
derived from Kruskal-Wallis test with Dunn’s multiple comparisons.
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Figure 5.8 Nlac specific IgG fold change 
Maximum fold change per participant from baseline to Day 28, 56, or 90. Individual 
values, median, IQR and range shown, p value derived from Mann Whitney test.  
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5.3.9.2 sNadA specific IgG 

 

Anti-sNadA specific IgG titres were determined by endpoint ELISA of participant serum 

samples taken at baseline, Day 28, 56 and 90. One participant who withdrew from the 

study prior to Day 28 is excluded from this analysis.  

 

Reciprocal endpoint titres for each participant timepoint are shown in Table 5.7. 

One of 10 participants in Group 1 and two of 10 participants in Group 2 had a detectable 

level of sNadA specific IgG at baseline. ≥ 2-fold increase from baseline in reciprocal end-

point titre at one or more post-challenge timepoints was considered to indicate 

seroconversion. In Group 1, only one participant had detectable sNadA IgG at baseline. 

This participant and four others seroconverted (5 of 10, 50%) and for three participants 

this increase was sustained to Day 90. In Group 2, two participants had detectable sNadA 

IgG at baseline but had no change in the reciprocal endpoint titre following challenge, and 

all other participants had no detectable titres at any timepoint, so no participants 

seroconverted (0 of 11, 0%). This increase in the proportion of participants who 

seroconverted (≥ 2-fold change) is statistically significant (p = 0.0124, Fisher’s exact test), 

showing that the expression of NadA by colonising Nlac can induce a NadA specific 

humoral immune response. The participant who acquired Nmen carriage did not have an 

increase in sNadA IgG as expected, as the Nmen strain was non-NadA expressing. 
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Participant Day 0 Day 28 Day 56 Day 90 
Max fold 

change 

Group 1 – NadA expressing GM Nlac 

1 <2 8 8 8 8 

2 <2 <2 <2 <2 1 

3 <2 <2 4 4 4 

4 <2 <2 <2 <2 1 

5 <2 8 8 8 8 

6 <2 <2 <2 <2 1 

7 4 8 4 4 2 

8 <2 <2 <2 <2 1 

9 <2 4 <2 <2 4 

10 <2 <2 <2 <2 1 

Group 2 – Control GM Nlac 

1 16 16 16 16 1 

2 <2 <2 <2 <2 1 

3 <2 <2 <2 <2 1 

4 8 8 8 8 1 

5 <2 <2 <2 <2 1 

6 <2 <2 <2 <2 1 

7 <2 <2 <2 <2 1 

8 <2 <2 - <2 1 

9 <2 <2 <2 <2 1 

10 <2 <2 <2 <2 1 

11 <2 <2 <2 <2 1 

Table 5.7 sNadA specific IgG - Reciprocal endpoint titres 
Reciprocal endpoint titre of sNadA IgG per participant in each group. ≥ 2-fold 
increase from baseline shaded in blue, participant who became Nmen colonised is 
shaded in red. 



Chapter 5 
  

 140 

5.3.9.1 Nlac and NadA specific antibody secreting plasma cells 

IgG, IgA and IgM secreting antibody secreting plasma cells (BPLAS) with specificity to 

relevant Nlac and Nmen antigens as detailed below, were determined by ELISpot of 

PBMCs isolated from whole blood taken from participants at baseline and at Day 7, 14, 

28, 56 and 90. All colonised participants are included in this analysis (n=11 per group) 

although some participants have missing values due to missed visits. Results are 

expressed as the number of spot forming units (SFU) per 2 x 105 PBMCs, with the  

assumption that one SFU indicates the presence of one BPLAS cell.  

 

BPLAS with specificity to Tetanus toxoid (TT) were also determined at each time point to 

ensure that any BPLAS increase detected was a response to exposure to specific antigens 

rather than a non-specific response to colonisation. Figure 5.9 shows the comparison of 

baseline and peak IgG, IgA or IgM TT specific BPLAS. There is a small but significant rise in 

IgA BPLAS in Group 1, but this is non-significant when considering the increase from 

baseline to each timepoint individually for those participants in whom a full data set is 

available (Friedman test with Dunn’s multiple comparisons, p >0.99 for each of Day 7, 14 

and 28 in comparison to baseline). At baseline, the majority of participants had no, or very 

few BPLAS cells detected with specificity for any of the assessed antigens, and there were 

no significant differences between Group 1 and 2 for any antigen (all baseline 

comparisons p >0.999, Kruskal-Wallis test with Dunn’s multiple comparisons).  

 

For each antigen, individual participant trends over time and comparison of baseline and 

peak values per group are shown in Figures 5.10-14. The peak value reported per 

participant is the highest number of BPLAS detected at Day 7, 14 or 28 post challenge, as 

this has been shown to be the timeframe in which BPLAS cells peak following exposure to 

an antigen (165). In the majority of cases, this highest value was detected at Day 7 or 14 

post challenge. Where higher values were detected at Day 56 or 90 post challenge these 

are shown in the individual trend lines below but are not reported as a peak value. One 

participant in Group 2 acquired carriage of a non-NadA expressing strain of Nmen 

between Day 28 and 56. This may have impacted their Day 56 or Day 90 values which 

are highlighted in the trend lines, but this will not have affected their peak values as Nmen 

acquisition was after the Day 28 visit. Comparison is also made between the change from 

baseline to peak between Group 1 and 2, for each antigen. 

 

Figures 5.10 and 5.11 show results for BPLAS with specificity for OMV derived from the two 

GM Nlac strains, 4NB1 (Figure 5.10) and 4YB2 (Figure 5.11). Participants in both groups 

had a significant rise in IgG, IgA and IgM secreting BPLAS to both 4NB1 and 4YB2 dOMV, 

with the exception of 4YB2 dOMV IgG BPLAS which did not quite reach statistical 
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significance for Group 1 (p=0.0625). As both strains are derived from a single parent 

strain (Y92-1009), all epitopes apart from the expression of NadA by 4NB1, should be 

identical. This confirms the ability of each strain to induce a specific humoral immune 

response. When comparing the absolute change for each from baseline for Group 1 and 

2, there was no significant difference between the two groups. 

 

BPLAS specific for sNadA are shown in Figure 5.12. Participants in Group 1 had a 

significant increase from baseline in sNadA specific IgG and IgA BPLAS, although not for 

IgM BPLAS. No change was seen from baseline to peak for participants in Group 2. 

Comparison of the absolute change from baseline to peak for sNadA specific IgA BPLAS 

was significantly higher for Group 1 than Group 2, although for IgG BPLAS this trend did not 

reach statistical significance and for IgM there was no difference seen. These data 

suggest that the expression of NadA during colonisation by 4NB1 induces NadA specific 

BPLAS, although a larger sample size may have shown this more robustly. Of note, the 

participant who acquired non-NadA expressing Nmen prior to the Day 56 visit did have a 

transient increase in sNadA specific IgG, IgA and IgM at Day 56. This was no longer 

apparent by Day 90. 

 

BPLAS with specificity for Nmen dOMV were also determined. OMV derived from 

meningococcal strain N54.1 (a high NadA expressing serogroup Y strain) and from the 

same strain with the coding sequence for NadA removed (N54.1ΔnadA) were used, as 

shown in Figures 5.13 and 5.14 respectively. For N54.1, there was a significant increase 

in IgG, IgA and IgM BPLAS from baseline to peak for both groups, with no difference seen 

between the two groups. For N54.1ΔnadA, there was a similar trend but this did not reach 

statistical significance for IgG (either group) or for IgM in Group 2. Again, there was no 

difference between the two groups. This suggests that colonisation with Nlac, with or 

without the expression of NadA, induces anti-meningococcal BPLAS production, in keeping 

with previous CHIM results where a Nmen specific IgG response has been demonstrated 

(Evans). However, the inclusion of a non-Nlac colonised control group and a larger 

sample size could have demonstrated this more conclusively. The expression of NadA did 

not impede the BPLAS response by being immunologically dominant. A larger sample size 

would be required to demonstrate any positive impact of NadA expression on the cross-

reactive immune response to NadA expressing meningococci, on top of that induced by 

Nlac colonisation. 
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Figure 5.9 BPLAS negative control 
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Antibody secreting plasma cells with specificity for tetanus toxoid (TT) 
Summary data per group comparing baseline and peak (to Day 28) values 
Median, IQR and range shown, p values derived from Wilcoxon signed ranks test. 
A-C: Group 1, D-F: Group 2 
A+D: IgG, B+E: IgA, C+F: IgM  
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Figure 5.10 BPLAS : 4NB1  



 Chapter 5 
 

 145 

Antibody secreting plasma cells with specificity for 4NB1 dOMV (NadA expressing GM Nlac) 
A-E: IgG BPLAS, F-J: IgA BPLAS, K-O: IgM BPLAS.  
A,B,F,G,K,L: Group 1, C,D,H,I,M,N: Group 2.  
A,C,F,H,K,M: Individual participant trends over time per group.  
B,G,L,D,I,N: Summary data per group comparing baseline and peak (to Day 28) values, median, IQR and range shown, p values derived from 
Wilcoxon signed ranks test.  
E,J,O: Comparison of Group 1 and 2 increase in BPLAS seen from baseline to peak, median, IQR and range shown, p values derived from 
Mann Whitney test. 
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Figure 5.11 BPLAS : 4YB2 
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Antibody secreting plasma cells with specificity for 4YB2 dOMV (non NadA-expressing GM Nlac) 
A-E: IgG BPLAS, F-J: IgA BPLAS, K-O: IgM BPLAS.  
A,B,F,G,K,L: Group 1, C,D,H,I,M,N: Group 2.  
A,C,F,H,K,M: Individual participant trends over time per group. 
B,G,L,D,I,N: Summary data per group comparing baseline and peak (to Day 28) values, median, IQR and range shown, p values derived from 
Wilcoxon signed ranks test.  
E,J,O: Comparison of Group 1 and 2 increase in BPLAS seen from baseline to peak, median, IQR and range shown, p values derived from 
Mann Whitney test.  
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Figure 5.12 BPLAS : sNadA 
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Antibody secreting plasma cells with specificity for sNadA 
A-E: IgG BPLAS, F-J: IgA BPLAS, K-O: IgM BPLAS.  
A,B,F,G,K,L: Group 1, C,D,H,I,M,N: Group 2.  
A,C,F,H,K,M: Individual participant trends over time per group.  
B,G,L,D,I,N: Summary data per group comparing baseline and peak (to Day 28) values, median, IQR and range shown, p values derived from 
Wilcoxon signed ranks test.  
E,J,O: Comparison of Group 1 and 2 increase in BPLAS seen from baseline to peak, median, IQR and range shown, p values derived from 
Mann Whitney test.  
Nmen colonised individual indicated with red star when above zero. 
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Figure 5.13 BPLAS : N54.1 
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Antibody secreting plasma cells with specificity for N54.1 (NadA expressing Nmen) 
A-E: IgG BPLAS, F-J: IgA BPLAS, K-O: IgM BPLAS.  
A,B,F,G,K,L: Group 1, C,D,H,I,M,N: Group 2.  
A,C,F,H,K,M: Individual participant trends over time per group. 
B,G,L,D,I,N: Summary data per group comparing baseline and peak (to Day 28) values, median, IQR and range shown, p derived from 
Wilcoxon signed ranks test.  
E,J,O: Comparison of Group 1 and 2 increase in BPLAS seen from baseline to peak, median, IQR and range shown, p values derived from 
Mann Whitney test.  
Nmen colonised individual indicated with red star when above zero.
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Figure 5.14 BPLAS : N54.1ΔnadA 
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Antibody secreting plasma cells with specificity for N54.1ΔnadA (Nmen strain with nadA gene deleted).  
A-E: IgG BPLAS, F-J: IgA BPLAS, K-O: IgM BPLAS.  
A,B,F,G,K,L: Group 1, C,D,H,I,M,N: Group 2.  
A,C,F,H,K,M: Individual participant trends over time per group.  
B,G,L,D,I,N: Summary data per group comparing baseline and peak (to Day 28) values, median, IQR and range shown, p values derived from 
Wilcoxon signed ranks test.  
E,J,O: Comparison of Group 1 and 2 increase in BPLAS seen from baseline to peak, median, IQR and range shown, p values derived from 
Mann Whitney test.  
Nmen colonised individual indicated with red star when above zero. 
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5.3.9.2 Nlac and NadA specific memory B cells 

Memory B cells (BMEM) with specificity to OMV derived from both GM strains (4NB1 and 

4YB2) and to sNadA were determined by ELISpot of PBMCs isolated from whole blood 

taken from participants at baseline and at Day 28, 56 and 90 post challenge time points. 

BMEM were not measured at earlier post challenge time points as BMEM circulation has been 

shown to occur from 14-28 days following exposure to an antigen (165). Only participants 

who attended each of these visits are included in the analysis – a total of 10 participants 

per group. Results are expressed as the percentage of circulating IgG memory B cells 

with specificity to each antigen, with the assumption that one SFU indicates the presence 

of one memory B cell.  

 

BMEM with specificity to Human Influenza Haemagglutinin (Inf HA) were also determined at 

each time point to ensure that any change in the composition of the circulating memory B 

cell pool was a response to exposure to specific antigens rather than a non-specific 

response to colonisation. No change in the percentage of circulating memory B cell pool 

with specificity to Infl HA was seen at any timepoint for either group as shown in Figure 

5.15.  

 

At baseline, Group 1 had a higher percentage of 4YB2 BMEM than Group 1 (p=0.0007) but 

there were no differences between the two groups for 4NB1 (p=0.537) or sNadA 

(p=0.201) specific BMEM (all Mann Whitney test). 

 

Figure 5.16-5.18 show results for 4NB1, 4YB2 and sNadA specific BMEM with individual 

trends over time, summary data for each group at each time point, and a comparison of 

the maximum %BMEM change for each antigen (the maximum percentage change from 

baseline at any timepoint for each participant, summarised for each group). 

 

In both groups, a significant increase was seen in the percentage of BMEM with specificity 

to 4YB2 and 4NB1 dOMV by Day 28 in comparison to baseline. For each this is sustained 

to Day 56, but is no longer significantly increased from baseline by Day 90. 

 

For Group 1, there was a significant increase in the percentage of BMEM with specificity to 

sNadA, apparent by Day 28 post challenge, and each individual participant had a relative 

increase in percentage at this timepoint. At Day 56 post challenge, this is not statistically 

significant, although by Day 90 post challenge, it is again statistically significant. No 

increase in the percentage of BMEM with specificity to sNadA was seen in Group 2. 
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There was no difference between the two groups in the maximum titre change at any 

timepoint for the percentage of BMEM with specificity for either 4NB1 or 4NB1 dOMV but a 

significantly higher change was seen for those with specificity for sNadA in Group 1. 

 

These results again show that colonisation with either strain induces a specific BMEM 

response to Nlac, but the induction of a NadA specific BMEM response was only seen in the 

group colonised with the GM Nlac strain expressing NadA.  
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Figure 5.15 BMEM : Influenza Haemagglutinin 
Memory B cells with specificity to Influenza Haemagglutinin expressed as a percentage of total circulating IgG memory B cells at each 
timepoint post challenge from participants in Group 1 and Group 2. Individual values, median, IQR and range shown, p values derived from 
Friedman test with Dunn’s multiple comparisons. 
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Memory B cells with specificity for 4NB1 dOMV (NadA expressing GM Nlac) 
BMEM expressed as a percentage of total circulating IgG memory B cells at each timepoint post challenge from participants in Group 1 (A+C) 
and Group 2 (B+D). A+B: Individual participant trends over time per group, Nmen colonised individual indicated with red star. C+D: 
Summary data per group comparing baseline with each timepoint post challenge, median, IQR and range shown, p values derived from 
Friedman test with Dunn’s multiple comparisons, E: Comparison of maximum change from baseline between Group 1 and 2, p value derived 
from Mann Whitney test.

Figure 5.16 BMEM : 4NB1 
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Memory B cells with specificity for 4YB2 dOMV (Non NadA expressing GM Nlac) 
BMEM expressed as a percentage of total circulating IgG memory B cells at each timepoint post challenge from participants in Group 1 (A+C) 
and Group 2 (B+D). A+B: Individual participant trends over time per group, Nmen colonised individual indicated with red star. C+D: 
Summary data per group comparing baseline with each timepoint post challenge, median, IQR and range shown, p values derived from 
Friedman test with Dunn’s multiple comparisons, E: Comparison of maximum change from baseline between Group 1 and 2, p value derived 
from Mann Whitney test. 

Figure 5.17 BMEM : 4YB2 
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Memory B cells with specificity for sNadA 
BMEM expressed as a percentage of total circulating IgG memory B cells at each timepoint post challenge from participants in Group 1 (A+C) 
and Group 2 (B+D). A+B: Individual participant trends over time per group, Nmen colonised individual indicated with red star. C+D: 
Summary data per group comparing baseline with each timepoint post challenge, median, IQR and range shown, p values derived from 
Friedman test with Dunn’s multiple comparisons, E: Comparison of maximum change from baseline between Group 1 and 2, p value derived 
from Mann Whitney test.  

Figure 5.18 BMEM : sNadA 
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5.3.9.3 Serum bactericidal activity 

 

Serum bactericidal activity to Nmen strain 5/99 was determined at baseline and Day 28, 

56 and 90 following challenge. This Nmen strain is known to express NadA at high levels. 

Serial two-fold dilutions of each serum sample were analysed and the SBA titre reported 

for each sample is the reciprocal of the last dilution of that sample deemed to be 

bactericidal (≤50% Nmen colony survival in comparison to control). One colonised 

participant who withdrew from the study prior to Day 28 is excluded from this analysis. 

 

SBA titres for each participant timepoint are shown in Table 5.8. An SBA titre ≥4 is the 

internationally accepted correlate of protection against meningococcal disease (53). 

Participants were therefore considered “Unprotected at baseline” (from meningococcal 

disease) if they had an SBA titre <4 at baseline, and of those participants, they were 

considered to be “Newly protected post challenge” if they had an SBA titre ≥4 at any post 

challenge timepoint, and “Newly protected at Day 90” if they had an SBA titre ≥4 at Day 

90 post challenge. 

 

Of those participants who were unprotected at baseline, 5 of 7 in Group 1 (71.4%) and 4 

of 9 in Group 2 (44.4%) became protected (SBA titre ≥4) at some point post challenge, 

and 4 of 7 in Group 1 (57.1%) and 3 of 9 in Group 2 (33.3%) were protected at Day 90 

post challenge. This suggests that the expression of NadA may have had some impact on 

the induction of SBA but does not reach statistical significance (p=0.358 for newly 

protected post challenge, p=0.615 for newly protected at Day 90, Fisher’s exact test). 

 

The participant in Group 2 who lost GM Nlac colonisation and acquired Nmen carriage 

between Day 28 and 56 post challenge is highlighted in red. His SBA titres were <2 until 

Day 90 at which point they were 8, i.e. he became newly protected following the 

acquisition of Nmen. It is likely that this induction of a protective SBA response was due to 

the acquisition of Nmen rather than carriage of GM Nlac. Exclusion of this participant from 

the analysis does not alter the statistical significance (newly protected post challenge 

p=0.315, newly protected at Day 90 p=0.590, Fisher’s exact test). 
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Participant Day 0 Day 28 Day 56 Day 90 
Unprotected 

at baseline 

Newly 

protected 

post 
challenge 

Newly 

protected 

at Day 90  

Group 1 

1 8 16 16 16 N   

2 <2 <2 2 <2 Y N N 

3 8 8 8 8 N   

4 8 8 8 8 N   

5 <2 4 8 8 Y Y Y 

6 <2 <2 4 <2 Y Y N 

7 <2 <2 4 4 Y Y Y 

8 2 4 4 4 Y Y Y 

9 <2 <2 <2 <2 Y N N 

10 2 8 32 16 Y Y Y 

Total per group n (%) 7 (70.0) 5 (71.4) 4 (57.1) 

Group 2  

1 8 8 8 16 N   

2 <2 <2 <2 <2 Y N N 

3 4 4 8 4 N   

4 <2 <2 <2 8 Y Y Y 

5 <2 2 2 2 Y N N 

6 2 2 4 2 Y Y N 

7 2 <2 <2 <2 Y N N 

8 2 8 - 4 Y Y Y 

9 <2 <2 2 <2 Y N N 

10 <2 <2 2 <2 Y N N 

11 2 4 4 4 Y Y Y 

Total per group n (%) 9 (81.8) 4 (44.4) 3 (33.3) 

Table 5.8 Serum bactericidal activity 
Serum bactericidal activity against Nmen strain 5/99 
Participants already protected at baseline shaded in red. SBA titre ≥4 in a 
previously unprotected participant shaded in blue, Nmen colonised participant 
indicated with red font. 
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5.4 Discussion 
The primary research questions addressed by this study were whether nasopharyngeal 

colonisation could be safely induced with a “knock in” genetically modified strain of Nlac 

expressing the meningococcal antigen NadA, and whether that colonisation would result 

in a specific immunological response to NadA, thus potentially strengthening the known 

protective relationship between Nlac colonisation, and Nmen colonisation and disease.  

 

However, demonstrating that it is possible and safe to induce a specific immune response 

to a bespoke antigen using a colonising bacterial vector is also of wider relevance. This 

approach could be translated to other antigens, either from Nmen or from other 

pathogens, to facilitate the study of specific mucosal immunogenicity, or even to use 

“bacterial medicine” to provide protection from other infections.  

 

The nasopharynx is known to be a site capable of producing a significant immune 

response. The live attenuated influenza vaccine is administered via the nasal mucosa. 

Despite restricted replication in the respiratory tract (161), it is potently immunogenic (162) 

and provides long standing protection against infection (166). The candidate Bordetella 

pertussis vaccine BPZE1 is a live attenuated strain of B. pertussis with four toxins 

removed or inactivated (142). Nasal administration of the vaccine strain results in transient 

nasopharygeal colonisation (167), but long-standing specific immunity and protection from 

re-colonisation with the same strain (168). Both of these examples are organisms 

rendered non-virulent by genetic manipulation, whereas the intervention strain in this 

study has instead been manipulated to express a heterologous antigen associated with 

virulence. Despite the theoretical and pre-clinical evidence that this would not result in 

gain of function and pathogenicity, this was to our knowledge the first controlled human 

infection study to use this approach, and was therefore both a novel and ground-breaking 

study, and also one requiring very careful consideration and management of safety and 

infection control measures, including the specific requirements set out by DEFRA (149). 

 

There were no significant safety concerns in this study. Although some adverse events 

were reported, none were serious, no difference was seen between the two groups, and 

no adverse events were felt to be related to colonisation with either GM Nlac strain. No 

participants received early eradication therapy due to symptoms or safety concerns. 

Although our study had a small sample size, this would suggest that the expression of 

NadA did not result in increased virulence in these individuals.  
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The infection control measures were communicated effectively to all participants prior to 

enrolment, both verbally and in written form, with full understanding being confirmed by 

completion of the infection control questionnaire. These measures were adhered to 

throughout the admission period, and to our knowledge also during the outpatient follow 

up period. No shedding was detected from any participant, and no transmission was 

detected even to their closest contacts. Eradication with a single dose of ciprofloxacin was 

effective in 100% of colonised participants within 48 hours.  

 

This study has therefore been very successful in establishing a safe model of controlled 

human infection with GM Nlac, with robust and effective safety and infection control 

measures. The design and conduct of this study will set the standard for future similar 

studies.  

 

The genetic manipulation of both strains, and the expression of NadA by 4NB1, may have 

influenced their ability to colonise the nasopharynx and to induce an immune response. 

As NadA functions as an adhesin (144, 145), it was possible that the expression of NadA 

would result in an increased colonisation fraction or duration. On the other hand, the 

potent immunogenicity of NadA (146) may have exerted immunological dominance, thus 

impacting the Nlac specific immunogenicity, or may have resulted in more rapid clearance 

of this strain.  

 

The colonisation fraction of both strains was consistent with that seen with wild type Nlac 

in L3 (0.85 when colonisation was allowed to continue to Day 14) vs 0.92 for Group 1 and 

0.79 for Group 2. The majority of participants in both groups remained colonised for the 90 

day follow up period, with no difference in duration of colonisation seen between the two 

groups. Nlac specific humoral immunogenicity was seen in participants colonised with 

both strains, with a sustained increase seen in IgG specific to Nlac Y92-1009 dOMV, 

similar to that seen following colonisation with wild type Nlac (123). An increase in BPLAS 

and BMEM with specificity to OMV derived from each of the GM Nlac strains. The induction 

of B-cell mediated immune responses have also been demonstrated in response to 

nasopharyngeal challenge with Streptococcus pneumoniae (169).  

 

These findings suggest that neither the genetic manipulation itself, nor the expression of 

NadA significantly altered the ability of the organism to colonise the nasopharynx or to 

induce an Nlac specific immune response. However, given the high colonisation fraction in 

both groups, it is possible that a small difference in colonisation may have become 

apparent with a larger sample size.  
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NadA specific immunogenicity differed between the two groups, with colonised 

participants in Group 1 (colonised with the NadA expressing strain 4NB1) showing a NadA 

specific humoral immune response, in contrast to colonised participants in Group 2 

(colonised with the non-NadA expressing strain 4YB2). 50% of colonised participants in 

Group 1 seroconverted to NadA with a ≥ 2-fold increase in reciprocal endpoint titre of 

sNadA specific IgG versus 0% in Group 2. An increase in sNadA specific IgG and IgA 

BPLAS and BMEM was seen in Group 1 but not Group 2. This demonstrates that the 

genetically modified strain does indeed express the heterologous antigen in vivo, and that 

this expression results in a specific humoral immune response. 

 

Colonisation with wild type Nlac has previously been shown to induce some cross-reactive 

immunogenicity to Nmen, but crucially not an SBA response sufficient to meet the 

international accepted correlate of protection against meningococcal disease, namely a 

reciprocal SBA titre of  ≥4. In this study we have demonstrated a BPLAS response to a 

representative NadA expressing Nmen strain, seen in both Groups, so likely due to cross-

reaction between Nlac and Nmen epitopes, rather than due to the expression of NadA.  

 

Colonisation with either strain of Nlac may have had some impact on the induction of SBA 

with 71.4% of those colonised and previously unprotected becoming newly protected in 

Group 1, in comparison to 44.4% in Group 2. This suggests that colonisation with Nlac 

itself, and expression of NadA, may each have an impact on anti-meningococcal SBA. 

However, in order to demonstrate this conclusively, a non Nlac colonised control group 

would be required to prove that Nlac colonisation had an impact, and a much larger 

sample size would be required to prove that expression of NadA increased that impact.   

 

The small sample size is a notable limitation to this study. A larger sample size could have 

provided even more reassuring safety data, as although no safety signal was identified in 

this study, it does not definitively prove that inoculation with these GMOs would be safe in 

the wider population. We have not detected any shedding or transmission which is 

reassuring, but again with this small sample size, it is not possible to be definitive that 

shedding and transmission do not ever occur. A larger sample size could have uncovered 

an impact of NadA expression on the ability of Nlac to colonise the nasopharynx, or the 

rate of natural clearance, especially if carriage had been allowed to continue for a longer 

duration. It may also have increased the significance of some of the immunological 

comparisons, allowing more robust conclusions to be drawn, for example about the impact 

of NadA expression on SBA induction. 
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However, the sample size was deliberately and necessarily limited. As a pathfinding study 

involving an inpatient stay, the cost and staffing resources required per participant were 

high. The study was powered to demonstrate that safe colonisation could be achieved, 

and to detect significant differences in NadA-specific seroconversion, both aims which 

were achieved. 

 

A further limitation was the inaccuracy and variability of the actual dose of inoculum 

administered. The intended dose was 105 CFU, but in both groups the actual dose 

administered was notably higher than this. As there was not a significant difference 

between the two groups, this will not have impacted any conclusions drawn by 

comparison between the two strains. However, for future studies it may be vital to achieve 

the intended inoculum dose with more accuracy, especially if comparisons between 

different doses are required. Further consideration and optimisation of the inoculum 

preparation process should therefore be undertaken prior to future studies. Any 

modification to this process during the conduct of this study could have resulted in an 

inequality between the groups and so was not attempted.  

 

In conclusion, we have designed and conducted a novel, pathfinding controlled human 

infection study, safely and reproducibly achieving long-standing immunogenic colonisation 

with two GM Nlac strains. We have demonstrated a specific immunological response to 

the expression of a heterologous antigen during colonisation. Future use of this model 

could include a vaccine-challenge study, investigating the impact of vaccination with 

specific antigens upon the acquisition and carriage of bacteria expressing those antigens, 

so for example investigating the impact of Bexsero vaccination on the carriage of 4NB1, 

and by extension NadA expressing Nmen strains. The model could also be further 

developed to use transformants expressing other meningococcal antigens, and potentially 

with antigens originating from other pathogens. Such studies will lead to a greater 

understanding of mucosal immune responses to colonisation, and the impact of duration 

and density of colonisation on those immune responses, and may lead to the 

development of novel bacterial medicines.  
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Chapter 7 Discussion 

7.1 Overview of aims and findings 

7.1.1  The Nlac controlled human infection model 
The studies described in this thesis sit within the Nlac CHIM research programme, which 

aims to investigate and exploit the observed relationship between Nlac and Nmen, in 

order to develop improved strategies for protection from meningococcal disease. This 

over-arching aim may be achieved indirectly, with the model facilitating further study of the 

relationship between the two organisms, the immunological response to colonisation and 

to the expression of specific antigens, and the evaluation of potential correlates of 

protection from colonisation. The model may also be developed further to provide 

protection directly, using a GM Nlac strain as a form of bacterial medicine to interrupt or 

prevent meningococcal colonisation. 

 

The four studies described have each been designed to address specific research 

questions and aims. The initial steps were to transfer the previously described Nlac CHIM 

(123, 124) to the University of Southampton and optimise it for further use, including 

assessing the impact of an increased inoculum dose. An important research question for 

L3 was to investigate the impact of duration of colonisation on immunogenicity. In L4, the 

aim was to safely induce nasopharyngeal colonisation with a GM Nlac strain, expressing 

the meningococcal antigen NadA, with the purpose of inducing a NadA specific immune 

response and potentially an improved cross-reactive Nmen specific immune response.  

 

The model was further optimised in L5 with the use of a lyophilised inoculum (LyoNlac). 

This was necessary to make the model transferable to a lower resourced setting, such as 

a population within the meningitis belt, where protective strategies to combat 

meningococcal disease would have particular relevance. The aim of L5 was to identify the 

standard inoculum dose of LyoNlac required to induce colonisation, and to assess the 

safety and immunogenicity of that colonisation. Lastly, LE1 transferred the model to a 

research centre in Mali, a setting within the meningitis belt. The standard inoculum dose, 

safety and immunogenicity were also assessed in this population and compared to that 

seen in a UK population.  
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7.1.2  Optimisation of the model 
Optimisation of the Nlac CHIM was achieved by increasing the inoculum dose to 105 CFU, 

which was shown to be safe, well tolerated and to achieve a colonisation fraction of 0.86 

by Day 7 post challenge, higher than seen at the previous dose of 104 CFU where the 

colonisation fraction was 0.34-0.59 (123, 124). This increased colonisation fraction will 

reduce the sample size required for future studies and therefore increases the efficiency 

of the model. Any future clinical intervention based on colonisation with Nlac will require a 

high colonisation fraction in order to produce a meaningful clinical impact. 

 

A single dose of Ciprofloxacin was shown to be highly effective in rapidly clearing 

colonisation. This important finding improves the scientific and ethical robustness of the 

model, as a reliable method of terminating carriage is desirable for any CHI study (128) 

and may be considered necessary for future GM Nlac strains. Methods were also 

developed to assess the shedding of Nlac during colonisation. 

7.1.3  The impact of duration of colonisation 
L3 demonstrated a relationship between duration of colonisation and immunogenicity, with 

participants colonised for 14 days demonstrating a specific humoral immune response, 

but with no such response detected in those in whom colonisation was limited to 4 days. 

The threshold duration to induce an immune response, and a comparison with longer 

periods of colonisation were not investigated. Duration of colonisation is linked to duration 

of response, because in L3, in which colonisation was terminated at Day 14 post 

challenge, there was a trend towards a decrease in Nlac and Nmen IgG titres from Day 14 

to Day 42. In contrast, in L4 in which colonisation was allowed to continue, the serological 

response to GM Nlac colonisation was sustained to Day 90 post challenge. The maximum 

fold changes in Nlac IgG titres were higher for participants colonised in L4 (2.82 and 3.04) 

and L5 (2.2) than that seen in participants colonised for a maximum of 14 days in L3 

(1.79) suggesting that sustained colonisation beyond Day 14 may further improve the 

immune response. However, as these studies are not directly comparable in terms of 

nature and concentration of inoculum and post-inoculation sampling periods, it is not 

possible to draw robust conclusions from this observation. 

7.1.4  Controlled human infection with GM Nlac 
L4 was a ground-breaking study in which two GM Nlac strains, one of which expressed a 

heterologous antigen, were used as challenge agents. Colonisation with GM Nlac 

expressing the meningococcal antigen NadA was shown to be safe, both for participants 

and for the wider population. Participants were admitted for close observation for 4.5 

days, and subsequently followed up on outpatient basis with infection control procedures 
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and regular assessment of shedding and onward transmission in place. This study design 

was both acceptable to the relevant regulatory and ethical bodies, and effective for the 

control of the GM strains, with no shedding or transmission to bed-sharing contacts 

detected. The successful conduct of this study has laid a foundation for the safe and 

robust design of future studies with GM challenge strains.  

7.1.5  The impact of NadA expression 
Challenge with the GM Nlac strains was successful with no apparent impact of either the 

transformation itself, or the insertion of nadA, on the ability of Nlac to colonise the 

nasopharynx, or to induce an Nlac-specific immune response comparable to that seen 

following colonisation with wild-type Nlac. While not directly measured in vivo, the 

immunological results suggest that NadA was successfully expressed during the period of 

nasopharyngeal colonisation, as an antigen-specific immune response was demonstrated. 

Colonisation with the NadA expressing strain resulted in seroconversion to NadA and an 

increase in sNadA specific BPLAS and BMEM cells whereas no NadA specific responses 

were seen in the control group. These results show that it is possible to induce a specific 

immune response to a bespoke antigen, expressed by a recombinant organism during 

nasopharyngeal carriage. This model has the potential to be modified further to facilitate 

the analysis of the immunological response to the expression of other antigens of interest, 

either different meningococcal antigens, or antigens from different organisms.  

 

The impact of NadA expression on the cross-reactive Nmen immunity was assessed, 

using the internationally accepted correlate of protection of an anti-meningococcal SBA 

titre ≥4.  A protective level of anti-meningococcal SBA was induced in 71.4% of previously 

unprotected participants colonised with the NadA expressing strain in comparison to 

44.4% of previously unprotected participants colonised with the control strain. This 

encouraging finding does suggest that the addition of NadA may have improved cross-

reactive immunity but the difference between the two groups was not significant. This was 

partly due to the small sample size, and partly due to the use of a wild-type equivalent 

Nlac strain as the control, which may in itself have induced cross-reactive SBA in a 

proportion of participants. The use of GM Nlac as an intervention to induce protection from 

meningococcal disease has therefore not been demonstrated, but further investigation 

with a study designed and powered for this endpoint is justified. 

7.1.6  Lyophilisation  
Storage of Nlac as a lyophilised product (LyoNlac) has been demonstrated to be stable, 

with improved accuracy in dosing once the study was properly established, and no 

reduction seen in the ability of the bacteria to colonise the nasopharynx or to induce a 
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specific humoral immune response. The colonisation fraction and duration, 

immunogenicity and safety profile of L5 were comparable to that seen with frozen stocks 

of Nlac.  

7.1.7  Translation of the model to the meningitis belt 
The optimised Nlac CHIM was successfully translated to a research centre within the 

meningitis belt. The study was feasible for the local study team and acceptable to the local 

population. Nasal administration of LyoNlac was well tolerated and resulted in safe, 

longstanding, immunogenic colonisation in a similar way to that seen in the UK. 

Comparing the two populations, there was a trend towards a lower colonisation fraction, 

and as a result a higher standard inoculum dose in LE1 in comparison to L5, with a 

shorter duration of colonisation. Baseline titres of Nmen IgG were higher in LE1 than L5, 

with a trend towards higher baseline Nlac IgG. While Nlac colonisation was still 

immunogenic, the increase in Nlac IgG was higher in L5 than in LE1, with a trend to the 

same for Nmen IgG.     

7.2 Comparison to other controlled human infection models 
A wide variety of CHIMs have been developed, including models of both disease and 

asymptomatic carriage, those using viral, bacterial and parasitic organisms, and with 

administration of the challenge agent via the skin, gastro-intestinal and genito-urinary 

tracts, and the respiratory tract (126). 

 

The majority of respiratory CHIMs involve viral agents administered via the nasal route 

such as influenza, RSV, Rhinovirus and SARS-CoV-2. Bacterial respiratory tract CHIMs 

include Streptococcus pyogenes, in which the agent is administered directly onto the 

pharynx with a swab (176), and two other models using nasal administration; the 

Streptococcus pneumoniae (Spn) and Bordetella pertussis (Bp) models. These two 

models therefore provide the best comparison for the Nlac CHIM. 

7.2.1  The Experimental Human Pneumococcal Carriage programme 
Controlled human infection with S. pneumoniae (Spn) was first conducted in 2001 in the 

United States (177, 178) and has subsequently been further developed in Liverpool as the 

Experimental Human Pneumococcal Carriage (EHPC) programme (179). To date 

approximately 1500 healthy adult volunteers have been challenged (180) to address 

questions such as correlates of protection from, and immunological responses to Spn 

carriage (136), vaccine efficacy (181), the relationship between Spn colonisation and viral 

co-infection (182), influenza vaccination (183) and the upper respiratory tract microbiome 

(184). 
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The EHPC, like the Nlac CHIM, aims to induce asymptomatic nasopharyngeal 

colonisation. However, the key difference is the use of the pathogen of interest itself 

(Spn), in contrast to the use of a commensal organism closely related to the pathogen of 

interest (Nlac and Nmen). While the safety profile of the EHPC is reassuring (180), the 

potential for causing disease remains, whereas in the Nlac CHIM the risk of disease is 

negligible. Consideration has been given to a potentially cross-protective relationship 

between Spn and the commensal Streptococcus mitis (Sm). This has been investigated in 

vitro, in animal models and using sera from EHPC participants, but not yet as a Sm CHIM 

(185-187).  

 

The colonisation fraction seen following Spn challenge is dose-dependent, ranging from 

0.1-0.6 as the dose increases from 10,000 to 60,000 CFU/naris. Further increase of the 

inoculum dose does not appear to substantially increase the colonisation fraction (136). 

This is lower than seen in our Nlac CHIM UK-based studies where a comparable dose 

achieved a colonisation of 0.8-1.0. However, it is similar to that seen in LE1, where a dose 

of 100,000 CFU achieved a colonisation fraction of 0.6 with minimal increase seen with 

further increases in inoculum dose. This apparent plateau of colonisation fraction may be 

due to baseline immunity as a result of the “boosting” effect of natural carriage episodes 

(136).  

 

Similarly to the Nlac CHIM, experimental colonisation with Spn has been shown to induce 

a specific humoral immune response, with an increase in serum IgG seen to both capsular 

polysaccharide (CPS) and to Spn-specific proteins. However, in contrast to Nlac, a 

transient increase in serum IgG to some Spn-proteins has also been demonstrated in 

response to Spn challenge without colonisation (136) as well as more sustained increase 

in mucosal IgG to Spn-proteins (188). In the Nlac model, it appears that microbiologically-

proven infection (not just inoculation) is essential for generating an immune response. 

 

Assessment of B-cell mediated immunity in relation to Spn challenge demonstrated that 

higher baseline BMEM with specificity to Spn CPS was associated with protection from 

colonisation. In those participants who were challenged but not colonised, a reduction in 

BMEM but transient increase in BPLAS with specificity to Spn CPS was seen, suggesting that 

the pre-existing BMEM cells differentiated into BPLAS cells resulting in clearance of Spn and 

protection from colonisation. A non-specific trend to increased BPLAS was seen in 

colonised participants (169). In L4 a transient but significant increase in Nlac specific 

BPLAS and more sustained increase in BMEM was seen in colonised participants. No data is 

available for challenged but non-colonised participants for L4 due to the high colonisation 

fraction.   
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Episodes of Spn carriage protect against subsequent homologous challenge (136) but not 

heterologous challenge (169). The protective effect of an episode of Nlac carriage has not 

yet been investigated in the Nlac CHIM. 

 

The EHPC model has been translated to Malawi, a setting where pneumococcal carriage 

and disease is known to be higher than in the UK. A randomised controlled vaccine-

challenge study with PCV-13 followed by Spn challenge was undertaken. The colonisation 

fraction in the placebo arm was 0.29 at 80,000 CFU/naris and 0.35 at 160,000 CFU/naris, 

in comparison to approximately 0.6 seen in the UK at 80,000 CFU/naris. A protective 

effect of the vaccine was seen but with less efficacy than is seen in the UK (189). These 

Africa-UK differences are parallel to the relatively lower colonisation fraction and 

immunogenicity following Nlac challenge seen in LE1 in comparison to L5. Although the 

two settings are distinct (Malawi in South-East Africa for the Spn vaccine-challenge versus 

Mali in West Africa for LE1), as two low income countries in the same global region, it is 

reasonable to consider that there may be common environmental, health and 

epidemiological factors influencing these immunological differences.  

7.2.2  Bordetella pertussis CHIM  
The Bordetella pertussis CHIM has been developed in Southampton. As with the Spn 

CHIM, this was designed as a model of asymptomatic carriage, but has the potential to 

cause disease as the challenge agent is a wild-type virulent organism (190). The initial 

dose-ranging study was therefore conducted on an inpatient basis. The colonisation 

fraction is dose-dependent, reaching 0.8 at a dose of 100,000 CFU in participants 

selected for low baseline anti-PT IgG (191). This is comparable to the colonisation fraction 

seen in unselected adults challenged with Nlac in the UK. Serum IgG to Bp specific 

antigens increased among colonised, but not non-colonised participants, and a trend to 

increased Bp-specific BPLAS was seen in colonised but not non-colonised participants. 

Shedding of Bp was assessed using a range of techniques, including those used in the 

Nlac CHIM. As in the Nlac CHIM, no shedding of Bp was detected from colonised but 

asymptomatic participants (191). Further studies using this model are underway, 

investigating potential correlates of protection from colonisation, the protective effect of an 

episode of colonisation on homologous rechallenge and the efficacy of novel Bp vaccines 

in protection from colonisation (unpublished data).  
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BPZE1 is a nasally administered live attenuated Bp candidate vaccine. Studies involving 

administration of BPZE1 have been designed as CTIMP vaccine studies, but they could 

also be considered to be controlled human infection studies as they aim to induce 

nasopharyngeal colonisation with the vaccine strain. Following nasal administration of a 

liquid formulation containing BPZE1, asymptomatic nasopharyngeal colonisation with this 

strain was achieved in a proportion of participants that was dose-dependent at lower 

doses from 105 to 107 CFU (142) but with a plateau in the colonisation fraction at about 

0.8 seen with further dose increases to 108 and 109 CFU (167). This is a similar pattern to 

that seen with both the Spn CHIM in the UK and the Nlac CHIM in Mali (LE1), although 

with a higher final inoculum dose. However in contrast, colonisation with BPZE1 is 

transient, with spontaneous clearance before Day 28 in almost all participants, and by Day 

50 in all participants (167). Despite this shorter duration, colonisation is immunogenic with 

induction of Bp specific systemic and mucosal humoral responses (167, 168). 

Colonisation with BPZE1 has also been shown to be protective against rechallenge (172).  

A lyophilised preparation of BPZE1 has been shown to be stable, and to induce 

immunogenic colonisation in a similar way to the original liquid formulation (171, 172). 

This development mirrors the successful modification of our Nlac CHIM to use 

lyophilisation as a reliable and stable method of inoculum storage and preparation. 

7.3 Strengths and limitations 
The Nlac CHIM is a safe and reliable model allowing investigation of the immunogenicity 

and potential protection against Nmen colonisation and disease induced by 

nasopharyngeal colonisation with Nlac, and by the expression of bespoke antigens during 

that colonisation.  

 

A notable strength of this model is the reassuring safety profile, both in theory, as Nlac is 

a non-virulent commensal in contrast to many other controlled human infection models, 

and also as demonstrated in the clinical studies to date. However, while Nlac is closely 

related to Nmen, and can be manipulated to express meningococcal antigens, there are 

limitations to the questions that this model can reliably answer. For example, a future use 

of this model could be to demonstrate protection from colonisation with Nlac expressing 

Nmen antigens, as a proxy for Nmen. While such data would be valuable, such a study 

would not be as robust as one involving challenge with Nmen itself. However, an Nmen 

CHIM would be unlikely to be considered ethically appropriate due to the higher risk 

involved. 

 

The high colonisation fraction achieved in this model, particularly in the UK, means that it 

is a very efficient model, optimising the sample size and therefore time and resources 
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required to investigate specific research questions. Even the lower colonisation fraction 

(per unit of dose) demonstrated in LE1 is comparable to that seen in the Spn CHIM. 

 

The ability to clear carriage quickly and efficiently is another strength of the model. 

However, a single dose of Ciprofloxacin has been used for this clearance, and this may no 

longer be appropriate considering updated MHRA guidance following concerns about the 

safety profile of Ciprofloxacin (192). Other antibiotics such as Rifampicin or Azithromycin 

are likely to be effective in eradicating the inoculum strain of Nlac (103, 193), but this will 

need to be demonstrated in a future study.  

 

Specific strengths and limitations of each study described in this thesis have already been 

discussed in each study specific chapter, but there are some common limitations. In each 

study the sample size was limited to that required to answer the primary research 

question. However, this did mean they were insufficiently powered to robustly investigate 

some of the secondary endpoints, for example the impact of NadA expression on 

colonisation fraction and duration, and on cross-reactive Nmen immunogenicity. In 

addition, there was not a non-challenged or sham challenged control group for any of the 

studies as this was not required for the primary objectives, but could have provided 

valuable additional data. For example the induction of anti-meningococcal serum 

bactericidal activity by GM Nlac colonisation with NadA expression in comparison to a 

sham-challenged control group may have reached statistical significance. 

The immunological endpoints assessed for each study were limited to systemic humoral 

immunogenicity (L3, L5, LE1) plus BMEM, BPLAS and anti-meningococcal SBA (L4). 

Additional important endpoints to consider would be local mucosal immune responses and 

T-cell responses. Demonstrating an impact on Nmen colonisation and/or disease would 

also have been ideal, but this would have required a far greater sample size.  

 

These study design decisions were made on the basis of the resources and time 

available, prioritising the primary objectives for each study. However, resolutions for these 

limitations will be considered in the design of future Nlac CHI studies. 
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7.4 Future direction of the research programme 
Further development of the Nlac CHI research programme is planned, with some studies 

already funded and at the pre-clinical and study design stage, and others planned for 

further grant and fellowship applications.  

 

In the immediate future, preparations will be completed for two GM Nlac studies involving 

challenge with strains expressing different meningococcal antigens. The impact of 

colonisation with these strains on immunogenicity, including anti-meningococcal SBA and 

mucosal endpoints, as well as on protection from homologous rechallenge, will be 

investigated. A larger sample size and a sham-challenged control group will be included in 

the study design. 

 

An impact of Nlac colonisation upon Nmen carriage has previously been demonstrated in 

the UK (124). Future studies could investigate this impact in a population within the 

meningitis belt, either as a long-term carriage study, or as an intervention during a 

meningococcal outbreak within a defined region, with endpoints of both carriage and 

disease rates in a specific geographical area in comparison to a similar but discrete area. 

Such a study would require significant advance planning and resources, and the ability to 

deliver the study very rapidly upon an outbreak being detected. This is therefore a very 

ambitious but potentially hugely valuable future project. A similar study has previously 

been successfully conducted using antibiotic prophylaxis (92) showing that such a study 

design is feasible. The use of either wild-type or GM Nlac as an inoculum in such a study 

will need to be considered. The results of the future GM Nlac studies mentioned above, 

plus further assessment of the acceptability, feasibility and colonisation fraction within the 

target population will need to be taken into consideration.  

 

Recently it has been demonstrated that deployment of OMV-containing meningococcal 

vaccines (4CMenB and MenNZ) in adults is associated with a reduction in gonococcal 

disease with a vaccine effectiveness of around 30% (194, 195). As Nlac also has 

reasonably close genetic homology to N. gonorrhoea (115, 196), and as it lacks the 

immunodominant antigen PorA (197), there is a possibility that exposure to Nlac in a 

mucosal compartment in adults could generate a similar protective response. There is a 

shared mucosal immune axis involving the gut and respiratory tracts (198) and it is likely 

that this is shared also by the upper respiratory tract. Therefore, future work might explore 

the potential for nasopharyngeal induced colonisation by Nlac to induce cervicovaginal 

immune responses and to determine whether these could be cross-protective against N. 

gonorrhoea. 
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7.5 Conclusion 
This thesis describes the development of the Nlac CHIM from the original two studies 

(123, 124) to the current model, and then to future planned studies. Each of the four 

studies described have progressed the overall programme and answered specific 

research questions including the optimal dose, consideration of the duration of carriage, 

demonstration of the immunogenic expression of a heterologous antigen of interest, 

optimisation of the storage and preparation methodology, and successful translation into a 

relevant setting and population for future studies. These four studies provide a robust 

foundation for further development of the Nlac CHIM towards the overall aim of achieving 

a clinically meaningful impact.



References 
 

 225 

 References 
1. Pace D, Pollard AJ. Meningococcal disease: clinical presentation and sequelae. 

Vaccine. 2012;30 Suppl 2:B3-9. 

2. GBD 2016 Meningitis Collaborators. Global, regional, and national burden of 

meningitis, 1990-2016: a systematic analysis for the Global Burden of Disease Study 

2016. Lancet Neurol. 2018;17(12):1061-82. 

3. World Health Organisation. Defeating meningitis by 2030: a global road map. 

Geneva; 2021. 

4. Stephens DS, Greenwood B, Brandtzaeg P. Epidemic meningitis, 

meningococcaemia, and Neisseria meningitidis. Lancet. 2007;369(9580):2196-210. 

5. Lecuyer H, Borgel D, Nassif X, Coureuil M. Pathogenesis of meningococcal 

purpura fulminans. Pathog Dis. 2017;75(3). 

6. NICE. Meningitis (bacterial) and meningococcal septicaemia in under 16s: 

Recognition, diagnosis and management. NICE Clinical guideline 102. 2015. 

7. Edmond K, Clark A, Korczak VS, Sanderson C, Griffiths UK, Rudan I. Global and 

regional risk of disabling sequelae from bacterial meningitis: a systematic review and 

meta-analysis. Lancet Infect Dis. 2010;10(5):317-28. 

8. Stephens DS. Biology and pathogenesis of the evolutionarily successful, obligate 

human bacterium Neisseria meningitidis. Vaccine. 2009;27 Suppl 2:B71-7. 

9. Rouphael NG, Stephens DS. Neisseria meningitidis: biology, microbiology, and 

epidemiology. Methods Mol Biol. 2012;799:1-20. 

10. Read RC, Fox A, Miller K, Gray T, Jones N, Borrows R, et al. Experimental 

infection of human nasal mucosal explants with Neisseria meningitidis. J Med Microbiol. 

1995;42(5):353-61. 

11. Read RC, Zimmerli S, Broaddus C, Sanan DA, Stephens DS, Ernst JD. The 

(alpha2-->8)-linked polysialic acid capsule of group B Neisseria meningitidis modifies 

multiple steps during interaction with human macrophages. Infect Immun. 

1996;64(8):3210-7. 

12. Swain CL, Martin DR, Sim D, Jordan TW, Mackichan JK. Survival of Neisseria 

meningitidis outside of the host: environmental effects and differences among strains. 

Epidemiol Infect. 2017;145(16):3525-34. 

13. Tzeng YL, Martin LE, Stephens DS. Environmental survival of Neisseria 

meningitidis. Epidemiol Infect. 2014;142(1):187-90. 

14. Deghmane AE, Giorgini D, Larribe M, Alonso JM, Taha MK. Down-regulation of pili 

and capsule of Neisseria meningitidis upon contact with epithelial cells is mediated by 

CrgA regulatory protein. Mol Microbiol. 2002;43(6):1555-64. 



References 
  

 226 

15. Schoen C, Blom J, Claus H, Schramm-Gluck A, Brandt P, Muller T, et al. Whole-

genome comparison of disease and carriage strains provides insights into virulence 

evolution in Neisseria meningitidis. Proc Natl Acad Sci U S A. 2008;105(9):3473-8. 

16. Swartley JS, Marfin AA, Edupuganti S, Liu LJ, Cieslak P, Perkins B, et al. Capsule 

switching of Neisseria meningitidis. Proc Natl Acad Sci U S A. 1997;94(1):271-6. 

17. Lucidarme J, Hill DM, Bratcher HB, Gray SJ, du Plessis M, Tsang RS, et al. 

Genomic resolution of an aggressive, widespread, diverse and expanding meningococcal 

serogroup B, C and W lineage. J Infect. 2015;71(5):544-52. 

18. Lucidarme J, Scott KJ, Ure R, Smith A, Lindsay D, Stenmark B, et al. An 

international invasive meningococcal disease outbreak due to a novel and rapidly 

expanding serogroup W strain, Scotland and Sweden, July to August 2015. Euro Surveill. 

2016;21(45). 

19. Aguilera JF, Perrocheau A, Meffre C, Hahne S, Group WW. Outbreak of serogroup 

W135 meningococcal disease after the Hajj pilgrimage, Europe, 2000. Emerg Infect Dis. 

2002;8(8):761-7. 

20. Rosenstein NE, Perkins BA, Stephens DS, Popovic T, Hughes JM. Meningococcal 

disease. N Engl J Med. 2001;344(18):1378-88. 

21. Tzeng YL, Stephens DS. Epidemiology and pathogenesis of Neisseria 

meningitidis. Microbes Infect. 2000;2(6):687-700. 

22. Schwechheimer C, Kuehn MJ. Outer-membrane vesicles from Gram-negative 

bacteria: biogenesis and functions. Nat Rev Microbiol. 2015;13(10):605-19. 

23. Brendish NJ, Read RC. Neisseria meningitidis serogroup B bivalent factor H 

binding protein vaccine. Expert Rev Vaccines. 2015;14(4):493-503. 

24. Laver JR, Hughes SE, Read RC. Neisserial Molecular Adaptations to the 

Nasopharyngeal Niche. Adv Microb Physiol. 2015;66:323-55. 

25. Batista RS, Gomes AP, Dutra Gazineo JL, Balbino Miguel PS, Santana LA, 

Oliveira L, Geller M. Meningococcal disease, a clinical and epidemiological review. Asian 

Pac J Trop Med. 2017;10(11):1019-29. 

26. Bentley SD, Vernikos GS, Snyder LA, Churcher C, Arrowsmith C, Chillingworth T, 

et al. Meningococcal genetic variation mechanisms viewed through comparative analysis 

of serogroup C strain FAM18. PLoS Genet. 2007;3(2):e23. 

27. Parkhill J, Achtman M, James KD, Bentley SD, Churcher C, Klee SR, et al. 

Complete DNA sequence of a serogroup A strain of Neisseria meningitidis Z2491. Nature. 

2000;404(6777):502-6. 

28. Tettelin H, Saunders NJ, Heidelberg J, Jeffries AC, Nelson KE, Eisen JA, et al. 

Complete genome sequence of Neisseria meningitidis serogroup B strain MC58. Science. 

2000;287(5459):1809-15. 



References 
 

 227 

29. Holmes EC, Urwin R, Maiden MC. The influence of recombination on the 

population structure and evolution of the human pathogen Neisseria meningitidis. Mol Biol 

Evol. 1999;16(6):741-9. 

30. Feil EJ, Maiden MC, Achtman M, Spratt BG. The relative contributions of 

recombination and mutation to the divergence of clones of Neisseria meningitidis. Mol Biol 

Evol. 1999;16(11):1496-502. 

31. Read RC. Neisseria meningitidis; clones, carriage, and disease. Clin Microbiol 

Infect. 2014;20(5):391-5. 

32. Maiden MC, Bygraves JA, Feil E, Morelli G, Russell JE, Urwin R, et al. Multilocus 

sequence typing: a portable approach to the identification of clones within populations of 

pathogenic microorganisms. Proc Natl Acad Sci U S A. 1998;95(6):3140-5. 

33. Trotter CL, Gay NJ, Edmunds WJ. The natural history of meningococcal carriage 

and disease. Epidemiol Infect. 2006;134(3):556-66. 

34. Kristiansen BE, Tveten Y, Jenkins A. Which contacts of patients with 

meningococcal disease carry the pathogenic strain of Neisseria meningitidis? A 

population based study. BMJ. 1998;317(7159):621-5. 

35. Cartwright KA, Stuart JM, Robinson PM. Meningococcal carriage in close contacts 

of cases. Epidemiol Infect. 1991;106(1):133-41. 

36. Wilder-Smith A, Barkham TM, Ravindran S, Earnest A, Paton NI. Persistence of 

W135 Neisseria meningitidis carriage in returning Hajj pilgrims: risk for early and late 

transmission to household contacts. Emerg Infect Dis. 2003;9(1):123-6. 

37. Stephens DS, Hoffman LH, McGee ZA. Interaction of Neisseria meningitidis with 

human nasopharyngeal mucosa: attachment and entry into columnar epithelial cells. J 

Infect Dis. 1983;148(3):369-76. 

38. Caugant DA, Tzanakaki G, Kriz P. Lessons from meningococcal carriage studies. 

FEMS Microbiol Rev. 2007;31(1):52-63. 

39. Goldschneider I, Gotschlich EC, Artenstein MS. Human immunity to the 

meningococcus. II. Development of natural immunity. J Exp Med. 1969;129(6):1327-48. 

40. Robinson K, Neal KR, Howard C, Stockton J, Atkinson K, Scarth E, et al. 

Characterization of humoral and cellular immune responses elicited by meningococcal 

carriage. Infect Immun. 2002;70(3):1301-9. 

41. Gaunt PN, Lambert BE. Single dose ciprofloxacin for the eradication of pharyngeal 

carriage of Neisseria meningitidis. J Antimicrob Chemother. 1988;21(4):489-96. 

42. Public Health England. Guidance for public health management of meningococcal 

disease in the UK. 2019. 

43. Darton T, Guiver M, Naylor S, Jack DL, Kaczmarski EB, Borrow R, Read RC. 

Severity of meningococcal disease associated with genomic bacterial load. Clin Infect Dis. 

2009;48(5):587-94. 



References 
  

 228 

44. MacLennan J, Kafatos G, Neal K, Andrews N, Cameron JC, Roberts R, et al. 

Social behavior and meningococcal carriage in British teenagers. Emerg Infect Dis. 

2006;12(6):950-7. 

45. Bidmos FA, Neal KR, Oldfield NJ, Turner DP, Ala'Aldeen DA, Bayliss CD. 

Persistence, replacement, and rapid clonal expansion of meningococcal carriage isolates 

in a 2008 university student cohort. J Clin Microbiol. 2011;49(2):506-12. 

46. Neal KR, Nguyen-Van-Tam JS, Jeffrey N, Slack RC, Madeley RJ, Ait-Tahar K, et 

al. Changing carriage rate of Neisseria meningitidis among university students during the 

first week of term: cross sectional study. BMJ. 2000;320(7238):846-9. 

47. Caugant DA, Hoiby EA, Rosenqvist E, Froholm LO, Selander RK. Transmission of 

Neisseria meningitidis among asymptomatic military recruits and antibody analysis. 

Epidemiol Infect. 1992;109(2):241-53. 

48. Lingappa JR, Al-Rabeah AM, Hajjeh R, Mustafa T, Fatani A, Al-Bassam T, et al. 

Serogroup W-135 meningococcal disease during the Hajj, 2000. Emerg Infect Dis. 

2003;9(6):665-71. 

49. Moore PS, Plikaytis BD, Bolan GA, Oxtoby MJ, Yada A, Zoubga A, et al. Detection 

of meningitis epidemics in Africa: a population-based analysis. Int J Epidemiol. 

1992;21(1):155-62. 

50. Ladhani SN, Campbell H, Lucidarme J, Gray S, Parikh S, Willerton L, et al. 

Invasive meningococcal disease in patients with complement deficiencies: a case series 

(2008-2017). BMC Infect Dis. 2019;19(1):522. 

51. Goldschneider I, Gotschlich EC, Artenstein MS. Human immunity to the 

meningococcus. I. The role of humoral antibodies. J Exp Med. 1969;129(6):1307-26. 

52. Trotter C, Findlow J, Balmer P, Holland A, Barchha R, Hamer N, et al. 

Seroprevalence of bactericidal and anti-outer membrane vesicle antibodies to Neisseria 

meningitidis group B in England. Clin Vaccine Immunol. 2007;14(7):863-8. 

53. Frasch CE, Borrow R, Donnelly J. Bactericidal antibody is the immunologic 

surrogate of protection against meningococcal disease. Vaccine. 2009;27 Suppl 2:B112-

6. 

54. Jordens JZ, Williams JN, Jones GR, Christodoulides M, Heckels JE. Development 

of immunity to serogroup B meningococci during carriage of Neisseria meningitidis in a 

cohort of university students. Infect Immun. 2004;72(11):6503-10. 

55. Christodoulides M, Heckels J. Novel approaches to Neisseria meningitidis vaccine 

design. Pathog Dis. 2017;75(3). 

56. Artenstein MS, Gold R, Zimmerly JG, Wyle FA, Schneider H, Harkins C. 

Prevention of meningococcal disease by group C polysaccharide vaccine. N Engl J Med. 

1970;282(8):417-20. 



References 
 

 229 

57. Dellicour S, Greenwood B. Systematic review: Impact of meningococcal 

vaccination on pharyngeal carriage of meningococci. Trop Med Int Health. 

2007;12(12):1409-21. 

58. Read RC, Baxter D, Chadwick DR, Faust SN, Finn A, Gordon SB, et al. Effect of a 

quadrivalent meningococcal ACWY glycoconjugate or a serogroup B meningococcal 

vaccine on meningococcal carriage: an observer-blind, phase 3 randomised clinical trial. 

Lancet. 2014;384(9960):2123-31. 

59. Maiden MC, Stuart JM, Group UKMC. Carriage of serogroup C meningococci 1 

year after meningococcal C conjugate polysaccharide vaccination. Lancet. 

2002;359(9320):1829-31. 

60. Trotter CL, Andrews NJ, Kaczmarski EB, Miller E, Ramsay ME. Effectiveness of 

meningococcal serogroup C conjugate vaccine 4 years after introduction. Lancet. 

2004;364(9431):365-7. 

61. Findlow H, Campbell H, Lucidarme J, Andrews N, Linley E, Ladhani S, Borrow R. 

Serogroup C Neisseria meningitidis disease epidemiology, seroprevalence, vaccine 

effectiveness and waning immunity, England, 1998/99 to 2015/16. Euro Surveill. 

2019;24(1). 

62. Trotter CL, Maiden MC. Meningococcal vaccines and herd immunity: lessons 

learned from serogroup C conjugate vaccination programs. Expert Rev Vaccines. 

2009;8(7):851-61. 

63. Maiden MC, Ibarz-Pavon AB, Urwin R, Gray SJ, Andrews NJ, Clarke SC, et al. 

Impact of meningococcal serogroup C conjugate vaccines on carriage and herd immunity. 

J Infect Dis. 2008;197(5):737-43. 

64. Bolgiano B, Moran E, Beresford NJ, Gao F, Care R, Desai T, et al. Evaluation of 

Critical Quality Attributes of a Pentavalent (A, C, Y, W, X) Meningococcal Conjugate 

Vaccine for Global Use. Pathogens. 2021;10(8). 

65. Wyle FA, Artenstein MS, Brandt BL, Tramont EC, Kasper DL, Altieri PL, et al. 

Immunologic response of man to group B meningococcal polysaccharide vaccines. J 

Infect Dis. 1972;126(5):514-21. 

66. Robbins JB, Schneerson R, Xie G, Hanson LA, Miller MA. Capsular 

polysaccharide vaccine for Group B Neisseria meningitidis, Escherichia coli K1, and 

Pasteurella haemolytica A2. Proc Natl Acad Sci U S A. 2011;108(44):17871-5. 

67. UKHSA. Routine childhood immunisation schedule. 2023. 

68. Parikh SR, Andrews NJ, Beebeejaun K, Campbell H, Ribeiro S, Ward C, et al. 

Effectiveness and impact of a reduced infant schedule of 4CMenB vaccine against group 

B meningococcal disease in England: a national observational cohort study. Lancet. 

2016;388(10061):2775-82. 



References 
  

 230 

69. Marshall HS, McMillan M, Koehler AP, Lawrence A, Sullivan TR, MacLennan JM, 

et al. Meningococcal B Vaccine and Meningococcal Carriage in Adolescents in Australia. 

N Engl J Med. 2020;382(4):318-27. 

70. McMillan M, Koehler AP, Lawrence A, Sullivan TR, Bednarz J, MacLennan JM, et 

al. B Part of It School Leaver Study: A Repeat Cross-Sectional Study to Assess the 

Impact of Increasing Coverage With Meningococcal B (4CMenB) Vaccine on Carriage of 

Neisseria meningitidis. J Infect Dis. 2022;225(4):637-49. 

71. Carr J, Plested E, Aley P, Camara S, Davis K, MacLennan JM, et al. 'Be on the 

TEAM' Study (Teenagers Against Meningitis): protocol for a controlled clinical trial 

evaluating the impact of 4CMenB or MenB-fHbp vaccination on the pharyngeal carriage of 

meningococci in adolescents. BMJ Open. 2020;10(10):e037358. 

72. Harrison LH, Trotter CL, Ramsay ME. Global epidemiology of meningococcal 

disease. Vaccine. 2009;27 Suppl 2:B51-63. 

73. Christensen H, May M, Bowen L, Hickman M, Trotter CL. Meningococcal carriage 

by age: a systematic review and meta-analysis. Lancet Infect Dis. 2010;10(12):853-61. 

74. Cartwright KA, Stuart JM, Jones DM, Noah ND. The Stonehouse survey: 

nasopharyngeal carriage of meningococci and Neisseria lactamica. Epidemiol Infect. 

1987;99(3):591-601. 

75. Soeters HM, Diallo AO, Bicaba BW, Kadade G, Dembele AY, Acyl MA, et al. 

Bacterial Meningitis Epidemiology in Five Countries in the Meningitis Belt of Sub-Saharan 

Africa, 2015-2017. J Infect Dis. 2019;220(220 Suppl 4):S165-S74. 

76. World Health Organisation. Standard operating procedures for surveillance of 

meningitis preparedness and response to epidemics in Africa. WHO Regional Office for 

Africa, Brazzaville2019. 

77. Lapeyssonnie L. [Cerebrospinal Meningitis in Africa]. Bull World Health Organ. 

1963;28 Suppl(Suppl):1-114. 

78. Agier L, Martiny N, Thiongane O, Mueller JE, Paireau J, Watkins ER, et al. 

Towards understanding the epidemiology of Neisseria meningitidis in the African 

meningitis belt: a multi-disciplinary overview. Int J Infect Dis. 2017;54:103-12. 

79. Guibourdenche M, Hoiby EA, Riou JY, Varaine F, Joguet C, Caugant DA. 

Epidemics of serogroup A Neisseria meningitidis of subgroup III in Africa, 1989-94. 

Epidemiol Infect. 1996;116(2):115-20. 

80. Mueller JE, Gessner BD. A hypothetical explanatory model for meningococcal 

meningitis in the African meningitis belt. Int J Infect Dis. 2010;14(7):e553-9. 

81. Koutangni T, Boubacar Mainassara H, Mueller JE. Incidence, carriage and case-

carrier ratios for meningococcal meningitis in the African meningitis belt: a systematic 

review and meta-analysis. PLoS One. 2015;10(2):e0116725. 



References 
 

 231 

82. Dukic V, Hayden M, Hopson T, Monaghan A, Adams Forgor A, Akweongo P, et al. 

The Role of Weather in Meningitis Outbreaks in Navrongo, Ghana: A Generalized Additive 

Modeling Approach. J Agric Biol Environ Stat. 2012;17(3):442-60. 

83. Djingarey MH, Diomande FV, Barry R, Kandolo D, Shirehwa F, Lingani C, et al. 

Introduction and Rollout of a New Group A Meningococcal Conjugate Vaccine (PsA-TT) in 

African Meningitis Belt Countries, 2010-2014. Clin Infect Dis. 2015;61 Suppl 5:S434-41. 

84. World Health Organisation. Control of epidemic meningitis in countries in the 

African meningitis belt, 2022. 2023.  Contract No.: 39. 

85. Kristiansen PA, Ba AK, Ouedraogo AS, Sanou I, Ouedraogo R, Sangare L, et al. 

Persistent low carriage of serogroup A Neisseria meningitidis two years after mass 

vaccination with the meningococcal conjugate vaccine, MenAfriVac. BMC Infect Dis. 

2014;14:663. 

86. Fernandez K, Lingani C, Aderinola OM, Goumbi K, Bicaba B, Edea ZA, et al. 

Meningococcal Meningitis Outbreaks in the African Meningitis Belt After Meningococcal 

Serogroup A Conjugate Vaccine Introduction, 2011-2017. J Infect Dis. 2019;220(220 

Suppl 4):S225-S32. 

87. Hassan A, Mustapha GU, Lawal BB, Na'uzo AM, Ismail R, Womi-Eteng Oboma E, 

et al. Time delays in the response to the Neisseria meningitidis serogroup C outbreak in 

Nigeria - 2017. PLoS One. 2018;13(6):e0199257. 

88. Lewis R, Nathan N, Diarra L, Belanger F, Paquet C. Timely detection of 

meningococcal meningitis epidemics in Africa. Lancet. 2001;358(9278):287-93. 

89. Kuznik A, Iliyasu G, Lamorde M, Mahmud M, Musa BM, Nashabaru I, et al. Cost-

effectiveness of expanding childhood routine immunization against Neisseria meningitidis 

serogroups C, W and Y with a quadrivalent conjugate vaccine in the African meningitis 

belt. PLoS One. 2017;12(11):e0188595. 

90. LaForce FM, Djingarey M, Viviani S, Preziosi MP. Successful African introduction 

of a new Group A meningococcal conjugate vaccine: Future challenges and next steps. 

Hum Vaccin Immunother. 2018;14(5):1098-102. 

91. Hitchings MDT, Coldiron ME, Grais RF, Lipsitch M. Analysis of a meningococcal 

meningitis outbreak in Niger - potential effectiveness of reactive prophylaxis. PLoS Negl 

Trop Dis. 2019;13(3):e0007077. 

92. Coldiron ME, Assao B, Page AL, Hitchings MDT, Alcoba G, Ciglenecki I, et al. 

Single-dose oral ciprofloxacin prophylaxis as a response to a meningococcal meningitis 

epidemic in the African meningitis belt: A 3-arm, open-label, cluster-randomized trial. 

PLoS Med. 2018;15(6):e1002593. 

93. World Health Organisation. A new vaccine will change the balance of the fight 

against meningitis 2023 [Available from: https://www.who.int/news-room/feature-

stories/detail/a-new-vaccine-will-change-the-balance-of-the-fight-against-meningitis. 

https://www.who.int/news-room/feature-stories/detail/a-new-vaccine-will-change-the-balance-of-the-fight-against-meningitis
https://www.who.int/news-room/feature-stories/detail/a-new-vaccine-will-change-the-balance-of-the-fight-against-meningitis


References 
  

 232 

94. Liu G, Tang CM, Exley RM. Non-pathogenic Neisseria: members of an abundant, 

multi-habitat, diverse genus. Microbiology (Reading). 2015;161(7):1297-312. 

95. Weyand NJ. Neisseria models of infection and persistence in the upper respiratory 

tract. Pathog Dis. 2017;75(3). 

96. Diallo K, Trotter C, Timbine Y, Tamboura B, Sow SO, Issaka B, et al. Pharyngeal 

carriage of Neisseria species in the African meningitis belt. J Infect. 2016;72(6):667-77. 

97. Walsh L, Clark SA, Derrick JP, Borrow R. Beyond the usual suspects: Reviewing 

infections caused by typically-commensal Neisseria species. J Infect. 2023;87(6):479-89. 

98. Crew PE, McNamara L, Waldron PE, McCulley L, Jones SC, Bersoff-Matcha SJ. 

Unusual Neisseria species as a cause of infection in patients taking eculizumab. J Infect. 

2019;78(2):113-8. 

99. Pandey AK, Cleary DW, Laver JR, Maiden MCJ, Didelot X, Gorringe A, Read RC. 

Neisseria lactamica Y92-1009 complete genome sequence. Stand Genomic Sci. 

2017;12:41. 

100. Bennett JS, Griffiths DT, McCarthy ND, Sleeman KL, Jolley KA, Crook DW, 

Maiden MC. Genetic diversity and carriage dynamics of Neisseria lactamica in infants. 

Infect Immun. 2005;73(4):2424-32. 

101. Gold R, Goldschneider I, Lepow ML, Draper TF, Randolph M. Carriage of 

Neisseria meningitidis and Neisseria lactamica in infants and children. J Infect Dis. 

1978;137(2):112-21. 

102. Simmons G, Martin D, Stewart J, Bremner D. Carriage of N. lactamica in a 

population at high risk of meningococcal disease. Epidemiol Infect. 2000;125(1):99-104. 

103. Arreaza L, Salcedo C, Alcala B, Vazquez JA. What about antibiotic resistance in 

Neisseria lactamica? J Antimicrob Chemother. 2002;49(3):545-7. 

104. Everts RJ, Speers D, George ST, Ansell BJ, Karunajeewa H, Ramos RD. 

Neisseria lactamica arthritis and septicemia complicating myeloma. J Clin Microbiol. 

2010;48(6):2318. 

105. Wang CY, Chuang YM, Teng LJ, Lee LN, Yang PC, Kuo SH, Hsueh PR. 

Bacteraemic pneumonia caused by Neisseria lactamica with reduced susceptibility to 

penicillin and ciprofloxacin in an adult with liver cirrhosis. J Med Microbiol. 2006;55(Pt 

8):1151-2. 

106. Zavascki AP, Fritscher L, Superti S, Dias C, Kroth L, Traesel MA, et al. First case 

report of Neisseria lactamica causing cavitary lung disease in an adult organ transplant 

recipient. J Clin Microbiol. 2006;44(7):2666-8. 

107. Orden B, Amerigo MA. Acute otitis media caused by Neisseria lactamica. Eur J 

Clin Microbiol Infect Dis. 1991;10(11):986-7. 

108. Schifman RB, Ryan KJ. Neisseria lactamica septicemia in an 

immunocompromised patient. J Clin Microbiol. 1983;17(5):934-5. 



References 
 

 233 

109. Wilson HD, Overman TL. Septicemia due to Neisseria lactamica. J Clin Microbiol. 

1976;4(3):214-5. 

110. Lauer BA, Fisher CE. Neisseria lactamica meningitis. Am J Dis Child. 

1976;130(2):198-9. 

111. Brown NM, Ragge NK, Speller DC. Septicaemia due to Neisseria lactamica--initial 

confusion with Neisseria meningitidis. J Infect. 1987;15(3):243-5. 

112. Denning DW, Gill SS. Neisseria lactamica meningitis following skull trauma. Rev 

Infect Dis. 1991;13(2):216-8. 

113. Hansman D. Meningitis caused by Neisseria lactamica. N Engl J Med. 

1978;299(9):491. 

114. Changal KH, Raina A, Altaf SS. Neisseria lactamica Causing a Lung Cavity and 

Skin Rash in a Renal Transplant Patient: First Report from India. Case Rep Infect Dis. 

2016;2016:1932963. 

115. Snyder LA, Saunders NJ. The majority of genes in the pathogenic Neisseria 

species are present in non-pathogenic Neisseria lactamica, including those designated as 

'virulence genes'. BMC Genomics. 2006;7:128. 

116. Cleary PR, Calvert N, Gee S, Graham C, Gray S, Kaczmarski E, et al. Variations 

in Neisseria meningitidis carriage by socioeconomic status: a cross-sectional study. J 

Public Health (Oxf). 2016;38(1):61-70. 

117. Olsen SF, Djurhuus B, Rasmussen K, Joensen HD, Larsen SO, Zoffman H, Lind I. 

Pharyngeal carriage of Neisseria meningitidis and Neisseria lactamica in households with 

infants within areas with high and low incidences of meningococcal disease. Epidemiol 

Infect. 1991;106(3):445-57. 

118. Coen PG, Cartwright K, Stuart J. Mathematical modelling of infection and disease 

due to Neisseria meningitidis and Neisseria lactamica. Int J Epidemiol. 2000;29(1):180-8. 

119. Trotter C, Borrow R, Andrews N, Miller E. Seroprevalence of meningococcal 

serogroup C bactericidal antibody in England and Wales in the pre-vaccination era. 

Vaccine. 2003;21(11-12):1094-8. 

120. Oliver KJ, Reddin KM, Bracegirdle P, Hudson MJ, Borrow R, Feavers IM, et al. 

Neisseria lactamica protects against experimental meningococcal infection. Infect Immun. 

2002;70(7):3621-6. 

121. Gorringe AR, Taylor S, Brookes C, Matheson M, Finney M, Kerr M, et al. Phase I 

safety and immunogenicity study of a candidate meningococcal disease vaccine based on 

Neisseria lactamica outer membrane vesicles. Clin Vaccine Immunol. 2009;16(8):1113-

20. 

122. Baerentsen R, Tang CM, Exley RM. Et tu, Neisseria? Conflicts of Interest Between 

Neisseria Species. Front Cell Infect Microbiol. 2022;12:913292. 



References 
  

 234 

123. Evans CM, Pratt CB, Matheson M, Vaughan TE, Findlow J, Borrow R, et al. 

Nasopharyngeal colonization by Neisseria lactamica and induction of protective immunity 

against Neisseria meningitidis. Clin Infect Dis. 2011;52(1):70-7. 

124. Deasy AM, Guccione E, Dale AP, Andrews N, Evans CM, Bennett JS, et al. Nasal 

Inoculation of the Commensal Neisseria lactamica Inhibits Carriage of Neisseria 

meningitidis by Young Adults: A Controlled Human Infection Study. Clin Infect Dis. 

2015;60(10):1512-20. 

125. Darton TC, Blohmke CJ, Moorthy VS, Altmann DM, Hayden FG, Clutterbuck EA, 

et al. Design, recruitment, and microbiological considerations in human challenge studies. 

Lancet Infect Dis. 2015;15(7):840-51. 

126. Roestenberg M, Hoogerwerf MA, Ferreira DM, Mordmuller B, Yazdanbakhsh M. 

Experimental infection of human volunteers. Lancet Infect Dis. 2018;18(10):e312-e22. 

127. Rosenbaum JR, Sepkowitz KA. Infectious disease experimentation involving 

human volunteers. Clin Infect Dis. 2002;34(7):963-71. 

128. World Health Organisation. WHO guidance on the ethical conduct of controlled 

human infection studies. Geneva2021. 

129. Academy of Medical Sciences. Microbial Challenge Studies of Human Volunteers. 

Academy of Medical Sciences; 2005. 

130. Academy of Medical Sciences. Controlled Human Infection Model Studies. 

Academy of Medical Sciences; 2018. 

131. Lambkin-Williams R, Noulin N, Mann A, Catchpole A, Gilbert AS. The human viral 

challenge model: accelerating the evaluation of respiratory antivirals, vaccines and novel 

diagnostics. Respir Res. 2018;19(1):123. 

132. Garcia L, Jidy MD, Garcia H, Rodriguez BL, Fernandez R, Ano G, et al. The 

vaccine candidate Vibrio cholerae 638 is protective against cholera in healthy volunteers. 

Infect Immun. 2005;73(5):3018-24. 

133. Gibani MM, Jones E, Barton A, Jin C, Meek J, Camara S, et al. Investigation of the 

role of typhoid toxin in acute typhoid fever in a human challenge model. Nat Med. 

2019;25(7):1082-8. 

134. Rampling T, Ewer KJ, Bowyer G, Edwards NJ, Wright D, Sridhar S, et al. Safety 

and efficacy of novel malaria vaccine regimens of RTS,S/AS01B alone, or with 

concomitant ChAd63-MVA-vectored vaccines expressing ME-TRAP. NPJ Vaccines. 

2018;3:49. 

135. Parkash V, Kaye PM, Layton AM, Lacey CJ. Vaccines against leishmaniasis: using 

controlled human infection models to accelerate development. Expert Rev Vaccines. 

2021;20(11):1407-18. 

136. Ferreira DM, Neill DR, Bangert M, Gritzfeld JF, Green N, Wright AK, et al. 

Controlled human infection and rechallenge with Streptococcus pneumoniae reveals the 



References 
 

 235 

protective efficacy of carriage in healthy adults. Am J Respir Crit Care Med. 

2013;187(8):855-64. 

137. Emma Smith MM, Anika Mandla, Shobana Balasingam, Nimisha Raj Sharma, 

Helen Ashwin, Tarsizious Chikaonda, Emmanuella Driciru, Andrew Gorringe, Helen 

Jennings, Jay Laver, Christopher Mkandawire, Andrew Pollard, Peter Openshaw. Smart 

practices for production of challenge agents. Wellcome Trust; 2023. 

138. NIHR. Briefing notes for researchers - public involvement in NHS, health and 

social care research. 2021. 

139. Jamrozik E, Selgelid MJ. Human Challenge Studies in Endemic Settings: Ethical 

and Regulatory Issues: Springer Open; 2021. 

140. Morgan CA, Herman N, White PA, Vesey G. Preservation of micro-organisms by 

drying; a review. J Microbiol Methods. 2006;66(2):183-93. 

141. Morgan CA, Bigeni P, Herman N, Gauci M, White PA, Vesey G. Production of 

precise microbiology standards using flow cytometry and freeze drying. Cytometry A. 

2004;62(2):162-8. 

142. Thorstensson R, Trollfors B, Al-Tawil N, Jahnmatz M, Bergstrom J, Ljungman M, 

et al. A phase I clinical study of a live attenuated Bordetella pertussis vaccine--BPZE1; a 

single centre, double-blind, placebo-controlled, dose-escalating study of BPZE1 given 

intranasally to healthy adult male volunteers. PLoS One. 2014;9(1):e83449. 

143. Larsen CP, Whitehead SS, Durbin AP. Dengue human infection models to 

advance dengue vaccine development. Vaccine. 2015;33(50):7075-82. 

144. Capecchi B, Adu-Bobie J, Di Marcello F, Ciucchi L, Masignani V, Taddei A, et al. 

Neisseria meningitidis NadA is a new invasin which promotes bacterial adhesion to and 

penetration into human epithelial cells. Mol Microbiol. 2005;55(3):687-98. 

145. Comanducci M, Bambini S, Caugant DA, Mora M, Brunelli B, Capecchi B, et al. 

NadA diversity and carriage in Neisseria meningitidis. Infect Immun. 2004;72(7):4217-23. 

146. Green LR, Lucidarme J, Dave N, Chan H, Clark S, Borrow R, Bayliss CD. Phase 

Variation of NadA in Invasive Neisseria meningitidis Isolates Impacts on Coverage 

Estimates for 4C-MenB, a MenB Vaccine. J Clin Microbiol. 2018;56(9). 

147. Ciabattini A, Giomarelli B, Parigi R, Chiavolini D, Pettini E, Arico B, et al. Intranasal 

immunization of mice with recombinant Streptococcus gordonii expressing NadA of 

Neisseria meningitidis induces systemic bactericidal antibodies and local IgA. Vaccine. 

2008;26(33):4244-50. 

148. Bowe F, Lavelle EC, McNeela EA, Hale C, Clare S, Arico B, et al. Mucosal 

vaccination against serogroup B meningococci: induction of bactericidal antibodies and 

cellular immunity following intranasal immunization with NadA of Neisseria meningitidis 

and mutants of Escherichia coli heat-labile enterotoxin. Infect Immun. 2004;72(7):4052-60. 



References 
  

 236 

149. Advisory Committee on Releases to the Environment. Advice on an application for 

deliberate release of a GMO for research and development purposes. In: DEFRA, editor. 

2017. 

150. Laver J. Application for consent to release a GMO – organisms other than higher 

plants. 2017. 

151. Laver JR, Gbesemete D, Dale AP, Pounce ZC, Webb CN, Roche EF, et al. A 

recombinant commensal bacteria elicits heterologous antigen-specific immune responses 

during pharyngeal carriage. Sci Transl Med. 2021;13(601). 

152. Alhajj M, Zubair M, Farhana A. Enzyme Linked Immunosorbent Assay.  StatPearls. 

Treasure Island (FL)2024. 

153. Minic R. Optimization, Validation and Standardization of ELISA. In: IntechOpen, 

editor. ELISA Test-Perspectives and Applications2020. 

154. Crowther J. The ELISA guidebook.  Methods in molecular biology. New Jersey: 

Humana Press; 2001. 

155. Bursa F, Yellowlees A, Bishop A, Beckett A, Hallis B, Matheson M. Estimation of 

ELISA results using a parallel curve analysis. J Immunol Methods. 2020;486:112836. 

156. Frey A, Di Canzio J, Zurakowski D. A statistically defined endpoint titer 

determination method for immunoassays. J Immunol Methods. 1998;221(1-2):35-41. 

157. Selby C. Interference in immunoassay. Ann Clin Biochem. 1999;36 ( Pt 6):704-21. 

158. van Gorkom T, van Arkel GHJ, Voet W, Thijsen SFT, Kremer K. Consequences of 

the Edge Effect in a Commercial Enzyme-Linked Immunosorbent Assay for the Diagnosis 

of Lyme Neuroborreliosis. J Clin Microbiol. 2021;59(8):e0328020. 

159. European Medicines Agency. Guideline on bioanalytical method validation. 2011. 

160. Cohen JM, Chimalapati S, de Vogel C, van Belkum A, Baxendale HE, Brown JS. 

Contributions of capsule, lipoproteins and duration of colonisation towards the protective 

immunity of prior Streptococcus pneumoniae nasopharyngeal colonisation. Vaccine. 

2012;30(30):4453-9. 

161. Fischer WA, 2nd, King LS, Lane AP, Pekosz A. Restricted replication of the live 

attenuated influenza A virus vaccine during infection of primary differentiated human nasal 

epithelial cells. Vaccine. 2015;33(36):4495-504. 

162. Mohn KG, Smith I, Sjursen H, Cox RJ. Immune responses after live attenuated 

influenza vaccination. Hum Vaccin Immunother. 2018;14(3):571-8. 

163. Edwards EA, Devine LF, Sengbusch GH, Ward HW. Immunological investigations 

of meningococcal disease. III. Brevity of group C acquisition prior to disease occurrence. 

Scand J Infect Dis. 1977;9(2):105-10. 

164. Gilmore A, Jones G, Barker M, Soltanpoor N, Stuart JM. Meningococcal disease at 

the University of Southampton: outbreak investigation. Epidemiol Infect. 1999;123(2):185-

92. 



References 
 

 237 

165. Blanchard-Rohner G, Pulickal AS, Jol-van der Zijde CM, Snape MD, Pollard AJ. 

Appearance of peripheral blood plasma cells and memory B cells in a primary and 

secondary immune response in humans. Blood. 2009;114(24):4998-5002. 

166. Carter NJ, Curran MP. Live attenuated influenza vaccine (FluMist(R); Fluenz): a 

review of its use in the prevention of seasonal influenza in children and adults. Drugs. 

2011;71(12):1591-622. 

167. Jahnmatz M, Richert L, Al-Tawil N, Storsaeter J, Colin C, Bauduin C, et al. Safety 

and immunogenicity of the live attenuated intranasal pertussis vaccine BPZE1: a phase 

1b, double-blind, randomised, placebo-controlled dose-escalation study. Lancet Infect Dis. 

2020;20(11):1290-301. 

168. Keech C, Miller VE, Rizzardi B, Hoyle C, Pryor MJ, Ferrand J, et al. 

Immunogenicity and safety of BPZE1, an intranasal live attenuated pertussis vaccine, 

versus tetanus-diphtheria-acellular pertussis vaccine: a randomised, double-blind, phase 

2b trial. Lancet. 2023;401(10379):843-55. 

169. Pennington SH, Pojar S, Mitsi E, Gritzfeld JF, Nikolaou E, Solorzano C, et al. 

Polysaccharide-Specific Memory B Cells Predict Protection against Experimental Human 

Pneumococcal Carriage. Am J Respir Crit Care Med. 2016;194(12):1523-31. 

170. Greenwood BM, Aseffa A, Caugant DA, Diallo K, Kristiansen PA, Maiden MCJ, et 

al. Narrative review of methods and findings of recent studies on the carriage of 

meningococci and other Neisseria species in the African Meningitis Belt. Trop Med Int 

Health. 2019;24(2):143-54. 

171. Thalen M, Debrie AS, Coutte L, Raze D, Solovay K, Rubin K, et al. Manufacture of 

a Stable Lyophilized Formulation of the Live Attenuated Pertussis Vaccine BPZE1. 

Vaccines (Basel). 2020;8(3). 

172. Buddy Creech C, Jimenez-Truque N, Kown N, Sokolow K, Brady EJ, Yoder S, et 

al. Safety and immunogenicity of live, attenuated intranasal Bordetella pertussis vaccine 

(BPZE1) in healthy adults. Vaccine. 2022;40(47):6740-6. 

173. Frenck RW, Jr., Dickey M, Suvarnapunya AE, Chandrasekaran L, Kaminski RW, 

Clarkson KA, et al. Establishment of a Controlled Human Infection Model with a 

Lyophilized Strain of Shigella sonnei 53G. mSphere. 2020;5(5). 

174. Cooper LV, Kristiansen PA, Christensen H, Karachaliou A, Trotter CL. 

Meningococcal carriage by age in the African meningitis belt: a systematic review and 

meta-analysis. Epidemiol Infect. 2019;147:e228. 

175. Cooper LV, Robson A, Trotter CL, Aseffa A, Collard JM, Daugla DM, et al. Risk 

factors for acquisition of meningococcal carriage in the African meningitis belt. Trop Med 

Int Health. 2019;24(4):392-400. 



References 
  

 238 

176. Osowicki J, Azzopardi KI, Fabri L, Frost HR, Rivera-Hernandez T, Neeland MR, et 

al. A controlled human infection model of Streptococcus pyogenes pharyngitis (CHIVAS-

M75): an observational, dose-finding study. Lancet Microbe. 2021;2(7):e291-e9. 

177. McCool TL, Cate TR, Moy G, Weiser JN. The immune response to pneumococcal 

proteins during experimental human carriage. J Exp Med. 2002;195(3):359-65. 

178. McCool TL, Cate TR, Tuomanen EI, Adrian P, Mitchell TJ, Weiser JN. Serum 

immunoglobulin G response to candidate vaccine antigens during experimental human 

pneumococcal colonization. Infect Immun. 2003;71(10):5724-32. 

179. Ferreira DM, Jambo KC, Gordon SB. Experimental human pneumococcal carriage 

models for vaccine research. Trends Microbiol. 2011;19(9):464-70. 

180. Robinson RE, Myerscough C, He N, Hill H, Shepherd WA, Gonzalez-Dias P, et al. 

Comprehensive review of safety in Experimental Human Pneumococcal Challenge. PLoS 

One. 2023;18(5):e0284399. 

181. Collins AM, Wright AD, Mitsi E, Gritzfeld JF, Hancock CA, Pennington SH, et al. 

First human challenge testing of a pneumococcal vaccine. Double-blind randomized 

controlled trial. Am J Respir Crit Care Med. 2015;192(7):853-8. 

182. Glennie S, Gritzfeld JF, Pennington SH, Garner-Jones M, Coombes N, Hopkins 

MJ, et al. Modulation of nasopharyngeal innate defenses by viral coinfection predisposes 

individuals to experimental pneumococcal carriage. Mucosal Immunol. 2016;9(1):56-67. 

183. Jochems SP, de Ruiter K, Solorzano C, Voskamp A, Mitsi E, Nikolaou E, et al. 

Innate and adaptive nasal mucosal immune responses following experimental human 

pneumococcal colonization. J Clin Invest. 2019;129(10):4523-38. 

184. Cremers AJ, Zomer AL, Gritzfeld JF, Ferwerda G, van Hijum SA, Ferreira DM, et 

al. The adult nasopharyngeal microbiome as a determinant of pneumococcal acquisition. 

Microbiome. 2014;2:44. 

185. Shekhar S, Amdal HA, Petersen FC. Vaccination With the Commensal 

Streptococcus mitis Expressing Pneumococcal Serotype 5 Capsule Elicits IgG/IgA and 

Th17 Responses Against Streptococcus pneumoniae. Front Immunol. 2021;12:676488. 

186. Shekhar S, Khan R, Ferreira DM, Mitsi E, German E, Rorvik GH, et al. Antibodies 

Reactive to Commensal Streptococcus mitis Show Cross-Reactivity With Virulent 

Streptococcus pneumoniae Serotypes. Front Immunol. 2018;9:747. 

187. Shekhar S, Khan R, Schenck K, Petersen FC. Intranasal Immunization with the 

Commensal Streptococcus mitis Confers Protective Immunity against Pneumococcal 

Lung Infection. Appl Environ Microbiol. 2019;85(6). 

188. Wright AK, Ferreira DM, Gritzfeld JF, Wright AD, Armitage K, Jambo KC, et al. 

Human nasal challenge with Streptococcus pneumoniae is immunising in the absence of 

carriage. PLoS Pathog. 2012;8(4):e1002622. 



References 
 

 239 

189. Dula D, Morton B, Chikaonda T, Chirwa AE, Nsomba E, Nkhoma V, et al. Effect of 

13-valent pneumococcal conjugate vaccine on experimental carriage of Streptococcus 

pneumoniae serotype 6B in Blantyre, Malawi: a randomised controlled trial and controlled 

human infection study. Lancet Microbe. 2023;4(9):e683-e91. 

190. de Graaf H, Gbesemete D, Gorringe AR, Diavatopoulos DA, Kester KE, Faust SN, 

Read RC. Investigating Bordetella pertussis colonisation and immunity: protocol for an 

inpatient controlled human infection model. BMJ Open. 2017;7(10):e018594. 

191. de Graaf H, Ibrahim M, Hill AR, Gbesemete D, Vaughan AT, Gorringe A, et al. 

Controlled Human Infection With Bordetella pertussis Induces Asymptomatic, Immunizing 

Colonization. Clin Infect Dis. 2020;71(2):403-11. 

192. MHRA. Fluoroquinolone antibiotics: must now only be prescribed when other 

commonly recommended antibiotics are inappropriate. 2024. 

193. Krone M, Lam TT, Vogel U, Claus H. Susceptibility of invasive Neisseria 

meningitidis strains isolated in Germany to azithromycin, an alternative agent for post-

exposure prophylaxis. J Antimicrob Chemother. 2020;75(4):984-7. 

194. Ruiz Garcia Y, Sohn WY, Seib KL, Taha MK, Vazquez JA, de Lemos APS, et al. 

Looking beyond meningococcal B with the 4CMenB vaccine: the Neisseria effect. NPJ 

Vaccines. 2021;6(1):130. 

195. Petousis-Harris H, Paynter J, Morgan J, Saxton P, McArdle B, Goodyear-Smith F, 

Black S. Effectiveness of a group B outer membrane vesicle meningococcal vaccine 

against gonorrhoea in New Zealand: a retrospective case-control study. Lancet. 

2017;390(10102):1603-10. 

196. Maiden MC. Population genomics: diversity and virulence in the Neisseria. Curr 

Opin Microbiol. 2008;11(5):467-71. 

197. Bennett JS, Callaghan MJ, Derrick JP, Maiden MCJ. Variation in the Neisseria 

lactamica porin, and its relationship to meningococcal PorB. Microbiology (Reading). 

2008;154(Pt 5):1525-34. 

198. Enaud R, Prevel R, Ciarlo E, Beaufils F, Wieers G, Guery B, Delhaes L. The Gut-

Lung Axis in Health and Respiratory Diseases: A Place for Inter-Organ and Inter-Kingdom 

Crosstalks. Front Cell Infect Microbiol. 2020;10:9. 

 


