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Abstract

The primary approach to the control of meningococcal disease remains effective
vaccination programmes in susceptible populations. Vaccines against serogroups A, C, W
and Y offer broad protection against meningococci and both polysaccharide and conjugate
quadrivalent vaccines are licensed for use in the UK. Previous studies have assessed the
antibody response to meningococcal polysaccharide and conjugate vaccines, but there is
limited information on the nature of the B cell response to these antigens. As part of a
clinical trial using both polysaccharide (MenACWY-PS) and conjugate (MenACWY-CRM)
vaccines in adult volunteers, this DPhil reports the analysis of subsets of antigen specific
B-cells produced in response to either vaccine. Prior MenACWY-PS impaired the response
to a subsequent dose of MenACWY-CRM. This may be due to MenACWY-PS driving
terminal differentiation of antigen specific cells into plasma cells, without replenishment
of the memory B cell pool. In addition, despite prior data indicating that it may act as a
thymus dependent antigen, the serogroup A polysaccharide component of MenACWY-PS

appears to behave in the same way as serogroup C, W & Y polysaccharide components.

Antibody molecules recognise and bind to a multitude of conformational epitopes.
This variability is enabled by the complexities of immunoglobulin variable domain gene
recombination which can generate a vast potential repertoire of unique antibody
molecules. However, the diversity of the antibody repertoire is more restricted against
specific antigens and within defined B cell subsets. In this DPhil, ‘next generation’
sequencing technologies were used to investigate the diversity of the B cell variable
domain before and after vaccination of adult volunteers. Individuals at baseline were
found to have distinct antibody repertoires. Vaccination with a Haemophilus influenzae
type b (Hib) conjugate vaccine resulted in an oligoclonal antibody response, with

enrichment for Hib specific canonical antibody sequences.
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Chapter 1 - Introduction

Meningitis is an inflammation of the protective membranes encasing the central
nervous system, the dura mater, arachnoid mater and pia mater, collectively termed the
meninges. Infectious meningitis is largely caused by bacteria, viruses or fungi. This thesis
concerns vaccines against meningitis caused by Neisseria meningitidis, also called the
meningococcus, which is unique among causes of bacterial meningitis in its ability to
cause epidemic disease. Clinically, the disease presents with a fever, headache, neck
stiffness and altered consciousness, and additionally in the case of meningococcal

meningitis, a purpuric rash.

1.1.Microbiology of Neisseria meningitidis

1.1.1. The first descriptions of meningitis

The word ‘meningitis’ was first used by the army surgeon Herpin in 1803 [1] to
describe an inflammation of the meninges which he observed to occur some days after an
open skull fracture. In 1806, the Swiss physician Vieusseux gave the first clear account of
an epidemic of meningitis in Geneva [2]. The disease was marked by the sudden onset of
headache, vomiting and delirium and in many instances was fatal within 24 hours. Most
cases occurred within the same household and were in children or young adults. In the
same year, Danielson and Mann described a similar outbreak of disease in Medfield,

Massachusetts, which was termed a ‘spotted fever’ [3].

Following the widespread acknowledgement of Koch’s postulates in 1884 [4], several
physicians attempted to describe the causal agent of epidemic meningitis. However, it was
not until 1887 that Weichselbaum accurately identified what was then termed the
Diplococcus intracellularis from the cerebrospinal fluid of 6 out 8 patients who had died

of meningitis [5]. In 1906, during an epidemic of meningitis in New York, the American
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physician Flexner demonstrated the protective effect of equine meningococcal anti-serum
in a monkey challenge model of meningitis and noticed that this was associated with
phagocytosis of the bacteria by neutrophils [6]. He went on to demonstrate that
intrathecal antiserum had protective efficacy in humans, reducing the mortality from

meningitis from 80% to 20% [7].

1.1.2. Neisseria meningitidis is a Gram negative diplococcus

Diplococcus intracellularis was subsequently classified as a member of the Neisseria
genus, and renamed Neisseria meningitidis. The genus was named after the German
venereologist Albert Neisser, who identified the closely related N gonorrhoeae as the
causative agent of gonorrhoea. N. meningitidis is a Gram negative, encapsulated, oxidase
positive, aerobic diplococcus [8], which exclusively colonises the nasopharyngeal passages
of humans and is spread by airborne droplets [9]. In a minority of cases N. meningitidis

invades and causes disease [10].

In common with other Gram negative organisms, the meningococcus has a thin
peptidoglycan cell wall sandwiched between inner and outer cell membranes. The outer
membrane is an asymmetric bilayer, containing lipopolysaccharide (LPS) or
lipooligosaccharide (LOS) in the outer layer and phospholipids in the inner layer. The
outer membrane proteins (OMPs) play important roles in immune evasion (e.g. factor H
binding protein or fHbp), adhesion to host cells (e.g. pili) and transport of small
molecules into the cytoplasm (e.g. porins such as PorA and PorB). The polysaccharide

capsule surrounds the outer membrane as shown in Figure 1.
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Figure 1 Surface structures of N. meningitidis. Reproduced from Sadarangani & Pollard,

[11] with permission from Elsevier.
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1.1.3. N. meningitidis is classified in terms of surface molecules and
genetic sequence

The structural components of the meningococcal surface allow the classification of the
organisms using specific monoclonal antibodies. The serogroup of a meningococcal strain
is determined by the biochemical composition of the polysaccharide capsule as shown in
Table 1. There are 13 diverse polysaccharide capsules but A, B, C, W (previously known as

W-135) and Y cause the majority of disease.
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Table 1 Important meningococcal serogroups and capsular structures, adapted from Hill et

al, 2010[12]

Serogroup Structure

(a1->6)-linked-N-acetyl-

Non-sialic acid Homopolymers of N-acetyl-D- D-mannosarmine-1-

A

capsule mannosamine-1-p phosphate

B (a2->8)-linked-5-N-
Homopolymers of sialic acid cs LTl

- . (a2->9)-linked-5-N-
c Sialic acid l L id

capsule ac(etge-r;e)ulrarl?g-aljm

a -linked-6-D-

w (5-N-acetyl- Gal(a1>4)-N-acetyl-

neuraminic- - . " :
acid) Heteropolymers of sialic acid neuraminic-acid
containing disaccharides (a2->6)-linked-6-D-
Y Glc(a1->4)-N-acetyl-

neuraminic-acid

The polysaccharide capsule is an important virulent determinant [13, 14], which
protects the meningococcus from phagocytosis and down regulates the activation of the
alternative complement pathway [15]. Invasive meningococcal disease is almost
exclusively caused by encapsulated strains, with a few rare exceptions [16], and most
unencapsulated strains are harmlessly carried in the nasopharynx [17]. Indeed, anti-
capsular antibodies are associated with protection against invasive disease [18]. Due to
the resulting selection pressure on the capsular polysaccharide, meningococci have
evolved mechanisms to alter the type of capsule produced from one serogroup to another,
termed ‘capsule switching’. This involves the homologous recombination of capsular
biosynthesis genes obtained by horizontal transfer between meningococci of different

serogroups [19].

The meningococcus is classified into serotypes based on the PorB molecule and
subserotypes based on the PorA molecule. The outer membrane lipooligosaccharide (LOS)
structure allows further classification into immunotypes. The classification nomenclature
follows the pattern serogroup:serotype:subserotype:immunotype. For example, the strain
responsible for the meningitis epidemic in New Zealand in the mid-nineties is B:4:P1.7b:4

[20].
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For epidemiological purposes, the genetic links between strains were previously
classified into enzyme types (ET) using multi-locus enzyme electrophoresis (MLEE),
which compared the electrophoretic migration patterns of 11 relatively conserved
housekeeping proteins. However, as this method was prone to inter-laboratory variation,
Maiden et al. developed a system based on sequencing of the housekeeping genes
themselves, termed multi locus sequence typing (MLST), which has since replaced MLEE
as a definitive way of characterising the genetic lineage of invasive strains [21]. This
characterises the alleles of each housekeeping gene, based on the assumption that
housekeeping genes are less subject to selective pressures than genes encoding
immunogenic antigens and is particularly useful to track disease isolates given the ability
of meningococci to undergo capsule switching. Sequences are aligned against a global
MLST database [22] and a sequence type (ST) assigned to a given strain. Closely related
strains are grouped into clonal complexes. Most invasive disease is caused by
meningococci from a few defined hypervirulent lineages or clonal complexes [23] as
shown in Table 2. More recently, a classification system based on variations of the 53
bacterial ribosome protein subunit genes (ribosomal multi locus sequence typing or
rMLST) has been proposed [24]. An open access database of the whole genome sequences
of all the meningococcal isolates that caused disease in the UK in 2010/2011 is also being
established (the Meningitis Research Foundation Meningococcal Genome Library) [25].

These developments will allow much finer mapping of meningococcal phylogeny.

Table 2 Clonal complexes of hypervirulent N meningitidis strains, adapted from Harrison

et al[20].
Serogroup Clonal complex
A ST-5
B ST-32, ST-41
c ST-11
w ST-11
Y ST-23
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1.2.The epidemiology of meningococcal disease

1.2.1. Invasive meningococcal disease is rare but nasopharyngeal carriage
is common

There are approximately 1000 cases of culture confirmed invasive meningococcal
disease a year in the United Kingdom [26].The highest incidence of meningococcal disease
occurs between the ages of 6 months and 2 years, which reflects the waning of protective
maternal antibody in the first few months after birth [18, 27]. A second peak of disease
occurs in young adults between 15-24 years of age. This is probably related to behavioural
practices in this age group which increase the rate of meningococcal transmission e.g.
smoking, frequenting of enclosed environments such as pubs and bars, intimate kissing

and university dormitory attendance [28-30] .

Figure 2 Number of cases of invasive meningococcal disease in England and Wales 2009-

2010 (y axis) by age (x axis). Data from the Health Protection Authority [31].
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Invasive disease is a relatively rare outcome of meningococcal infection. The likelihood
that a colonising organism will invade through the mucosa and cause disease is dependent
on both the strain and on host factors. Colonising strains are genetically diverse, while

invasive strains tend to be limited to a few hypervirulent clones [20, 23, 32]. Recent viral
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upper respiratory tract infection, smoking and certain immunodeficiencies have been
shown to be associated with an increased risk of invasive meningococcal disease as
discussed in Section 1.3.1 . In most cases, nasopharyngeal colonisation leads to the
development of natural immunity and clearance of the organism[32]. Episodes of carriage
may be transient or last several months [33, 34], but invasive disease usually occurs in the

first 2 weeks after acquisition of a strain, before immunity has developed [35].

Estimates of meningococcal nasopharyngeal carriage vary widely according to age. A
meta-analysis of 89 carriage studies performed in Europe revealed that 4.5% of infants
carry meningococci, rising to peak of 23.7% by the end of the teens and subsequently
declining to 7.8% in 50 year olds [9] as shown in Figure 3. Carriage is important in
predicting the efficacy of a vaccine at population level, as newer conjugate meningococcal

vaccines provide herd immunity by reducing nasopharyngeal carriage.

Figure 3 Prevalence of nasopharyngeal carriage of N. meningitidis (y axis) by age in years

(x axis). Reproduced from Christensen et al [9], with permission from Elsevier.
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1.2.2. There are global variations in invasive meningococcal disease

The description of the global epidemiology of meningococcal disease is dependent on
the accuracy of disease surveillance. The gold standard of active surveillance with
laboratory confirmation of suspected clinical cases and strain identification using
molecular diagnostics is not feasible in all countries. Within these constraints, the
incidence of invasive meningococcal disease is ranges from approximately 1/100,000 in

Europe to up to 1,000/100,000 in Africa during epidemic years [36].

The serogroup distribution of meningococcal disease also shows considerable
geographical variation. Serogroup C is responsible for >70% of meningococcal disease in
North America, serogroups B & C are responsible for the vast majority of disease in
Europe and serogroup A causes cyclical meningitis epidemics in the African meningitis

belt, including the recent outbreak in 2009/2010 [reviewed 36, 37].

Figure 4 The global distribution of meningococcal disease. Reproduced from Harrison et al.,

[20], with permission from Elsevier.
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1.2.3. Serogroup A meningococci cause epidemic meningitis

Epidemic meningitis due to N. meningitidis was first described by the colonial army
doctor Horn in West Africa in 1908 with at least 8000 deaths reported in Ghana alone
[38]. The cyclical nature of these epidemics was recognised by the French colonial doctor
Lapeyssonnie in 1963 [39]. He documented the epidemiological features of the disease, in
particular that it was restricted to a geographically distinct area, which has come to be
called the ‘African meningitis belt’ (Figure 5). He also noted that affected demographic
was slightly older than in Europe or North America, with the majority of cases occurring

between the ages of 2 and 30 years of age.

Figure 5 Map of the African meningitis belt. Reproduced from the PATH website at

www.path.org
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Within the meningitis belt, epidemics occur with a periodicity of 5-10 years, lasting 2-
3 years. The epidemics are invariably associated with the dry season, and cease at the
beginning of the rainy season. It has been suggested that the low humidity aids droplet

transmission and the heat and dusty winds of this season damage the nasopharyngeal
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mucosa increasing susceptibility to invasive disease [40]. These epidemics affect
extremely large numbers of people — in the most recent outbreak in 2009, almost 90,000
cases were reported, with over 5000 deaths [41]. Within individual communities, attack
rates as high as 1:10 have been reported [40]. Figures such as these are often under-

estimates, as reporting systems frequently break-down during major epidemics.

Serogroup A meningococcus has been responsible for most of the epidemic disease in
the African meningitis belt [36, 42], but serogroups X and W have been associated with
smaller epidemics in the region since 2002 [43]. Unlike the sialic acid based capsule of
serogroups B, C, W & Y, serogroup A polysaccharide consists of n-acetyl mannosamine
phosphate as shown in Table 1. It has been suggested that the structural differences in the
capsular polysaccharide may underlie the differences in the epidemiology of serogroup A
disease. For example, the relative lack of serogroup A disease in Europe and North
America in the last 30 years may be due to immunity induced by other mucosal organisms

with similar cross-reactive capsules [44, 45].

1.3.Innate immunity to meningococci

Non-specific or innate mechanisms of resistance to invasive meningococcal disease

are particularly important in early life, before the development of adaptive immunity [46].

1.3.1. The environment of the nasopharynx discourages colonisation by
meningococci

The epithelial cells of the nasopharyngeal cavity reduce surface colonisation by
airborne organisms such as meningococci, by mucous production and ciliary removal and
production of bactericidal compounds such as lactoferrin and hydrogen peroxide [47].
Laminar airflow over the surface of the nasopharynx and the cough reflex are also

thought to reduce nasopharyngeal carriage and thus the risk of invasion [47]. The
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importance of an intact mucosal barrier is highlighted by studies showing the increased
risk of invasive disease with factors that damage the nasopharyngeal epithelium such as
smoking [28, 48] and recent upper respiratory tract infections [29, 49]. However, these
observations may be partly confounded by an increased aerosol transmission of

meningococci between individuals with coughing.

1.3.2. Innate effector cells recognise meningococci via pattern
recognition receptors and antibody receptors

As well as acting as a physical barrier, the mucosal epithelium contains specialised
innate mediator cells, including neutrophils, macrophages and dendritic cells. These cells
recognise meningococci and other bacteria via a set of germline-encoded pattern
recognition receptors (PRPs) which recognise relatively conserved products of microbial
metabolism or pathogen associated molecular patterns (PAMPs). The best characterised
PRPs are the toll-like receptor (TLR) family, which recognise a variety of microbial
products [50]. Stimulation of TLRs activate intra-cellular signalling pathways which

upregulate innate killing mechanisms and the production of inflammatory cytokines.

Of the 10 known members of the family, TLR-4, TLR-2 and TLR-9 have been
implicated in protection from meningococci [51, 52]. TLR-4 is a cell-surface PRP which
recognises the outer membrane LOS of gram negative bacteria [53]. In meningococci, this
recognition is specific to the lipid A component [54]. However, LPS-deficient
meningococci stimulate the production of pro-inflammatory cytokines [55], which is
independent of TLR-4 and instead involves signalling via TLR-2 [56] . The meningococcal
PAMP recognised by TLR-2 has since been shown to be the outer membrane porin, PorB
[57]. TLR-9 is an endosome-associated PRP which recognises PAMPs derived from
phagocytosed organisms. Its specific ligand is unmethylated CpG oligonucleotide

sequences, which are common in bacterial DNA but are rarely found in mammalian DNA
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[58]. Purified meningococcal DNA induces inflammatory responses in TLR-9 expressing

cell lines [52].

The mannose receptor, found exclusively on macrophages and dendritic cells is a cell
membrane bound C-type lectin which binds mannose residues such as those on
meningococcal capsules and the outer membrane LOS [59]. Scavenger receptors are a
heterogeneous group of phagocytic receptors, found largely on macrophages, which bind

negatively charged ligands such as bacterial cell wall lipotechoic acid [60].

Neutrophils, macrophages and dendritic cells also recognise pathogens that have
bound antibody using receptors for the antibody constant domains (see 1.4.3) called Fc
receptors (FcR). The aggregation of antibody on bacterial surfaces cross-links FcR on the
phagocyte, promoting phagocytosis and destruction of the bacteria. In contrast, free
immunoglobulin molecules bind FcR with low avidity and do not cross-link FcR [reviewed
61].

Figure 6 Properties of human FcR. Adapted from Woof & Burton [61].
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1.3.3. Innate phagocytic cells play a key role in early meningococcal
infection

Neutrophils are the most common cell type in the cerebrospinal fluid of patients with
meningococcal meningitis. Neutrophil activation has been observed within the first 24
hours of invasive meningococcal disease, before adaptive responses have had time to
evolve [62]. The role of neutrophils in protection from invasive disease was demonstrated
in a rodent model, where depletion of neutrophils with monoclonal antibodies led to 100%
mortality following intra-peritoneal challenge with meningococci, even in vaccinated
animals [63]. Neutrophils phagocytose bacteria via opsonin dependent and opsonin
independent mechanisms [64]. Neutrophil opsonins may be adaptive, i.e. specific
antibody (section1.4.3), or innate, i.e. the C3b component of complement (section 1.3.4) or
the secreted PRP C-reactive protein (CRP) which binds to phosphorylcholine residues in
bacterial cell membranes [65]. In meningococcal disease, opsonin independent
mechanisms of phagocytosis involve the recognition of LOS and the outer membrane Opa
protein [66], by TLR and carcinoembryonic antigen-related cell adhesion molecule

(CECAM) receptors respectively [67].

Dendritic cells are phagocytic cells that are essential in linking the innate and adaptive
immune responses [68]. Located in the submucosa, immature dendritic cells recognise
and internalise bacteria via TLRs and scavenger receptors. The specific meningococcal
ligands recognised by the latter class of receptor have not been well characterised, but
may be LOS [51]. Dendritic cells response to these signals by expressing the chemokine
receptor CCR7, which directs migration of the cells to the draining secondary lymph
nodes, and by processing of pathogen-derived proteins. Signalling through CCR7 also
drives maturation of the dendritic cell and upregulates expression of the co-stimulatory
molecules By and MHC class I and I molecules, facilitating antigen presentation and

activation of naive T cells. Dendritic cells also release the pro-inflammatory cytokines

Page 38



B cell responses to conjugate and polysaccharide meningococcal vaccines

TNFaq, IL-6 and IL-8 on internalisation of meningococci [69], high levels of which are

associated with the severity of meningococcal disease [70].

Tissue macrophages, like dendritic cells, have several PRPs including TLRs, scavenger
receptors, complement receptors and mannose receptors which can bind to and
internalise bacteria. Again, signalling via these PRPs leads to upregulation of MHC II and
CD80/B7. Although macrophages have not been demonstrated to activate naive T cells
directly, they may play a role in promoting immune responses already initiated by

dendritic cells.

1.3.4. The complement cascade provides a link between innate and
adaptive immune mechanisms

The complement system is a set of plasma proteins that act in concert to identify and
destroy extra-cellular pathogens. Complement activation can occur by specific antibody or
CRP binding to meningococci (classical pathway), activation by capsular oligosaccharides
(lectin pathway), or by spontaneously by the hydrolysis of serum C3 on meningococcal cell
surfaces which lack endogenous complement inhibitors (alternative pathway). These
pathways converge in the production of C3b by the C3 convertases C4b2a and C3bBb (see
Figure 7). C3b deposits on meningococcal surfaces and acts an opsonin, facilitating uptake
by phagocytic cells via complement receptors CR1, CR3 and CR4 which recognise C3b or
its inactivated products. C3b is also a component of the C5 convertases C4b2a3b and
C3bBb3b which mediate C5-9 membrane attack complex (MAC) insertion into
meningococcal outer membranes. The MAC forms a transmembrane channel permeable

to electrolytes and water, thus directing lysis of the meningococcus.
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Figure 7 Activation of the complement cascade by meningococci
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The importance of meningococcal cell lysis by the MAC in protective immunity is
demonstrated by the recurrent episodes of invasive meningococcal disease suffered by

individuals with deficiencies in the terminal C5-9 components [71-73]. The increased risk
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of meningococcal disease in infancy may in part be due the relatively low levels of Cg at

this age and thus diminished bactericidal activity [74].

Less is known about the role of complement-mediated opsonophagocytosis via
C3b deposition. In vitro studies using serum depleted of a single terminal complement
component show that neutrophil opsonophagocytosis of meningococci does occur [75,
76]. Additionally, vaccination of individuals with terminal complement component
deficits reduces the frequency of invasive meningococcal disease [77], which suggests that
opsonophagocytosis, the only available mechanism of meningococcal killing in these

individuals, must mediate a degree of protection.

1.4.Adaptive Immune responses develop later in the course of an infection

Adaptive immune responses, unlike innate responses, are antigen specific. This
specificity arises from complex mechanisms for generating diversity in the antigen
receptor molecules on the cells of the adaptive immune system — namely the secreted or

surface antibody molecules of B lymphocytes or the cell surface receptor of T lymphocytes.

1.4.1. Serum antibody is critical for protection from meningococcal
disease

The protective role of serum was first demonstrated in humans by Flexner in 1913 who
reduced the mortality from invasive meningococcal disease by administering intrathecal
horse serum [7]. In a series of experiments in rodents and rabbits, Matsunami and
Kolmer showed that the resistance of animals to intra-peritoneal meningococcal challenge
was related to the bactericidal activity of whole blood, and observed that in humans, this
bactericidal activity increased with age [78]. This latter observation was confirmed by the
epidemiological studies of Goldschneider et al., who first established the inverse

correlation between serum bactericidal activity (SBA) and the incidence of meningococcal
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disease at population level [27]. The importance of SBA in protection against
meningococci was confirmed by prospective studies in military recruits which showed that
individuals with low SBA titres were more likely to develop disease that those with high
titres [27]. The target of bactericidal antibodies is largely the polysaccharide capsule in
serogroups A and C, but subcapsular protein epitopes are more likely to be important in

immunity against serogroup B [79].

1.4.2. The acquisition of protective antibody

Protection from meningococcal disease in the first 6 months of life derives from
transplacentally acquired maternal IgG [18]. As passive antibody wanes, it is replaced
acquired antibody during early childhood. However, meningococcal carriage under the
age of 5 years is relatively rare [9], and it possible that protective antibody is instead
acquired due to cross-reactive epitopes from the closely related but non-pathogenic
Neisseria lactamica, which is much more commonly carried in this age group [80, 81].
Carriage of N. lactamica is associated with the development of bactericidal antibodies
against meningococci [81]. The identity of the cross-reactive antigens involved in this
protective immunity is unclear. N. lactamica is unencapsulated, but shares LOS epitopes
with N. meningitidis [82]. Immunisation with killed N. lactamica protects mice from
meningococcal challenge, but this may be mediated by outer membrane proteins rather
than by LOS [83]. Other encapsulated non-neisserial bacteria may also play a role in
inducing cross-protection during early life. For example, the capsules of several enteric
Gram negative bacteria are both structurally and immunologically similar to the capsules

of serogroup A and C meningococci [44, 45].
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1.4.3. Anti-meningococcal antibody subclasses and their function

Antibody classes and subclasses fulfil diverse roles in the immune system, and this

can be ascribed to differences in structure of their constant domains (see Figure 8). These

differences are summarised in Table 3.

Figure 8 Structure of an antibody molecule
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Cu1-3 =constant heavy domains 1-3

Cr=constant light domain

Page 43



B cell responses to conjugate and polysaccharide meningococcal vaccines

Table 3 Physical properties of human antibody isotypes. Adapted from Immunobiology,

Garland Press [84].

Principal  Adult serum  Serum half  Classical Binding to
. Placental phagocyte
Class molecular level life pathway

form (mg/mL) (days) activation transfer Fe

& y receptors
IgM Pentamer 1.5 10 ++++ - -
1gG1 Monomer 9 21 o+ St +
IgG2  Monomer 3 20 + + -
IgG3 Monomer 1 7 4+ r +
IgG4  Monomer 0.5 21 - - -
IgA1 Dimer 3.0 6 - - +
IgA2 Dimer 0.5 6 - - +
IgD Monomer 0.03 3 - - -
ISE  Monomer 5x 10° 2 - - +

Meningococcal infection in humans results in the production of IgG, IgM and IgA
antibody classes [85-87]. Post-infection IgM, though a potent activator of complement,

does not contribute to phagocyte-mediated killing in the absence of complement [88].

Convalescent sera from children contains IgG1 and IgG3 subclasses [89] while adults
produce IgGi, IgG2 and IgG3 [90]. The role of these subclasses was elucidated in
experiments using chimeric antibodies with identical antigen-binding specificities but
varying constant domains. These suggested that, as expected by studies of hapten-
induced antibodies, IgG1 and igG33 directed against PorA mediate complement mediated

lysis and phagocytic uptake of meningococci [91].

Anti-PorA IgA does not directly activate complement, and modestly promotes
phagocytosis, but is a potent stimulator of the phagocyte respiratory burst [91]. IgA has
been documented to impair the complement-mediated lysis of meningococci by IgG and

IgM, possibly by binding to and blocking antigenic epitopes [91, 92]. There are few data
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on the role of mucosal IgA in preventing nasopharyngeal colonisation or invasion by
meningococci. However, in vitro studies have shown that secretory IgA can block the
adherence of meningococci to human buccal epithelial cells [93]. In addition,
meningococcal vaccination generates mucosal IgA, suggesting that it does play some part

in protection [94, 95].

1.4.4. Individual subsets of B cells play specific roles in protection from
meningococcal disease

As the cells that produce antibody, B lymphocytes are the principal cellular
determinants of protection against meningococcal disease. B cells are classified into B1
cells, (which are further subdivided into Bia and B1 b subsets) and B2 cells (which are
subdivided into follicular and marginal zone B cells) based on their developmental origin
during lymphopoiesis, surface marker phenotype and the nature of antibody they produce
[96] as shown in Table 4 below. However, it is likely that in vivo, there is a spectrum of
functionality across the different subsets and that they are not as clearly defined as

traditional classification schemes suggest.
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Table 4 Properties of B1 and B2 B cell subsets in mice and humans

T independent |

T dependent

B1 B2
. . Marginal zone/IgM Follicular
B1a (mice) B1b (mice) memory Naive Switched memory
CD19" CD19" CD19" CD19" CD19"
CD20" CD20" CD20" CD20" CD20"
Surface markers cb27 Cb27 CD27° Cb27 CD27 "
(mice) IgMm™ IgM™ IgM™ IgM*°® IgM*°®
CD23° CD23v CD23° cp23" cp23"
cD21° cD21° cD21™ CD21'omee CD21'mee
CD5+ CD5-
Activation Recognition of PAMPs BCR cross-linking Recognition of specific antibody via BCR
mechanisms
Low affinity Low affinity : - Hisher affinit
Antibody IgM, IgA IgM, IgA, 1gG3 (1gG2 in humans) A Iag‘;Aﬁ”‘ty IgG1g2 o IgAyI’gE
produced Polyspecific Specific Highly specific S Saeeie
c Extensive somatic
. omatic hypermutation and
Antibody sene Pre-diversified Minimal somatic hypermutation hypermutation P .
repertoire class switch
recombination
- Memory populations established with age and
oor function
Ag exposure
2 EAIEE Declines with age <2years of age, . § &xp : :
changes : . Clonal expansions of memory populations in
declines with age . . . T
elderly, which may impair naive responses
; Long lasting response
Natl:lre of Rapid but short lived Longgr lasting response Rapldsoremsgonse Previous Ag encounter
antibody No previous Ag Previous Ag encounter . i .
. . improvement in required,
response encounter required required X !
Ab quality Improved Ab with each encounter

Ag = antigen, Ab= antibody, BCR = B cell receptor
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1.4.5. The production of antibody by B cells occurs with or without T cell help

Antibody responses to soluble protein or peptide antigens require costimulatory
signals from CD4+ T helper cells, and as such these antigens are termed T dependent
(TD). However, animals that lack T cells are still capable of producing antibodies to
certain bacterial non-protein antigens termed T independent (TI) antigens. There are 2

classes of TI antigens which activate B cells by different mechanisms.

TI-1 antigens are polyclonal activators of B cells which cause B cell proliferation and
differentiation of B cell regardless of their antigenic specificity and are often referred to as
B cell mitogens. Bacterial LPS is the best described TI-1 antigen, and binds to B cells via

TLR4.

TI-2 antigens consist of molecules with highly repetitive structures such as
meningococcal capsular polysaccharides, which contain no intrinsic B cell stimulating
ability[97]. TI-2 antigens are thought to simultaneously cross-link multiple BCR on an
antigen specific B cell, generating a first signal for activation of that cell. A second signal is
provided by engagement of C3b with the CD19/CD21 B cell complex[98], which drives
differentiation into IgM secreting plasma cells. C3b may be generated by the direct
activation of the lectin or alternative complement pathways by polysaccharide, which then
remains associated with it. Dendritic cells in secondary lymphoid tissue may play a role in
displaying the polysaccharide to antigen specific B cells and delivering this second signal
[68]. The relatively low levels of C3 and reduced expression of B cell CD21 observed in
infancy [98] may also contribute to the susceptibility of this age group to invasive
meningococcal disease. Responses to TI-2 antigens are thus both antigen specific and,

since they do not require T cell help, rapid.
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An exception to this paradigm are certain zwitterionic polysaccharides, such as the
Bacteroides fragilis capsular polysaccharide or the pneumococcal polysaccharide serotype
1 polysaccharide, which may be processed and presented via MHC class II to

polysaccharide specific CD4+ T helper cells [99].

As discussed in the following sections, TD and TI-2 responses are orchestrated by
specific subsets of B cells. The characteristics of TD and TI antigens are summarised in

below.

Table 5 Characteristics of T dependent and T independent antigens.

TD TI-1 TI-2
Antll:.voqy response Yes Yes No
in infants
Antibody response
in the absence of T No Yes No
cells
Primes T cells Yes No No
Polyf:Ion‘al B No Yes No
activation
Requires repeating No No Yes
epitopes
. . . Meningococcal
Examples Diphtheria toxin Bacterial LPS capsular

Viral haemaglutinin polysaccharide

LPS = lipopolysaccharide

1.4.6. Follicular B cells mediate T cell dependent responses
Follicular B cells (FOB) form the majority of circulating B cells in the blood and

mediate TD humoral immune responses [100]. Specific FOB recognition of microbial
protein bound to its cell surface B cell receptor (BCR) results in migration to the lymph
nodes. The microbial protein is internalised, processed and peptides derived from it are
presented via the Major Histocompatibility Complex class II (MHC II) molecule to

cognate CD4* T-cells within lymph nodes previously primed by the same peptides
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presented by dendritic cells. This interaction promotes the generation of antibody-

secreting plasma cells in 2 ways.

Firstly, short-lived plasma cells with a half-life of 3-5 days are produced by the so-
called ‘extra-follicular’ pathway, secreting germline encoded specific IgM [101, 102].
These rapidly formed extrafollicular plasma cells may play a role in early immunity to
meningococci. Secondly, a slower ‘follicular’ pathway results in the formation of a
histologically discrete structure, the germinal centre (GC), where intense B cell
proliferation occurs. Here, under the influence of the enzyme activation-induced cytidine
deaminase (AID), the FOB undergo somatic hypermutation of their antibody variable
domains, which increases the affinity of the BCR to antigen, and class switching from IgM
to IgG, IgA or IgE, which extends the breadth of antibody effector mechanisms available
to clear the infection. Affinity-matured, isotype-switched B-cells differentiate into
switched memory B-cells which provide long-term immune protection or long-lived PCs
that migrate to the bone marrow and secrete antibody [100]. The mechanism for
committing to a follicular or extra-follicular pathway is thought to depend on B
lymphocyte induced maturational protein 1 (Blimp-1). Blimp-1 inhibits the transcription
of the PAX5 gene family important in germinal centre formation, and Blimp-1 expression

is upregulated in extrafollicular plasma cells [103].
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Figure 9 Organisation of the lymphoid tissue of a) the spleen and b) a peripheral lymph node. Reproduced with permission from Adapted from

Immunobiology, Garland Press [84]. .
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In both the spleen and peripheral lymph nodes, B and T cell areas are largely segregated. In the unstimulated state, B cells aggregate in primary
follicles composed of resting B cells within a meshwork of follicular dendritic cells. After antigenic challenge, they form secondary follicles which
consist of a germinal centre consisting of rapidly proliferating B cells with a few associated T helper cells. The germinal centre is surrounded by a

corona of marginal zone B cells.
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1.4.7. Marginal zone B cells are innate-like cells with a prediversified antibody
repertoire

Marginal zone B-cells (MZB) reside within the splenic marginal sinus. Unlike mouse
MZB, which remain in the spleen, human MZB recirculate and correspond to the ‘IgM
memory subset observed in peripheral blood [104]. They proliferate faster and at lower
antigen concentrations than FOB, and rapidly differentiate into extra-follicular plasma
cells within 3 days of antigen exposure [105]. MZB respond predominantly to T-cell-
independent type II (TI-2) antigens such as bacterial capsular polysaccharides [106].
Together with their anatomical localisation near the highly vascular red pulp of the spleen,
these observations suggest that they are important in the early part of the immune

response to blood borne encapsulated pathogens, such as meningococci [107].

MZBs produce somatically hypermutated IgM antibodies [108]. Interestingly,
although MZB have similar usage patterns of V,D and J genes to switched memory cells,
they show considerably less hypermutation and distinct patterns of junctional diversity
generation [109, 110]. This hypermutation occurs in individuals with ‘Hyper-IgM’
syndrome, who lack CD40 or CD40L mediated T cell co-signalling mechanisms, but not in
individuals with deficiencies in AID [104, 111]. These observations suggest that T cell help
is not required for MZB development, and that hypermutation occurs under the influence

of AID in an extra-follicular process.

The diversification of the MZB antibody repertoire resultant from hypermutation
exists even in infants as young as 8 months of age, implying it occurs before exposure to
antigen, though when this occurs in B cell ontogeny is unclear [112]. However, responses
to encapsulated bacteria which present TI antigens are impaired under the age of 2 years.
This may be explained by histological studies that show the absence of a splenic marginal
zone under the age of 8 months and a poorly disorganised marginal zone from the ages of

8 months to 2 years of age [113]. As the spleen is essential for the survival of MZBs [114],
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this relative functional immaturity of infant splenic marginal zones may partly explain the

relative susceptibility of infants to invasive meningococcal disease.

Despite their ability to differentiate quickly into antibody secreting cells without the
requirement for T-cell help, MZB have a complex relationship with T cells. Murine
experiments suggest that MZB’s are capable of responding to TD type antigens [115] and
may in fact be involved in both the activation and suppression of CD4 and CD8 T cells in

infection [116].

1.4.8. B1 cells respond to Tl antigens

B1 cells are innate-like B cells that are localised to the peritoneal and pleural cavities
and respond to T independent antigens[117]. Much of what is known about B1 cells is
based on rodent data. Murine B1 cells are identified by the surface expression phenotype

IgMbi CD23le CD21! and are further classified into Bia (CD5+) and B1b (CD5-) cells[117].

B1a cells constitutively produce ‘natural IgM’ - broadly specific circulating antibody
that binds to PAMPs such as LOS and phosphorylcholine in the absence of antigenic
stimulation[118]. Natural IgM also activates complement by the classical pathway and
may promote phagocytosis of encapsulated organisms by initiating the deposition of the
opsonin C3b [119]. Bia cells are relatively short-lived and are self-renewing [120]. It has
been suggested that by virtue of their abilities to differentiate quickly into plasma cells on
recognising conserved pathogenic motifs, Bia and MZB act in concert in early responses

to encapsulated bacteria. [107]

Unlike Bia cells, B1b cells produce IgM in response to antigen specific stimulation and

can be long-lived [121, 122]. Further, vaccination with specific antigen is protective against
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subsequent bacterial challenge in CD 19-/- mice (who have B1b cells, but not FOB, MZB or
B1a cells). This is reminiscent of a ‘memory’ type response, classically thought to involve T
cells. Bib may also undergo limited class-switching, largely to secrete IgA and sequencing
of the Bib Vy genes indicate that they undergo a process of somatic hypermutation [123].
As Bi1b cells are excluded from the GC pathway by virtue of their anatomical localisation,
this may involve the generation of a pre-diversified antibody repertoire in a similar

mechanisms to MZBs.

Thus Bia and Bib cells appear to have distinct functional characteristics, with the
former representing a more non-specific innate-type response whereas the latter provide a
more adaptive-type response with antigen specificity and ‘memory’. A recent study which
demonstrates the ability of murine B1 cells to phagocytose bacteria and present antigen to
T cells confirms their role in linking the innate and adaptive arms of the immune

response [124].

Identification of a human Bi1 population has been difficult as the marker CD5 is
present on may populations of human lymphocytes. Griffin et al. recently identified a B1-
like population in human umbilical cord blood and in peripheral blood that expresses the
surface markers CD20+CD27+CD43+CD70- with some characteristics of mouse B1 cells
including spontaneous IgM secretion [125, 126]. However, isolating this population is
technically challenging and prone to error, suggesting that the functional correlation of

these cells with murine B1 cells remains to be ascertained [127].

1.4.9. Memory B cells mediate anamnestic antibody responses to antigen

Immunological memory refers to the rapid, higher affinity specific response on

secondary encounter with antigen and is a hallmark of the adaptive immune system.
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Vaccination aims to establish immune memory to reduce the risk of subsequent infection.
Memory B cells, are classically described as products of FOB activation by TD antigens in
a germinal centre response, with surface the surface phenotype CD27+IgD- the latter
suggesting that they have class-switched (‘switched memory’ B cells). However, circulating
CD27+IgM+ or ‘IgM memory’ B cells (Section 1.4.7) have also been described, and the role
played by these cells in long-term immune protection is unclear. It had been proposed
that CD27+ IgM+ cells are not true memory cells as they derive from extra-follicular
responses and exhibit limited repertoire pre-diversification [100]. In addition, CDR3
spectratyping [112] and high throughput analysis of the variable domain gene usage [128]
suggest that CD27+IgM+ and CD27+IgM- memory B cells evolve through different BCR
selection mechanisms. However, antigen specific CD27+IgM+ cells can persist in mice for
up to 1 year after vaccination, exhibit clonal expansions suggestive of antigenic selection
and are associated with germinal centres[129, 130]. Taken together, these findings
suggest that there is considerable heterogeneity and overlap in function between the

CD27+IgM+ and CD27+IgM- memory populations.

Several mechanisms underlie the rapid kinetics of the memory B cell response. Firstly,
the frequency of antigen specific memory B cells as a population that by definition has
undergone expansion, is greater than that of naive B cells [100]. Secondly, memory B
cells are strategically located in areas of frequent antigen encounter, such as the spleen,
unlike naive B cells which are located in lymph node primary follicles [131]. Thirdly, the
somatic hypermutation and associated increase in BCR affinity of memory B cells means
they bind antigen more efficiently. Finally, Memory B cells upregulate the expression of
co-stimulatory molecules such as B7/CD80 and thus respond to proliferation signally via

the BCR more rapidly [132, 133].

Page 54



B cell responses to conjugate and polysaccharide meningococcal vaccines

Memory B cells peak in the peripheral blood 28 days after a primary antigenic
stimulus [134]. Once induced, memory B cells can persist for decades. For example,
Vaccinia virus -specific memory B cells have been found in humans at low levels up to 50
years after immunisation against smallpox [135]. The mechanisms for the longevity of the
memory B cell response remain unclear. Memory B cells in humans spontaneously turn
over more rapidly than naive B cells, so long term immunity may be due to a self-renewing
population of antigen specific cells [136]. Experiments in CD4+ depleted mice suggest that
though T helper cells are important in the initial germinal centre reaction that generates
memory B cells, they are not required for their long term turnover [137]. In addition, in
vivo BCR specificity switching experiments demonstrate that the persistence of specific
antigen 1is not required for memory B cell proliferation [138]. However, it has been
suggested that basal proliferation of memory B cells may be due to polyclonal activation

by microbial PAMPs which are recognised by TLRs [139].

1.4.10. Plasma cells continuously secrete protective antibody

Plasma cells are terminally differentiated B cells which produce antibody in the
absence of further antigenic stimulation. Antigen specific B cells differentiate into plasma
cells following an encounter with antigen, which subsequently emigrate from the lymph

nodes to the bone marrow 6-7 days afterwards [134, 140].

Given the rapid progression from acquisition of a virulent strain of meningococcus to
invasion, persistent antibody is critical in protection from disease. As the half-life of free
antibody is less than 3 weeks [141], persistent antibody must be due to continuous
secretion by plasma cells. As plasma cells themselves are unable to proliferate, long
lasting antibody may be produced by memory B cells which constantly differentiate into

plasma cells or alternatively, by long-lived plasma cells.
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Radioactive-thymidine incorporation experiments in mice confirm the existence of 2
distinct populations of plasma cells — a short-lived population with a lifespan of 3-5 days
located predominantly in the lymph nodes and spleen and a longer-lived population
restricted to the bone marrow [101]. It has been suggested that short-lived plasma cells
arise from low-affinity, TT antigen mediated extra-follicular responses and that long-lived
plasma cells arise from TD antigen mediated, germinal centre responses [142, 143].
Intriguingly, a recently published study showed that T deficient mice were indeed able to
generate long-lived IgM plasma cells against LPS, a TI antigen, suggesting that a
component of this immunity may be germinal centre independent [144]. This finding may
explain previous observations of ‘memory’ type responses following immunisation of T

deficient mice with TI Borrelia antigens [122].

Long-lived plasma cells have been show to survive in mice for up to 1 year [145, 146].
The mechanisms underlying the longevity of post-follicular plasma cells are unclear,
although plasma cells require interactions with bone marrow stromal cells for their long-
term survival [147]. As infant bone marrow stromal cells lack the signalling mechanisms
required for promoting plasma cell survival, this may explain the poor persistence of
antibody in this age group [148]. Single cell sequencing of bone marrow plasma cells
confirms somatic hypermutation of their variable domain, indicating they have proceeded
through the germinal centre and undergone affinity maturation [149]. Thus on the basis
of a GC phase in development, of their extended life span and of the continued production
of high-affinity antibody for protracted periods of time well after antigen clearance, long-

lived plasma cells may be considered a part of the memory B cell compartment.

Evidence for the existence of long lived bone marrow plasma cells in humans is
indirectly demonstrated using rituximab, an anti-CD20 monoclonal antibody which

selectively depletes mature and naive B cells but not plasma cells, which lose the surface
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expression of CD20 during differentiation. Therapeutic rituximab induced B cell depletion
in the treatment of rheumatoid arthritis results in an initial fall in anti=tetanus toxoid
and pneumococcal polysaccharide specific antibodies which then plateaus, in some cases
at protective levels, until B cell recovery up to 33 months later [150]. This suggests the
constant production of antibody by CD20 negative plasma cells. Ex vivo tissue culture
models of human tonsils and small intestine mucosal biopsies also show evidence for a
non-proliferating population of cells which constitutively secrete antibody for up to 4

weeks in the absence of antigenic stimulation [151, 152]

1.4.11. T cells and meningococcal disease

The role of T cells in meningococcal disease remains to be fully elucidated. Cytokine
release assays demonstrate that peripheral blood mononuclear cells (PBMCs), of children
convalescing from meningitis respond to meningococcal OMPs [153]. The authors of this
study suggest that balance of Th-1 and Th-2 immunity mediated by these T cells may play
a role in the susceptibility to or severity of disease. Older children make a more Th-2 type
response, whilst younger children make a more Th-1 type response. However, a more
recent study in young adults suggests that carriage alone does not skew the Th-1/Th-2
response profile in circulating T cells [154]. Carriage also stimulates mucosal T cells.
Tonsillar T cells of both naive and memory phenotype proliferate in response to
meningococcal OMPs [155], even though responses did not correlate with protective SBA

titres.

1.5.Meningococcal vaccines

1.5.1. The first meningococcal vaccines were based on capsular
polysaccharide

Dochez and Avery first identified a ‘soluble substance’ in clinical specimens from

patients with invasive disease caused by another encapsulated bacterium that can cause
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meningitis, Streptococcus pneumoniae, in 1917 [156]. This was subsequently
characterised as a polysaccharide [157] and found to be type specific. The recognition that
anti-polysaccharide immune responses were associated with bactericidal activity
underpinned the development of capsular polysaccharide based vaccines. The first trial of
a pneumococcal polysaccharide vaccine was conducted in over 8,000 army recruits by
MacLeod et al. in 1945. This demonstrated type-specific protection from lobar pneumonia
with purified pneumococcal capsular polysaccharide as well as reduced nasopharyngeal

carriage of the pneumococcus [158].

Following on from this, Kabat et al. immunised humans with purified meningococcal
capsular polysaccharide, but this was not found to be immunogenic [159], probably due to
the low molecular weight of the polysaccharide used (<50 kDa). In the late 1960’s
Gotschlich et al. purified high molecular weight (>100 kDa), serogroup A and C capsular
polysaccharides [160] and demonstrated their immunogenicity in adult volunteers [161].
The MenC polysaccharide was subsequently used as a vaccine in two pivotal efficacy trials
involving nearly 30,000 American army recruits vaccines, which demonstrated an overall
protective efficacy of 90% over a 8 week period [162, 163]. A similar efficacy was provided
by the MenA polysaccharide in over 16,000 Finnish army recruits over a period of 9
months, during a regional epidemic of serogroup A meningitis [164]. Since these early
studies, other monovalent and combination polysaccharide vaccines have been developed.
In the United Kingdom (UK), the only licensed meningococcal polysaccharide vaccine is
the quadrivalent MenACWY-PS (ACWYVax®, Glaxo-Smith-Kline) which contains 50 pg

of each of the capsular polysaccharides of serogroups A, C, W and Y [165].

Page 58



B cell responses to conjugate and polysaccharide meningococcal vaccines

1.5.2. Polysaccharide meningococcal vaccines offer limited immune
protection

A single dose of a meningococcal polysaccharide vaccine may provide bactericidal
antibodies for up to 10 years [166], although the Department of Health guidelines
recommend re-vaccination at 5 yearly intervals for those at on-going risk of
meningococcal disease [165]. Dellicour and Greenwood performed a meta-analysis of 25
studies which examined the effect of polysaccharide vaccines on nasopharyngeal carriage
[167]. They concluded that while polysaccharide vaccines may effect a short-term
reduction in carriage in populations with high colonisation rates such as military recruits,
little effect was seen on civilian populations with lower natural rates of meningococcal

carriage [162, 164].

Capsular polysaccharide meningococcal vaccines are TI-2 antigens (Table 5),
consisting of repetitive saccharide units which cross-link B cell surface antigen receptors.
Thus due to the absence of T cell help during a polysaccharide vaccine response, memory
B cell are not generated and affinity maturation does not occur. This explains the brevity
of protection afforded by polysaccharide vaccines and the lower affinity of antibody
produced [168]. TI responses are classically thought to mediated by marginal zone B cells
[106], and the relative immaturity of the splenic marginal zone under the age of 2 years,

explains the poor efficacy of most polysaccharide vaccines in this age group[104].

1.5.3. Polysaccharide vaccines can cause hyporesponsiveness

Vaccine-induced hyporesponsiveness is the inability to mount a booster response of at
least the same magnitude as that produced to the priming dose. Previous vaccination with
meningococcal polysaccharide vaccine has been shown to impair antibody responses to
subsequent meningococcal polysaccharide [169, 170] or conjugate vaccines [171]. One

theory to explain this is that plain polysaccharide vaccines drive antigen specific B cells to
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terminally differentiate into plasma cells, without replenishment of the memory B cell
pool, thus leaving few antigen specific cells available to respond to subsequent antigenic
challenge [168]. Plain polysaccharide vaccine-induced hyporesponsiveness is considered

further detail in Chapter 5.

1.5.4. Serogroup A capsular polysaccharide has unusual immunological
properties

As shown in Table 1, serogroup A meningococcal capsules differ from those of
serogroups B, C, W and Y, and are composed of N-acetyl mannosamine phosphate. Plain
serogroup A polysaccharide vaccines show unexpected immunogenicity in young
infants[172, 173]. In addition some studies suggest that MenA polysaccharide vaccine may
not cause hyporesponsiveness as has been observed for MenC polysaccharide [169, 174].
These results suggest that perhaps due to its chemical structure, group A polysaccharide
may not be handled by the immune system as a classic TI antigen. This is discussed

further in Chapter 5.

1.5.5. Serogroup B capsular polysaccharide is poorly immunogenic

Since the successful introduction of a serogroup C conjugate vaccination campaign in
1999, most invasive disease in the UK is caused by serogroup B [31]. However, capsular
polysaccharide from serogroup B in not immunogenic in humans [175]. This is thought to
be due to structural similarities between the serogroup B polysaccharide and human
neural cell adhesion molecules, resulting in immunological tolerance to the capsular
polysaccharide [176]. Experimental serogroup B vaccines have therefore focussed on
subcapsular antigens such as the OMPs, and a variety of different approaches have been
attempted to formulate an effective vaccine [Reviewed 11]. However, there is as yet no

licensed serogroup B vaccine.
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1.5.6. Conjugate vaccines consist of capsular polysaccharide covalently
linked to a protein carrier molecule

Avery and Goebel first demonstrated that pneumococcal polysaccharide elicits greater
immune responses in rabbits if covalently linked to a horse globulin protein than if
administered in its pure form [177]. The covalent linkage of capsular polysaccharide to a
protein carrier molecule, such as tetanus or diphtheria toxoid, creates a conjugate vaccine.
Conjugate vaccines have been developed for use against several encapsulated organisms

including H. influenzae and S. pneumonia.

Conjugate serogroup C meningococcal vaccines were first used in the UK in 1999 as
part of a nationwide vaccination campaign [178] and have been shown to be immunogenic
from infancy through to adulthood [179-181]. Conjugate vaccination is highly effective
over the first year post vaccination (efficacy 88-96%) [182] and to produce herd immunity
[183]. This latter observation may largely be due to the reduction in nasopharyngeal
acquisition subsequent to conjugate vaccination [167]. The mechanisms for reduced
carriage remain to be elucidated. Both polysaccharide and conjugate vaccines induce
mucosal IgA and IgG responses [95, 184], but evidence suggests that these responses are

more short-lived after polysaccharide vaccination [94].

A conjugate quadrivalent ACWY meningococcal vaccine using a diphtheria toxoid
carrier was first licensed for use in the USA in 2005. Two further quadrivalent vaccines
using either CRM197, a mutant Corynebacterium diphtheriae toxoid carrier, or a tetanus
toxoid carrier have since been licensed. The observed differences in immunogenicity
between these conjugate vaccines [185, 186] may reflect differences in saccharide chain

length [187] or the relative immunogenicity of the carrier proteins themselves [188].
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1.5.7. The recruitment of T cells underlies the superior immunogenicity
of conjugate vaccines

Conjugate vaccines act as TD antigens. Thus the polysaccharide moiety cross-links
polysaccharide-specific B cell surface receptors prompting internalisation and processing
of the whole conjugate molecule. Carrier-derived peptides are then presented on MHC
class II to carrier-peptide specific CD4+ T helper cells, allowing cognate B-T interaction as
shown in Figure 10. The T cell mediated follicular immune response allows the generation
of memory cells to conjugate vaccines , even in young infants [189]. In theory, the
establishment of a memory B cell pool allows a rapid response to subsequent infection,
even in those in whom the levels of circulating antibody have waned after an initial

immunisation.

Figure 10 B cell responses to polysaccharide and conjugate vaccines
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This generation of memory B cells underlies the ability of conjugate vaccines to ‘prime’
for potentiated antibody responses on subsequent exposure to antigen, as measured by
SBA or enzyme linked immunosorbant assay (ELISA). This has been well documented for
meningococcal conjugate vaccines in infants [174, 190] and toddlers [179]. However,
whether conjugate vaccines can prime for immune memory in adults on the basis of
antibody tires is unclear. Granoff et al. showed that adults vaccinated with a MenC
conjugate vaccine mounted protective SBA responses when challenged with a
polysaccharide vaccine 4 years later [191]. A subsequent study by Lakshman et al
compared the SBA responses to a bivalent MenAC conjugate vaccine in vaccine naive
individuals or in individuals primed with the same vaccine 1 year previously [192]. In this
study, the SBA responses after a single dose of conjugate were similar to those after a
second dose of conjugate, which is not suggestive of a memory response. Although these
two studies are not directly comparable due to differences in antigenic content between
the two conjugate vaccines used, in adults, alternative strategies to determine qualitative

differences in antibody responses to polysaccharides and conjugates may be required.

1.5.8. Qualitative differences between polysaccharide and conjugate
induced antibody

Antibody avidity, the strength with which multivalent antibody binds to antigen,
increases over the course of an immune response due to somatic hypermutation of the
variable domains, a process termed affinity maturation. As discussed in sections 1.4.6-8,
although affinity maturation is classically thought to occur in TD immune responses, it
may also occur to a limited extent in TI responses. Avidity is quantified experimentally by
measuring the amount of a chaotrope required to disrupt antibody binding to antigen,
generating an ‘avidity index’. As memory responses are characterised by high avidity

antibody, avidity indices have been used as a surrogate marker for priming [193, 194].
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In infants, evidence suggests that avidity indices increase after conjugate, but not
polysaccharide MenAC vaccination [190]. Furthermore, avidity continues to increase over
a period of up to 6 months [190, 195]. In adults, the superiority of conjugate over
polysaccharide is less certain. Goldblatt et al. showed that MenC avidity indices 1 month
after MenAC polysaccharide vaccination are relatively high and similar to those 1 month
after a MenC conjugate vaccination [196]. In contrast, Harris et al. showed that MenC
avidity indices were higher 1 month after using a MenAC conjugate than 1 month after a
MenAC polysaccharide[197]. Furthermore, the authors showed that post-conjugate serum
conferred greater bactericidal activity in a rat intraperitoneal meningococcal challenge
model compared to post-polysaccharide serum, suggesting differences in the functional
activity of antibody induced by each type of vaccine. A confounding factor in interpreting
the differences between these studies is the conjugate vaccine used. Both studies used the
same polysaccharide comparator, but the Harris study used a MenAC-diphtheria toxoid
conjugate vaccine with a lower MenC polysaccharide content than the MenC-CRM

conjugate used by the Goldblatt group.

An alternative method of looking at qualitative differences in immune responses to
polysaccharide and conjugate vaccines is to examine the DNA sequence encoding the Vy
domain of antibody produced after vaccination. Baxendale et al. established
pneumococcal antibody secreting hybridomas 7 days after vaccination with either a
pneumococcal conjugate or polysaccharide vaccine and sequenced the Vydomain of these
cells [198]. The authors showed that both polysaccharide and conjugate vaccine-induced
antibody showed features of a memory response being isotype switched and
hypermutated. These findings are consistent with a study by Hougs et al., who showed
that in a vaccine naive individual, a Haemophilus influenzae b (Hib) conjugate vaccine
induced a clonally selected B cell response at 7 days with somatically mutated Vi domains.

Taken together, these findings suggest that both polysaccharide and conjugate vaccines
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may in fact stimulate memory B cells formed by natural priming in adults, as a result of

prior nasopharyngeal carriage.

1.6.The generation of antibody diversity

Much of the information on the clonality and affinity of the antibody response to
conjugate or polysaccharide vaccines derives from studies of Hib vaccines and there are
few data on the molecular basis of antibody responses to meningococcal vaccines. The
remainder of this chapter describes the mechanisms responsible for generating the
diversity of the antibody response and suggests novel methods for elucidating differences

in the quality of antibody produced by polysaccharide and conjugate vaccines.

1.6.1. Four mechanisms underpin antibody diversity

The human humoral response is anticipatory; potential specific antibody exists prior
to contact with the extensive collection of antigen encountered over the lifetime of an
individual. The basis for this diverse repertoire is the multiple gene segments comprising
the variable region of the antibody molecule, different combinations of which can be used
in rearrangement events, mediated by the enzymes RAG-1 and RAG-2 [199]. The heavy
chain locus on chromosome 14 (Figure 11) contains approximately 40 variable (V)
segments, 23 diversity (D) segments and 6 junctional (J) segments [200]. The k and A
light chain loci (on chromosomes 22 and 2 respectively) both contain approximately 50 V
segments and 4 or 5 J segments [201, 202]. The potential for each V, D and J of the heavy
chain locus or each V and J segment of the light chain loci to combine to create a unique

variable domain introduces combinatorial diversity to the repertoire. The nucleotide

Page 65



B cell responses to conjugate and polysaccharide meningococcal vaccines

sequences of each of these gene segments and corresponding alleles is uniquely numbered
and recorded at the International ImMunoGeneTics Information System® (IMGT®,

), the reference database for immunogenetics.

Figure 11 Representation of the human heavy chain locus, indicating the multiplicity of
functional gene segments. V segments in green, D segments in dark blue, J segments in yellow
and regulatory elements in light blue. Reproduced from IMGT®, the international
ImMunoGeneTics information system® (founder and director: Marie-

Paule Lefranc, Montpellier, France)
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During rearrangement, further nucleotides not encoded by the gene segments may be
added to (‘n nucleotides’) the junction of the gene segments by the enzyme terminal
deoxynucleotidyl transferase (TdT). In addition, unequal nicking of DNA hairpins formed
at the joining ends of rearranged V, D and J segments yield further short additional
palindromic nucleotides, termed ‘p nucleotides’. Nucleotides can also be deleted from
gene segment junctions by exonucleases. Together, these sequence modifications result in
termed junctional diversity. As the total number of nucleotides added to a junction is
variable, it can disrupt the reading frame of the coding sequence beyond the joint. This
leads to a non-productive rearrangement which cannot generate functional
immunoglobulin, thus arresting further development of the B cell. Thus diversity is

achieved at the expense of B cell loss.

Each unique heavy chain can potentially associate with either a x or a A chain, with
many different possible combinations of heavy and light chain pairing. This combinatorial
association introduces further diversity to the repertoire. These four mechanisms create a
potential repertoire of up to 103 antibody molecules as summarised in Table 6.
Furthermore, during maturation of the antibody response, somatic hypermutation of the
variable region occurs during B cell proliferation in the germinal centres, introducing
point mutations into the coding sequence. This underlies the increase in antibody affinity

in secondary responses to antigen.
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Table 6 Diversity in immunoglobulin genes. Adapted from Immunobiology, Garland

Science.
Light chain
Diversity element Heayy e
chain K A
Variable segments (V) 38-46 34-38 29-33
Multiplicity of Diversity segments (D) 23 0 0
segments
Joining segments (J) 6 5 4
Comp mafor;al Unique VDJ combinations 6000 200 120
diversity
Joints with nand p
Junctional nucleotides, exonuclease 2 0
diversity trimming
Junctional diversity ~3x 10’
Combm.at?rral Number of V gene pairs 1.9 x10°
association
Total repertoire ~5 x 10" unique antibody molecules

It is unclear what fraction of the potential antibody repertoire is expressed at any one
time in individuals or in response to specific antigenic stimuli. Up to 1 billion B cells are
present in any given individual, with a daily turnover of around 10 million B cells. Thus
not every potential unique antibody molecule can be used at any one time. Conventional
estimates of the extent of the functional B cell repertoire have involved analysis of cDNA
libraries [203] or Ig genes expressed in small samples such as lymphoblastic cell lines
[198] or single sorted B cells [204]. These techniques are limited in their scope by the
capacity of traditional chain-termination sequencing methods and able only to evaluate a
fraction of the potential breadth of the repertoire. In particular, they lack the sensitivity to

identify smaller populations of B cells and less frequent VDJ recombinations.
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1.6.2. Complementarity determining regions (CDR) of antibody molecules
exhibit the greatest sequence diversity

Within the variable domain of the heavy chain, there are 3 regions of particularly high
sequence variation, termed the complementarity determining regions (CDR), which
encode the amino acid loops that interact with the antigen at the antigen binding site, and
are particularly susceptible to somatic hypermutation [205]. In between these regions are
more conserved regions, termed the framework regions (FR) which encode structural
components of the variable domain. The nucleotide sequences for CDR1 and CDR2 are
located within the coding section of the V gene. However, CDR3 sequence spans the V-D
joint to the D-J joint with their associated junctional diversity mechanisms discussed in
Section 1.6. As it is composed of several components, this is therefore the most variable
part of the Vi gene and the most closely studied in relation to antigen specificity and

somatic hypermutation.

The stereochemical antigen-binding properties of the CDR3 amino acid loop are thus
determined by nucleotide sequence and length. The lengths of the CDR1 and CDR2
sequences, however, are relatively constant, lacking the scope for addition or deletion of
extra nucleotides, thus nucleotide sequence alone defines the antigen binding. B cells
appear to select for short CDR3 lengths during the course of an immune response.
Antibodies comprising VDJ sequences that have undergone somatic hypermutation have
shorter CDR3 lengths than unmutated antibodies [206]. Antigen-experienced B cell
populations also have shorter CDR3 lengths than naive populations [128, 207]. This may
be due to selective use of shorter Ju gene segments [208], but may also be due to
differential TdT and exonuclease activity [206]. It has been suggested that long CDR3

amino acid loops fill the antigen binding pocket, limiting the access of epitopes to CDR1
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and 2 loops. Thus, short CDR3 nucleotide sequences that encode small CDR3 amino acid
loops, creating a binding pocket which allows antigen access to CDR1 and CDR2. In
addition, it has been observed that antigen experienced B cells tend to have a more

hydrophilic amino acids loops [128, 207] . The significance of this is unclear.

1.7.‘Next generation’ sequencing technologies

The development of ‘next-generation’ sequencing technology as part of the drive
towards more accessible whole genome sequencing, presents a powerful tool to perform
large scale DNA sequencing much faster and at lower cost than traditional Sanger
sequencing [209]. Several platforms exist with the capability to sequence the great depth
required to investigate the potential diversity encoded by the variable domains, each of
which utilise different sequencing technologies and yield different numbers and lengths of
sequenced reads. Of these, the Applied Biosystems SoLiD system generates up to 10
million 100 base pair (bp) reads which are too short to span the potentially 400bp length
of the recombined VDJ sequence. Illumina technology generates up to 15 million
individual 200bp paired end reads, which has been used to sequence the variable CDR3
region in depth[210]. However, the Roche 454 platform can generates up to 1 million
reads of 450 bp in a single sequencing run and is therefore best suited to interrogate the

whole of the recombined VDJ gene.

1.7.1. 454 Library preparation
The DNA target used in 454 sequencing may be a short sequence generated by PCR

(amplicon sequencing) or by fragmentation of a much longer sequence, for example
during whole genome sequencing (shotgun sequencing). The 454 system relies on the

attachment of ‘A’ and ‘B’ sequencing adaptors to either end of the DNA sequence of
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interest, either by incorporation using modified primers during PCR, or by ligation to
create a sequencing library [211]. If the adaptors are added by ligation, the target DNA is
first Klenow filled to yield a blunt end, and then the 3’ strand is adenylated or ‘A-tailed’.
The B adaptor has a thymidine overhang, thus ensuring that the adaptors bind correctly at
each end as shown in Figure 12. This also reduces the possibility of 2 adaptors binding to
each other. The adaptors have a fluorescence activated molecule (FAM), which allows
quantification of the library against a standard fluorescent curve. A unique 10 bp
multiplex identifier (MID) sequence may also be attached to a single library during the
adaptor ligation step, which allows up to 12 libraries to be sequenced in the same pool for
maximum efficiency. The library is also checked for quality using an electropherogram on
an Agilent Bioanalyser. Once the library is quantified by PCR, a working dilution

containing 2 x 107 molecules of DNA/uL is created for the next step of emulsion PCR.

Figure 12 Double stranded PCR amplicons of the Va domain are blunt end ligated to 454
sequencing adaptors A & B. A single stranded library containing A and B adaptors at either end

is generated for subsequent emulsion PCR.

End repair and A
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constant domain, FAM- fluorescence activated marker
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1.7.2. Emulsion PCR
The prepared library is then denatured to yield single stranded DNA, each of which

have a single A and B adaptor at each end [212]. This is added to a suspension of
microbeads, titrated such that a single strand of DNA binds to a single microbead, the
association mediated by the A adaptor. The microbeads are placed in an oil-in-water
emulsion, with a single microbead suspended in a single droplet containing all the
reagents required for PCR. Within this droplet, multiple rounds of PCR occur using the B
primer for initiation, such that each microbead eventually has several million identical
copies of the target sequence linked to it. The emulsion is broken and the amplified DNA
is denatured yielding microbeads with clonally amplified single strands ready for

pyrosequencing.

1.7.3. Pyrosequencing

The microbeads are individually placed in the wells of a microreactor plate and covered
with smaller spheres that contain the enzymes required for pyrophosphate sequencing
[213]. Successive washes of nucleotides are passed over the plate — incorporation of a
nucleotide is manifested by the generation of inorganic pyrophosphate and the emission
of photons, which is detected by a light sensing diode. Reads are expressed in FASTA file

format for bioinformatics analysis.
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Figure 13 An overview of 454 sequencing. Reproduced from www.roche-applied-science.com.

A) Single strand library B) Microbead pre amplification C) Clonal amplification D) Pyrosequencing
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A) A library of single stranded amplicons is generated with an A
and B adaptor ligated at either end. B) A single amplicon attached
to a microbead via the A adaptor and is placed in an oil-in-water
emulsion. C) Clonal amplification of the amplicon sequence
occurs. D) Beads with the attached clonally amplified sequences
are placed in individual wells of a microtitre plate and
pyrosequenced.
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1.8.Aims and objectives of the thesis

This thesis aims to detail the B cell and antibody responses to quadrivalent

meningococcal vaccines through the following objectives:

-  To compare the immunogenicity of conjugate and polysaccharide quadrivalent
meningococcal vaccines;

- To characterise the antigen specific memory B cell and plasma cell responses
following immunisation with conjugate or polysaccharide quadrivalent
meningococcal vaccines;

- To examine the phenomenon of polysaccharide vaccine induced
hyporesponsiveness;

- To investigate whether serogroup A polysaccharide acts as a T-dependent antigen;

- To develop techniques for isolating RNA and amplifying variable domain gene
sequences from small populations of antigen-specific B cells and distinct B cell
subsets;

- To use novel ‘next generation’ sequencing techniques to describe the antibody

repertoire before and after vaccination.
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Chapter 2 - General Methods

2.1.Buffers

2.1.1. Phosphate Buffered Saline (PBS)
Five phosphate buffered saline (PBS) tablets (Sigma-Aldrich, Dorset, UK; P4417) were

dissolved in 1000 ml sterile, pyrogen free water. The pH was adjusted to 7.2 with 10 M
sodium hydroxide (NaOH; Sigma-Aldrich; S5881)/50% hydrochloric acid (HCl; Sigma-
Aldrich; S814-8). The solution was autoclaved and kept for up to 6 months at room

temperature.

2.1.2. PBS + 0.25% Tween /Elispot wash
Two point five millilitres of Tween detergent (Sigma-Aldrich; P1754) was added to 11

of PBS. The solution was kept for up to 6 months at room temperature.

2.1.3. PBS + 2ZmM Ethylenediamine tetra-acetic acid (EDTA ) /PBS-EDTA/
rinse buffer

Five PBS tablets and 0.744 mg of Ethylenediamine tetra-acetic acid disodium salt
(EDTA; ICN Biochemicals, Aurora, USA; 195173) were dissolved in 1000 ml sterile,
pyrogen free water. The pH was adjusted to 7.2 with 10 M NaOH/50% HCI. The solution

was autoclaved and kept for up to 6 months at room temperature.

2.1.4. PBS-EDTA + 0.5% new born bovine serum (NBBS) /running buffer
Five millilitres of new born bovine serum (NBBS, Sigma-Aldrich; N4637) was added to

PBS-EDTA and stored at 4°C for up to 6 months.
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2.1.5. RPMI + l-glutamine + penicillin + streptomycin/R0/complete
medium

To 500 ml RPMI-1640 with phenol red indicator and 25mM hepes modification
(Sigma-Adrich; R5886) was added 5 ml L-glutamine at 2mM (Sigma-Aldrich; G7513) and
5 ml of penicillin-streptomycin solution containing 50 U/ml and 0.05 g/ml of each

respectively (Sigma-Aldrich; P4458). The medium was stored at 4°C.

2.1.6. RO + 5% NBBS/ R10
Fifty millilitres of heat inactivated NBBS was added to 450 ml Ro. The medium was

stored at 4°C.

2.1.7. Tris-acetate-EDTA/TAE

A stock solution of 50x TAE buffer was prepared consisting of 242.2g Tris Base
(Sigma-Aldrich; T1503) and 37.2 g EDTA disodium salt, titrated to pH 8.0 with glacial
acetic acid (BDH, Lutterworth, UK; 100001CU), made up to 1 L with distilled water and
stored at room temperature for up to 6 months. When required, 50 mL of stock solution

was diluted with 450 mL distilled water to make a 1x TAE solution.

2.2.Reagents

2.2.1. 70% v/v Ethanol
300 mL of distilled water was added to 700 mL 100% ethanol (Sigma-Aldrich; E7023)

and stored at room temperature.

2.2.2. 10 mM Deoxyribonucleotide triphosphates/dNTP mix
20 pL each of 100 mM deoxyadenosine triphosphate, deoxycytidine triphosphate,

deoxyguanosine triphosphate and deoxythymidine triphosphate (all Qiagen, Paisley, UK;

201900) were added to 160 pL distilled water and stored at -20 °C.
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2.2.3. Antibodies for flow cytometry

Table 7 Fluorescent labelled monoclonal antibodies used in flow cytometry

Volume added to 200puL

Antibody & flurochrome .
cell suspension

Cytometer channel

CD27-FITC 12 FL1
CD5-PE 4 FL2
CD38-PE 1 FL2
lgM-PECy5 1 FL3
CD19-PECy5 1 FL3
CD19-APC 2 FL4
CD20-APC 3 FL4

FITC = fluorescein isothiocyanate, PE = phycoerythin, PerCP = peridinin chlorophyll
protein, PECy5 = R-phycoerythin + cyanine 5 tandem conjugate, APC = allophycocyanin
All antibodies were manufactured by Miltenyi Biotech, Gladbach, Germany.

2.2.4. 6x DNA loading buffer

A stock solution of 6x loading buffer was prepared consisting of 25 mg bromophenol
blue (Sigma-Aldrich; B5525), 25 mg xylene cyanol (Sigma-Aldrich; X4126) 25 mg orange
G (Sigma-Aldrich; 01625) and 25 mg Ficoll 400 (Sigma-Aldrich; F4375) made up to 10

mls with EDTA (60 mM, pH 8.0). This was stored at room temperature until required.

2.3.Laboratory methods

2.3.1. Sample collection and handling

The required volume of venous blood was obtained using a sterile 22G butterfly needle
from the anterior cubital fossa of adult volunteers. All collected blood samples were
labelled with a participant number before they were transferred to the laboratory. A
second randomised laboratory number was created for each study participant by the study
statistician. This information was maintained on a password-controlled spread sheet to
ensure that all study staff involved in processing and analysing blood samples were

blinded to the vaccines received by the participant. Blood tubes were re-labelled by two
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members of the laboratory team, who ensured that the correct laboratory numbers was

assigned to each sample.

2.3.2. Serum bactericidal assay (SBA)

Two millilitres of blood from each participant were collected in a serum tube and
allowed to clot. Serum was separated within 24 h of sampling by centrifugation, divided
into 3 aliquots and was stored at —80°C until required. Serum bactericidal assays (human
complement source serum bactericidal activity [hSBA]) for meningococcus serogroups A,
C, W-135, and Y were performed at the laboratories of Novartis Vaccines, Marburg,
Germany according to methods described previously [214]. The reference strains used for
the relevant serogroups were serogroup A, F8238; C, C 11; W-135, M01-240070; and Y,
860800. hSBA titres were expressed as interpolated titres according to the reciprocal
serum dilution's yielding 50% or greater killing of the target strain (as determined the by
number of colony forming units/millilitre) after 60 minutes of incubation compared with

growth at time o.

2.3.3. Preparation of peripheral blood mononuclear cells (PBMCs)
Up to 5 ml of heparinised blood was diluted 1:2 with Ro. The PBMCs were then

separated by density gradient centrifugation over Lymphoprep (Axis-Shield, Dundee, UK;
NYC-1114545). PBMCs were then washed once in Ro before further preparation for cell

culture or ex-vivo ELISpot assays.

2.3.4. Cell Counts
PBMCs or separated B cells were counted prior to use in ELISpot assays or MACS. 50

uL of cell suspension were mixed with 50 uL each of PBS and 0.4% trypan blue (Sigma;

T6146). 10 puL of the resulting suspension was added to a haemocytometer (VWR
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International, Lutterworth, UK; 720-0104). The number of cells in the original solution
was determined using the equation below.

Concentration of cells in original mixture ( cells/ml)

B number of cells counted
~ \ proportion of chamber counted x volume of chamber counted

volume of sample dilution
volume of original mixture in sample

2.3.5. Preparation of plates for Enzyme-linked immunosorbant spot assay
(ELISpot)

ELISpot plates (96-well PVDF membrane) (Millipore, Darmstadt, Germany;
MAIPS4510) were coated with a volume of 100 pl/well of either 5 pg/ml serogroup A, C,
W-135 or Y meningococcal polysaccharides (NIBSC, Potters Bar, UK; 98/722, 08/214,
01/428 and 01/426 respectively) conjugated to 5 pg/ml methylated human albumin
(NIBSC; 04/142), or 10 pug/ml diphtheria toxoid (Statens Serum Institut, Copenhagen,
Denmark;), or 10 pg/ml goat anti-human Ig (Caltag Laboratories, Carlsbad, USA;
CB1560499) in sterile PBS. PBS alone was added to the Ag blank wells. Multiple wells
were used for each antigen. Up to 2 study samples could be loaded onto each 96 well plate
as shown in Table 8 to maximise sensitivity. The coated plates were stored at 4 °C until
use (no longer than 1 month). To block nonspecific binding, coated ELISpot plates were
washed with PBS and blocked with R10 for a minimum of 30 min at 37 °C in 5% CO2 prior

to adding cells.
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Table 8 Antigen coating plate layout with control cell suspension dilutions

1 2 3 4 5 6 7 8 9 10 11 12
A | MenA | MenC | MenW | MenY | Dip | , :'1‘300 MenA | MenC | MenW | MenY | Dip | , :|1g00
g | MenA | MenC | MenW | MenY | Dip | :'1‘300 MenA | MenC | MenW | MenY | Dip | , :|1g00
C | MenA | MenC | MenW | MenY | Dip | :'1?’00 MenA | MenC | MenW | MenY | Dip | | :lf’oo
D | MenA | MenC | MenW | MenY Dip 1: 1' %OO MenA | MenC | MenW | MenY Dip 1 :1| %00
E | MenA | MenC | MenW | MenY Dip 1: 1' %OO MenA | MenC | MenW | MenY Dip 1 :1| %00
F | MenA | MenC | MenW | MenY Dip 1 :1| (g)OO MenA | MenC | MenW | MenY Dip 1 :1| %00
G MenA MenC MenW MenY Dip PBS MenA MenC MenW MenY Dip PBS
H MenA MenC MenW MenY Dip PBS MenA MenC MenW MenY Dip PBS

Dip = diphtheria toxoid, Ig= immunoglobulin control, 1:100/1000= cell dilution from
2x10° cell/ml stock, PBS = phosphate buffered saline.

2.3.6. Determination of ex-vivo antigen-specific plasma cells by ELISpot
assay

The ex-vivo ELSpot assay was adapted from a previously published method [215].
Briefly, PBMCs prepared from peripheral blood were washed 3 times in R10, counted and
resuspended in Ri0 to a final concentration of 2 x 10¢® PBMC/mL. One hundred
microliters per well of the suspension (containing 2 x 105 PBMCs) was added to ELISpot
plates pre-coated with meningococcal polysaccharides as described, and incubated
overnight at 37°C in 5% CO2. Antibody-secreting cells (ASCs) were detected with a 1:5000
dilution of goat anti-human immunoglobulin G (IgG) -chain—specific alkaline
phosphatase conjugate (Calbiochem-Novabiochem, Nottingham, UK; #401902), in R10
followed by 5-bromo-4-chloro-3-indolyl phosphate in nitroblue tetrazolium dissolved in
aqueous dimethylformamide (Bio-Rad Laboratories, Hercules, USA; 170-6432). Spots
were allowed to develop until the background showed signs of darkening. The reaction
was then stopped with 200ul/well of water. Plates were then placed in a drying oven.
Antigen specific plasma cells were not measured at baseline (i.e. day 0 and day 28 of the

trial); their frequency at this time point was likely to be below the level of detection of the

assay [134].
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2.3.7. Determination of antigen-specific memory B cells by ELISpot assay

The cultured memory B cell ELISpot assay was based on previously published
methods [215]. Briefly, PBMCs prepared from peripheral blood were diluted in R10 at a
final concentration of 2 x 10® PBMCs/ml and added (100 pl/well) to 96-well round
bottom culture plates (Fisher-Scientific, Loughborough, UK; DPS-100-080N) in a final
volume of 200 pl of medium, containing 1/10,000 Staphylococcus aureus Cowan strain
protein A [SAC, (Calbiochem, San Diego, USA; 539202)], 41.5 ng/ml pokeweed mitogen
[PWM, (Sigma-Aldrich; L8777)] and 1.25 ug/ml CpG oligonucleotide [ODN-2006,
(Invitrogen, Paisley, UK; tlr-2006)]. Cultures were incubated at 37 °C in 5% CO2 for 6
days. Cultured cells were plated onto pre-coated ELISpot plates at 2 x105 cells/well and
then were incubated and developed as described for the ex-vivo ELISpot assay. The
frequency of Ag-specific memory B-cells was expressed per 10° PBMCs added to the

original well for culture.

2.3.8. ELISpot counting

Spots were counted using an AID ELISpot Reader System comprising an optical
reader device (AID ELRo03, serial number ELR030408215) and image analysis
programme [AID ELIspot version 4.0 (Autoimmun Diagnostika)]. Identical settings were
used for all plates and antigens as shown in Table 9 below, based on prior studies using
these antigens [215, 216]. Well images were edited to remove artefacts (eg cracks in the

well membrane) and the operator was blinded to the sample being counted.

Table 9 Spot count settings for OVG lab AID ELISpot reader

Intensity Size Gradient Emphasis
Antigen
Min Max Min  Max Min Max  (target spot size)
ACWY+PBS 15 255 30 5000 1 90 Tiny
Diphtheria 15 255 30 5000 1 90 Big
Ig 5 255 30 5000 1 90 small

Dip = diphtheria toxoid, Ig= immunoglobulin control, PBS = phosphate buffered
saline.
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2.3.9. Separation of B cell subsets

PBMCs were separated as described above with the exceptions that all wash steps were
performed with PBS-EDTA (rinse buffer) and a total of three washes were performed after
density gradient centrifugation. For B cell separation, PBMCs were resuspended in 0.5%
BSA (Sigma-Aldrich; A8806) and incubated with CD19 MicroBeads and FcR blocker (both
Miltenyi Biotech; 130-050-301 and 130-059-901 respectively) at 4°C for 20 minutes. Cells
were washed again in 0.5% BSA, run on the Possel_s setting on a magnetic cell separator

(AutoMACS; Miltenyi Biotech) and the positive fraction collected.

A plasma cell isolation kit (Miltenyi Biotech; 130-092-262) was used according to the
manufacturer’s instructions to obtain plasma cells. Briefly, PBMCs were incubated with a
non-plasma cell depletion cocktail containing biotin-conjugated antibodies against CD2,
CD3, CD14, CD15, CD22, CD34, CD56, CD123 and CD235a in addition to anti-biotin
MicroBeads. The negative fraction was collected on a Depl_025 AutoMACS setting. The
un-labelled pre-enriched plasma cell fraction was further incubated with CD38
MicroBeads and the positive fraction collected on a Possel_d2 setting. Separated cells

were pelleted, snap frozen and stored at -80 °C until required.

2.3.10. Antibody labelling of cells

Separated CD19+ B cells or plasma cells separated as described in section 2.3.9 were
labelled using surface expression markers for the assessment of purity or for B cell subset
sorting. A standard labelling procedure was used for labelling the cells (OVGL SOP 014).
Briefly, pelleted cells were resuspended in the appropriate volume of PBS-EDTA and FcR
block as shown in Table 10 and incubated at 4 °C for 15 min to reduce non-specific

binding, followed by 2 washes with PBS-EDTA at 1800 rpm for 15 min.
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Table 10 FcR and PBS-EDTA volumes for FcR blocking prior to antibody labelling

Total cell number FcR block (pL) PBS-EDTA (pL)
1x 10° 20 60
1x10” 20 60

2.5 x 10’ 50 150

*if cell counts were higher than 1x10’, reagent volumes were multiplied by the cell
count.

Cells were resuspended in 200 pL. PBS-EDTA, then incubated with pre-determined
volumes of fluorochrome-labelled antibodies as shown in Table 7 for 30 min on ice,
protected from light. Labelled cells were subsequently washed twice with PBS-EDTA at
1800 rpm for 15 min prior to resuspending in 500 uL PBS-EDTA for analysis by flow
cytometry. If the cells were to be stored for longer than 1-2 hours prior to phenotyping by
flow cytometric analysis, they were fixed by adding 100 pL 1% formaldehyde (BD
Bioscience, Franklin Lakes, USA; 340181) and stored for up to 12 h in the dark at 4 °C.
Labelled cells for B cell subset sorting and antibody repertoire analysis were not fixed but

sorted as quickly as possible to reduce cell death.

2.3.11. Flow cytometry

Phenotyping was performed using a four colour flow cytometer (FACSCalibur™; BD
Bioscience) which detected mean wavelengths of 530nm, 585nm, 670 nm and 661 nm
(channels FL1-4 respectively). Cells were kept on ice and protected from light throughout.
Data were collected from up to 105events and analysed using CellQuest Pro™ software. B
cell subset sorting for repertoire analysis was performed by a trained technician using a

high speed cell sorter (MoFlo™; Beckman Coulter, Brea, USA).
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2.3.12. Agarose gel electrophoresis
The ends of a gel tray (Bio-Rad, Hemel Hempstead, UK) were sealed with masking

tape and one or more combs inserted as required. A 2% w/v solution of agarose (Bethesda
Research Labs, Gaithersburg, USA; 5510UB) in 1x TAE buffer was prepared and heated
gently in a microwave oven. Ethidium bromide (ICN Biochemicals; 802511) was added to
the molten gel at a final concentration of 0.5 ug/mL before pouring into a gel tray. The gel
tray was allowed to solidify at room temperature and the combs removed prior to

submerging the gel in 1x TAE in a gel tank to cover it to a depth of approximately 5 mm.

Table 11 Characteristics of agarose gels

Gel tray dimensions (cm) Gel volume (mL) Gel thickness (cm)
7x10 45 0.75
15 x 10 90 0.75
15 x 25 270 0.75

DNA was mixed with 6x loading buffer in a 5:1 ration before loading into the wells of
the submerged gel. DNA size and concentration were determined by comparison to a DNA
ladder (Bioline Reagents, London, UK; Hyperladder I/Hyperladder IV, BIO-33025/BIO-
33029), 5 uL of which was loaded into adjacent wells. A voltage of 100 V was applied
across the gel until DNA fragments had separated sufficiently. DNA was visualised by

examination under ultraviolet light at a wavelength of 302nm using a transilluminator.

2.3.13. DNA extraction from agarose gels
The QIAquick gel extraction kit (Qiagen; 28706) was used according to the

manufacturer’s instructions to extract amplified DNA from agarose gels by binding to a
silica membrane. DNA was eluted with 50 pL EB elution buffer and stored at -20 °C until

required.
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2.3.14. Quantification of DNA and RNA
Amplified DNA was approximately quantified by comparison to bands in a DNA

ladder (Bioline Reagents; BIO-33025/BI0-33029) during agarose gel electrophoresis.
Precise quantification of purified DNA or RNA was performed with a spectrophotometer
(Nanodrop 2000; Thermo Scientific, Wilmington, USA), using distilled water or elution

buffer for blank measurements as appropriate.

2.4.Statistical Methods

2.4.1. Sample size calculation for MenACWY-CRM/MenACWY-PS clinical
vaccine study

75 participants were randomised to each group. Allowing for a 10% drop out rate, this
enabled 67 participants in each group. As outlined in Table 12 below (based on the SBA
GMTs observed following administration of MenACWY as a comparator arm for a
previous study of MenACWY [217]), this provided 80% power to demonstrate a 30%
difference in the serogroup A specific SBA GMTs at day 7 following administration of
MenACWY or MenACWY PS at a 1% level of significance. For serogroups C this sample
size provided at least 90% power to demonstrate a 30% difference in SBA GMTs between

the 2 groups at a 1% level of significance.
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Table 12 Study sample size calculation

Serogrou Level of Power ::j; rfIOIrC’lg);o Estimated  Sample size
group significance vaccine difference per group
1.447
A % 20% (0.7256) S 85
80% 67
5% 90% -
80% 45
9 5 2.3483
¢ % 90% (0.8115) = 41
80% 33
5% 90% -
80% 2

2.4.2. General considerations
Statistical analyses were performed using STATA (StataCorp LP, College Station,

USA), Prism (GraphPad Software, La Jolla, USA) and Excel 2010 (Microsoft, Washington,

USA). Skewed data was log;, transformed prior to analysis.

Substitutions were made in the following way where data were unable to be log-
transformed:
e Zero ASC counts were replaced by 0.25 prior to taking logs.
e SBA values which were below the lower limit detectable by the assay were

replaced by a value half the lower limit of detection (i.e. titre of 1:2).

2.4.3. Analysis to address Primary and Secondary Objectives

The intention to treat (ITT) population includes all patients randomised.
The per-protocol (PP) population is a subset of the ITT population. Patients excluded

from the PP population include those with the following expected protocol violations;
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e Participants who were subsequently found to have received a meningococcal
vaccine prior to enrolment in the study.
e Participants who had visits outside the time frames specified in the protocol (ie
Visit 2 = day 7 +/-1, Visit 3= day 28 +/-5, Visit 4= day 35 +/-1, Visit 5= day 56
+/-5).
The primary analysis was conducted on the ITT population. All other analyses were

conducted on the PP population.

2.4.4. Statistical tests

The results of group comparisons on log scales are presented as geometric means in
each group, as well as the relative difference, 95% confidence interval (CI) and associated
p value for the group comparison. Comparisons between memory B cell numbers and
serum bactericidal titres at varying time points were made using the analysis of covariance
(ANCOVA) with adjustment for baseline values prior to vaccination. Comparisons of
plasma cell numbers were made using independent 2 sample t—tests. All statistical tests

were 2-sided and p values less than 0.05 were considered significant.

2.4.5. Multiple Testing

A large number of secondary endpoint comparisons were conducted in this study
which increases the chance of observing false positive results. However, all comparisons
are important in giving the full clinical picture surrounding the immunological response
to the different vaccine regimes. No single result was considered in isolation and there was

no formal adjustment of any p values to account for multiplicity.
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2.4.6. Interim analysis

An interim analysis was performed after 60 participants completed visit 5. The
primary purpose of this analysis was to aid in the rationalisation of laboratory procedures,
specifically plasma and memory cell enumeration via the Elispot assay. Analysis of
secondary endpoints for plasma cell and memory B cells was conducted. No statistical
adjustments were made to account for this interim analysis as it did not involve data for

the primary endpoint of the study.
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Chapter 3 - A clinical study comparing quadrivalent conjugate and

polysaccharide meningococcal vaccines in healthy adult volunteers

3.1.Introduction

Quadrivalent ACWY meningococcal vaccines are available as plain polysaccharide
vaccines and protein-polysaccharide conjugate vaccines. These vaccines are largely used
in the UK as travel vaccines or in the immunocompromised and are not part of the routine
immunisation of individuals against meningococcal disease. However, the recent increase
in serogroup Y disease in the UK suggests that an ongoing careful consideration of the
need for broader protection in the general population is required. The MenACWY-
CRM/MenACWY-PS! clinical study was designed to compare the immunogenicity of a
novel quadrivalent conjugate vaccine with the existing licensed quadrivalent
polysaccharide, and to specifically investigate the phenomenon of polysaccharide induced
hyporesponsiveness. In this chapter, the clinical study design, objectives, recruitment and

safety data will be described.

3.1.1. ACWY disease in the UK
In November 1999, the Departments of Health of the UK introduced a campaign of

MenC conjugate vaccination for all children and adolescents under the age of 18 which
resulted in a sharp decline in MenC disease[182, 218]. The majority of UK meningococcal
disease is now caused by serogroup B[26] as shown by data from the Health Protection
Authority in Figure 1 below. However other serogroups continue to cause disease albeit at

low rates.

1 Full study title ‘A single centre, open-label, randomised clinical trial to investigate
meningococcal serogroup a, ¢, w-135 and y saccharide specific B cell responses to a primary and a
booster dose of the meningococcal ACWY conjugate vaccine and to a primary dose of the ACWY
polysaccharide vaccine followed by a booster dose of the meningococcal ACWY conjugate vaccine
administered to adult volunteers’
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Clusters of serogroup A disease in the UK were previously associated with large
outbreaks of disease in the Hajj pilgrimages in the late 1980’s. Further outbreaks were
successfully prevented by the introduction of A/C polysaccharide vaccination as a
requirement for obtaining a Saudi Arabian visa. Serogroup A meningococci have not been

found in clinical isolates in the UK in the past 5 years[26].

In 2000, an outbreak of serogroup W135 disease occurred in the UK, thought to be
linked to pilgrims returning from Hajj or Umrah pilgrimages to Mecca or their close
contacts[219, 220]. The Departments of Health recommended a change to quadrivalent
ACWY vaccines in travellers in 2001, and in 2002, proof of immunisation with a
quadrivalent ACWY vaccine became a requirement for obtaining a visa to Saudi Arabia.

The incidence of disease caused by serogroup W-135 has since fallen in the UK.

Serogroup Y causes over a third of disease in the US but has previously been unusual
in the UK. However, a rise in the incidence of serogroup Y invasive disease has been
observed in adults in the UK since 2009[221]. The UK serogroup Y disease isolates belong
mainly to the ST-23 clonal complex, a hyperinvasive lineage associated with both invasive
meningococcal disease and carriage[222-224]. Carriage studies in university students in
2009 have demonstrated that serogroup Y meningococci represent up to 50% of
nasopharyngeal isolates[225], as compared to approximately 5% of isolates in 15-19 year
olds in 2001[226]. Despite the apparent increase in both carriage and invasive disease,

protective immunity against serogroup Y remains low[227].
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Figure 14 The number of N. meningitidis isolates in England & Wales (y axis) by serogroup
and year (x axis) [26]
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This year on year increase in serogroup Y disease is reminiscent of the pattern of
disease in the USA. There, the proportion of disease caused by serogroup Y meningococci
increased from 2% in 1989[228] to 10.6% in 1992 and further increased to 32.6% in
1996[229]. It is difficult to predict whether the current rise in serogroup Y will continue,
ongoing surveillance of meningococcal disease is required to determine whether the

broader protection afforded by quadrivalent vaccines may be needed in the UK.

3.1.2. Quadrivalent polysaccharide and conjugate vaccines are licensed
for use in the UK

The MenACWY-PS polysaccharide vaccine (ACWYVax®, GSK) has been licensed in the

UK since 2001 for use in children over the age of 5 and adults. The MenACWY-CRM

conjugate vaccine (Menveo®, Novartis Vaccines) has been licensed in the UK since 2010 in
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children over the age of 11 and adults. The Departments of Health currently recommend
vaccination with the quadrivalent vaccine for pilgrims and seasonal workers travelling to
Saudi Arabia and long-stay or high-risk visitors to sub-Saharan Africa, for example those
who will be living or working closely with local people, or those who are

backpacking[230].

Prior to the licensure of the MenACWY-CRM conjugate vaccine, MenACWY-PS was
the only vaccine available for travellers to high risk countries. In view of the known short
term protection afforded by polysaccharide vaccines in general, individuals at ongoing risk
of disease were advised by the Departments of Health to have booster doses of
MenACWY-PS every 3-5 years[161]. However, studies in Saudi adults who were required
to have 3-yearly vaccination with MenA/C polysaccharide vaccine showed evidence of
hyporesponsiveness to MenC following multiple vaccination with polysaccharide [169].
Several other trials have demonstrated hyporesponsiveness due to repeated doses of
meningococcal polysaccharide in adults and children [231, 232]. Due to concerns over
hyporesponsiveness and duration of protection afforded by polysaccharide vaccines,
MenACWY-CRM has been recommended since its licensure by the Departments of Health
in preference to MenACWY-PS for travellers over 11 years of age. In addition, it is
suggested that MenACWY-CRM be used ‘off label’ in under 11s in preference to

MenACWY-PS[161].

3.1.3. Rationale for the design of the study
A recent licensure study of MenACWY-CRM in Argentine and Columbian adults

compared it with a different quadrivalent polysaccharide vaccine, MPSV4 (Menomune®,
Sanofi-Pasteur) which is used routinely in North and South America where serogroup Y
disease is common [233]. In common with MenACWY-PS, MPSV4 contains 50 pg of each

of serogroups A, C, W and Y capsular polysaccharides. This South American study showed
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higher serum bactericidal assay (SBA) geometric mean titres (GMTs) and a higher
proportion of seroresponders in individuals vaccinated with MenACWY-CRM than
MPVS4. The trial described in this thesis is the first study to directly compare MenACWY-
CRM with MenACWY-PS, the only quadrivalent polysaccharide vaccine currently licensed

in the UK.

Volunteers in each arm of the study received either 2 doses of MenACWY-CRM one
month apart (Group 1) or a dose of MenACWY-PS followed by MenACWY-CRM one
month later (Group 2), allowing several different inter-group and intra-group
comparisons to be made. An overview of the study design is shown in Table 13. The
immunogenicity of the MenACWY-CRM conjugate vaccine was compared with that of the
MenACWY-PS polysaccharide vaccine at 7 and 28 days. Group 1 was designed to
investigate the effect of priming and boosting with conjugate vaccine. Group 2 was
designed to investigate the effect of prior vaccination with polysaccharide on subsequent

responses to conjugate — i.e. polysaccharide induced hyporesponsiveness.

3.2. Methods

3.2.1. Participants and recruitment to clinical trial

A phase 3, open-label, randomised, parallel trial was conducted in Oxford, UK,
involving adults 18-70 years of age. Exclusion criteria were as follows: previous
anaphylactic reaction to a vaccine component, previous meningococcal vaccination or
disease, HIV or immune dysfunction, receipt of blood products within the previous 3
months, pregnancy, breast-feeding, prolonged bleeding time and current participation in
another clinical trial. Determination of previous meningococcal vaccination was based on
the information provided by the participant but was confirmed after enrolment by
contacting the participant’s general practitioner. Written informed consent was obtained

from the participants before enrolment. Ethical approval was obtained from the
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Oxfordshire Research Ethics Committee C 09/H0606/20, Eudract number: 2007-
001349-17. The study was fully compliant with ICH guidelines on Good Clinical

Practice[234].

3.2.2. Study Objectives

Primary Objective

To determine whether meningococcal serogroup A specific SBA GMTs were
significantly higher at 7 days after immunisation with MenACWY-CRM than 7 days

after immunisation with MenACWY-PS.

Secondary Objectives

e To determine whether meningococcal serogroup C, W-135 and Y specific SBA
GMTs were significantly higher at 7 days after immunisation with MenACWY-

CRM than 7 days after immunisation with MenACWY-PS.

e To determine if response to the booster dose of MenACWY-CRM was greater than
the response to a priming dose of MenACWY-CRM conjugate vaccine by
comparing antigen specific plasma cells, memory B cells and SBA GMTs 7 or 28
days after the initial dose with results 7 or 28 days after the booster dose (i.e.
comparing Day 7 with Day 35 or Day 28 with Day 56 within Group 1 MenACWY-

CRM conjugate arm only).

e To compare the difference in response to a single dose of MenACWY-CRM
conjugate vaccine in those who have received a previous dose of MenACWY-PS
compared to those who had previously received no vaccine. (e.g. comparing Day 7
in the MenACWY-CRM conjugate group to Day 35 in the MenACWY-PS group and
comparing Day 28 in the MenACWY-CRM conjugate group to Day 56 in the

MenACWY-PS group).
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e To compare the results of giving a booster dose of MenACWY-CRM conjugate
vaccine to adults previously vaccinated with MenACWY-PS compared to those
previously vaccinated with MenACWY-CRM conjugate. (i.e. comparing Day 35 in

both groups, and Day 56 in both groups)

e To determine whether the treatment effect (difference between MenACWY-CRM
and MenACWY-PS) differs according to serogroup — specifically whether the
serogroup A component of the vaccine behaves differently to that of the other

serogroups (C, W and Y) 7 and 28 days after treatment.

3.2.3. Study Design

Participants were randomized to receive one of two vaccination schedules: two doses
of the conjugate vaccine MenACWY-CRM (Group 1) or a single dose of the polysaccharide
vaccine MenACWY-PS followed by a single dose of MenACWY-CRM (Group 2). The
randomisation list was produced by the study statistician. Allocation to groups was on a
1:1 basis generated by a computer-randomisation scheme. Group allocations were
concealed in envelopes that were opened by the study doctor once the participant had
been enrolled in the study. The randomisation envelopes were prepared by members of
the OVG who were not involved in the study. The vaccines were given one month apart.
Blood samples were obtained at 0, 7 and 28 days after each vaccination. Antigen-specific
memory B cells were enumerated at Days 0, 28 and 56 and antigen-specific plasma cells at
Days 7 and 36. SBAs for functional antibody were performed on samples at all 5 time

points.
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Table 13 Overview of the design of the MenACWY-CRM/MenACWY-PS study conducted in

healthy adult volunteers.

V1 V2 V3 V4 V5
Day 0 Day 7 Day 28 Day 35 Day 56
MenACWY-CRM MenACWY-CRM
conjugate conjugate
Group 2
MenACWY-PS MenACWY-CRM
olysaccharide conjugate
n=75 poly: jug
SBA SBA SBA SBA SBA
Assays
Memory B cells Plasma cells Memory B cells Plasma cells | Memory B cells

3.2.4. Randomisation

Prior to study commencement, a randomization list was prepared by the study
statistician, according to which cards indicating the designated study group were placed in
150 sequentially numbered opaque envelopes by a member of the Oxford Vaccine Group
not associated with recruitment of participants to this study. If the participant was in good
health and suitable for inclusion in the study, the next sequential participant number was

assigned to them after obtaining informed consent.

Randomisation was designated to occur at the point that the opaque envelope
corresponding to the designated study number was opened, thus revealing the details of
the randomisation group. If the study participant declined to participate after
randomisation had occurred this randomisation result was discarded and a new envelope

assigned to the next participant.

The study was open labelled, so the study participant was informed of their

randomisation group. Although the clinical team and the participants were not blinded to
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the type of vaccine they received, the laboratory staff were blinded in order to assure

objectivity of analysis.

3.2.5. Vaccines
MenACWY-CRM (Menveo; Novartis Vaccines; batch numbers: X79P45I1E,

X79P4511V) consisted of capsular oligosaccharides derived from N. meningitidis
serogroups A, C, W-135 and Y individually conjugated to a CRM197 carrier protein. After
reconstitution, the vaccine was given as a 0.5ml solution intramuscularly with a 21G 25
mm needle.

Table 14 Contents of a single 0.5 mL dose of MenACWY-CRM quadrivalent meningococcal

conjugate vaccine.

Constituent Amount per dose
MenA-CRM,¢7 conjugate 10 pg MenA, 12.5 - 33 pug CRM;97
MenC-CRM,g7 conjugate 5 pg MenC, 6.5 - 12.5 pg CRMyg7
MenW-CRM;y; conjugate 5 pyg MenW, 3.3 - 10 yg CRM;97
MenY-CRM;y; conjugate 5 pg MenY, 3.3 - 10 yg CRMy;

Sodium chloride 4.5 mg

Sucrose 12.5 mg

Sodium phosphate buffer 10 mM
Potassium dihydrogen phosphate 5mM
Water for injection 0.5 mL

MenACWY-PS (ACWYVax; Glaxo Smith Kline; batch number: A83CA066A)
consisted of capsular polysaccharides derived from N. meningitidis serogroups A, C, W-
135 and Y (50 ug of each serotype). After reconstitution, the vaccine was given as 0.5ml

solution subcutaneously with a 23G 25mm needle.
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Table 15 Contents of a single 0.5 mL dose of MenACWY-PS quadrivalent meningococcal

polysaccharide vaccine.

Constituent Amount per dose
MenA purified polysaccharide 50 pg
MenC purified polysaccharide 50 pg
MenW purified polysaccharide 50 pg
MenY purified polysaccharide 50 pg

Vaccines were labelled as required under the European Good Manufacturing Practice
(GMP) legislation 2003/94/EC Article 12 and 2001/83/EC regarding the guidelines of
Good Manufacturing Practice for Medicinal Products for Human Use and the

requirements of the Clinical Trials Directive 2001/20/EC.

After each vaccination, participants were asked to remain at the study centre for 15
min in the event of an anaphylactic reaction. Any serious adverse event (SAE) occurring
during the study was recorded. The relationships of adverse events (AE) to the study
vaccine were determined according to criteria of temporal relationship and biological

plausibility.

3.2.6. Primary and Secondary Endpoints/Outcome Measures

Primary endpoint

Meningococcal serogroup A specific hSBA GMTs were measured at Day 7 (Visit 2)

following the initial immunisation with MenACWY and MenACWY PS.

Secondary endpoints

e Meningococcal serogroup C, W and Y SBAs were measured at days o, 7, 28, 35 and 56
following the initial immunisation with MenACWY and MenACWY PS.

e Meningococcal serogroup A, C, W and Y specific memory B cells were measured on
days 0, 7, 28, 35 and 56.

Page 98



B cell responses to conjugate and polysaccharide meningococcal vaccines

e Meningococcal serogroup A, C, W and Y specific plasma cells were measured on days 77

and 35 only.

3.3. Results

3.3.1. Recruitment

Recruitment for the study occurred between June 2009 and October 2010. The
positive response rate was 2% and the exclusion rate was 21%. The main reason for
exclusion was prior receipt of a meningococcal vaccine. The flow of participants through

the study is shown in Figure 15.
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Figure 15 CONSORT diagram indicating flow of participants through the MenACWY-

CRM/MenACWY-PS quadrivalent meningococcal vaccine study in healthy adult volunteers.
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3.3.2. Participants
The baseline characteristics of the 150 enrolled participants of the MenACWY-

CRM/MenACWY-PS clinical study are shown in Table 16.

Table 16 Baseline characteristics of the participants of the MenACWY-CRM/MenACWY-PS

clinical study.

Group 1 Group 2
Mean age in years (range) 50.9 (28-70) 49.5 (23-70)
Sex %female 64% 49%
Number of participants 75 75

3.3.3. Safety

There were 9 AEs in Group 1 and 11 in Group 2, which are listed in Table 17. There was
a single SAE in Group 2; a diagnosis of prostate cancer made in a participant who was

known to have had a raised prostate specific antigen prior to enrolment in the study.
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Table 17 Adverse events (AEs) and serious adverse events (SAEs) recorded during the

MenACWY-CRM/MenACWY-PS clinical study listed by group allocation.

Group 1 Group 2
Haematuria Gynaecomastia
Exacerbation of asthma Urinary tract infection
Plantar fasciitis Fracture fibula
Influenza Coryzal symptoms
Mastalgia Swollen fingers
High fasting blood sugar Tiredness
Hypoglycaemia Eye infection
Urinary tract infection Tiredness
Diverticultis Shingles

Osteoarthritis exacerbation
Lip haemangioma

Prostate cancer (SAE)

NB Group 1 received 2 doses of MenACWY-CRM one month apart and Group 2
received a dose of MenACWY-PS followed by a dose of MenACWY-CRM one
month later

3.3.4. Reasons for participation

Participants were asked to complete a feedback questionnaire at the end of the study
to improve study planning and to assess participant satisfaction with the trial process.
Part of the questionnaire asked why the participants had chosen to volunteer for the

study. The results are summarised in Figure 16.

Page 102



B cell responses to conjugate and polysaccharide meningococcal vaccines

Figure 16 Reasons given by volunteers for participating in the MenACWY-
CRM/MenACWY-PS clinical study.
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3.4.Discussion

The recruitment of participants to a clinical trial can be challenging. Participants for
this trial were largely recruited via direct mail correspondence, using addresses obtained
from the UK Electoral Roll, targeted at individuals of the appropriate age living within the
vicinity of the Oxford. Seven participants out of a total of 150 were recruited by posters
displayed in the local hospitals, GP surgeries or Oxford University colleges and

departments. Advertisements in local Oxford newspapers yielded no responses.

The initial age range targeted by the study was 18-50, with the aim to assess responses
in those most likely to require quadrivalent meningococcal vaccines for travel purposes.
Prior meningococcal vaccination was an exclusion criterion to avoid complicating the
assessment of the immune response due to pre-existing memory. However, due to the
success of the implementation of the national MenC vaccination campaign in 1999, the
majority of volunteers under the age of 30 who expressed interest in the study would have

been under 18 years of age in 1999 and therefore had received a MenC vaccine. Although
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there is evidence that vaccines may be less efficacious in the elderly than in young adults
(reviewed by Zhang et al. [95]), in November 2009 it was decided to increase the upper
age limit of participation to 70 years to allow enrolment of the full cohort of 150
participants required by the study power calculation (see section 2.4.1). Raising the upper
age limit of participation increased the number volunteers able to commit to participating
in the study — many of the older cohort of volunteers were retired and were therefore able

to attend all of the 5 study visits.

One concern with the increasing the age range of recruitment was the increasing
likelihood of comorbidities. The initial study visit involved obtaining a medical history and
physical examination by a study physician. Three potential participants were excluded due
to potential comorbidities on examination (one diagnosis of chronic liver disease, one new

diagnosis of a cardiac murmur and a new diagnosis of hypertension).

The mean age of participants was similar in each group. However, there were more
female participants randomised to Group 1 than to Group 2, which reflects the true
random nature of the 1:1 Group allocation process after enrolment. There is evidence of
sex differences in humoral responses to hepatitis B vaccine and influenza vaccines [235,
236]. However the available published data on gender specific antibody responses to
meningococcal vaccines does not suggest any significant differences between males and

females [237].

None of the AEs nor the SAE were judged to be related to the study vaccines. Two
participants withdrew due to AEs (urinary tract infection and exacerbation of asthma) and
one participant withdrew due to difficulty with attending appointments. This number was
well within the 10% drop-out rate accounted for in the study size calculation (Section

2.4.1) allowing adequate statistical power for the analysis of the primary objective. Data
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obtained from patients who withdrew from the study was included up to the point of
withdrawal, as defined in the study protocol in accordance with the International
Conference on Harmonization (ICH) Guidance on General Considerations for Clinical
Trials, which states “The protocol should specify procedures for the follow-up of patients

who stop treatment prematurely”’[238].

Formal reactogenicity data was not collected, as this study was designed primarily to
investigate immunological responses to polysaccharide and conjugate vaccines. However,
in a US multicentre study of 1359 adults 19-55 years of age[185], 38.4% and 24.9% of
MenACWY-CRM recipients reported injection-site pain and headache respectively, in
similar proportions to the comparator quadrivalent conjugate vaccine. No SAEs were
reported. A South American multicentre study in 2831 adults [233] reported 43-46%
injection-site reactions and 39% systemic reactions in MenACWY-CRM recipients (aged
19-65) compared to 40% injection-site or systemic reactions in MenACWY-PS recipients s
(aged 55-65 years only). One possibly vaccine related SAE was reported in the

MenACWY-CRM group (spontaneous abortion).

There were a total of 11 protocol violations (7 in Group 1 and 4 in Group 2), related to
either prior meningococcal vaccination not disclosed at the time of enrolment or to visits
being incorrectly timed for B cell assays. As specified in the protocol, participants were not
excluded on account of these protocol violations. The primary objective was assessed
using both intention to treat (ITT) and per protocol (PP) analyses. All other comparisons
were made using ITT in accordance with the ICH Guidance on Statistical Principles for
Clinical Trials[239] which states: “The intention-to-treat principle implies that the
primary analysis should include all randomized subjects. Compliance with this principle

would necessitate complete follow-up of all randomized subjects for study outcomes.”
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A feedback questionnaire revealed that participants had several reasons for taking part
in the study. In common with other vaccine studies [240, 241] involving healthy
volunteers, altruism (‘to aid medical research’), was the most common reason given for
taking part (144/148). Of note, 35/148 respondents decided to participate due to personal
knowledge of someone who had developed meningitis. Although bacterial meningitis and
associated septicaemia are uncommon conditions, with approximately 3400 cases per
year in the UK [242], they are strongly emotive and have a high public profile due to
awareness campaigns run by organisations such as Meningitis UK [243] and the
Meningitis Research Foundation [242]. Vaccine studies are also perceived as having
direct personal benefit (‘to protect myself from meningitis’), to the participant, as cited by
22/148 respondents. Although participants in patient-centred studies often have
misconceptions about the degree of personal benefit they may receive [244], healthy
volunteers in Phase 1 trials do not usually cite personal benefit as a reason for
participation in research [245]. Other reasons cited for enrolling in this study included
working in the healthcare profession or prior participation in clinical trials. Financial
reward was not given as a reason for participation by any of the respondents as no formal
payment was made. However, each participant was reimbursed with £20 for travel

expenses and time for each visit, to a total of £100 for completion of the whole study.

3.5.Conclusion

The MenACWY-CRM/MenACWY-PS study was successfully planned, initiated,
conducted and completed according to the principles of Good Clinical Practice. The next
two chapters of this DPhil thesis will present and analyse the data collected from this

study.
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Chapter 4 - The immunogenicity of MenACWY-CRM and MenACWY-PS in

healthy adult volunteers

4.1.Introduction

This chapter describes the differences in the ability of quadrivalent meningococcal
protein polysaccharide conjugate and plain polysaccharide vaccines to provide short-term
protection as measured by serum bactericidal activity. Antigen specific memory B cell

responses to each vaccine are also discussed as predictors of long-term protection.

4.1.1. Serum bactericidal activity (SBA) as a correlate of protection

The importance of serum bactericidal activity (SBA) as a correlate of protection from
meningococcal disease was first demonstrated by Goldschneider [27] who showed the
classic inverse relationship between incidence of meningococcal disease and SBA across a

range of ages shown in Figure 17.

Figure 17 The incidence of all cause meningococcal disease and the percentage of the
population with hSBA titres >1:4 for Men B (circles) or Men C (squares) against age in years (x

axis). Reproduced with permission from Elsevier [76].
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To test the hypothesis that a deficiency in SBA resulted in increased susceptibility to
meningococcal disease, Goldschneider conducted a prospective study in nearly 15,000
American military recruits. Serum samples were collected on entry to the army and
episodes of meningitis recorded over the following 8 weeks of their military training. Only
3/54 individuals who developed meningitis had SBA titres >4 compared to 444/540
controls who did not develop meningococcal infection. These observations established an
SBA titre of >4 as being not only an appropriate individual correlate of short-term

protection, but also a valid correlate at population level.

Goldschneider used human serum as an exogenous complement source for the SBA
assay (hSBA), which can be difficult to obtain and standardise across laboratories[246].
For this reason, baby rabbit serum is now recommended by the World Health
Organisation for use in standardised SBA assays (rSBA) when evaluating the
immunogenicity of meningococcal polysaccharide vaccines [247]. However, meningococci
are known to be more susceptible to antibody-mediated lysis in the presence of rabbit
complement than human complement[92] due to their inability to bind nonhuman Factor
H binding protein [248], an inhibitor of the complement pathway. Consequently, hSBA
titres and rSBA titres are not directly equivalent. Thus, prior to the introduction of the
MenC conjugate vaccine in 1999, the correlates of protection were re-evaluated using
rSBA. Trotter et al repeated the populations studies of Goldschneider and showed a

similar inverse relationship between a rSBA titre of >8 and MenC incidence [249].
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Figure 18 Age incidence of MenC disease in relation to per cent of population with rSBA
titre >8 (circles) or >128 (triangles). Reproduced with permission[249].
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Borrow et al. measured hSBA and rSBA titres on individual samples of sera from
unvaccinated and vaccinated individuals across a range of ages [250]. Based on these
studies, an rSBA of >1:8 was proposed as a population based correlate of protection,
which was then extrapolated back to give an individual correlate of protection of >1:8
without further formal prospective studies. Post-licensure vaccine efficacy studies after
the introduction of the MenC vaccine in the UK confirmed that an rSBA titre of >1:8 at 8
weeks after immunisation best correlated with previous data on vaccine effectiveness at

preventing meningococcal disease [251].

Although the above study by Borrow has shown a correlation between hSBA and rSBA
titres in regard to MenC, serogroup A, W and Y specific rSBA titres do not accurately
predict seroprotection as defined by a hSBA>4 [252]. In addition, unlike the situation

with human complement, with the use of rabbit complement IgM contributes significantly
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to any measured SBA [253]. Since this only produced early on in the immune response
and is short-lived, this may give a misleading interpretation of protective efficacy when
SBA is measured only a month after immunisation as is typical for many vaccine studies.
SBA assays were therefore performed using a human complement source for serogroups
A, C, W & Y in the present study. There is no validated correlate of protection against

serogroups A, W & Y.

4.1.2. Antibody persistence and immunological priming: independent
correlates of short and long term protection?

Immunological priming - the ability to mount a secondary antibody response on re-
encounter with antigen - is a characteristic feature of immune responses generated by
thymus dependent (TD) antigens such as the MenC conjugate vaccine [254]. The relative
importance of antibody persistence versus immunological priming in the protection
afforded by conjugate vaccines is uncertain. Although rSBA titres may be indicators of
short-term protection, the efficacy of the MenC conjugate vaccine is significantly
underestimated by rSBA titres at 7-9 months post vaccination [251]. This indicates that
SBA at the time of exposure to N. meningitidis may be less important than immunological
memory as a long-term predictor of protection. In contrast, the decline in MenC
polysaccharide vaccine efficacy over time is associated with a decline in vaccine-induced
SBA [255, 256] as immunological memory is not generated by thymus independent (TI)

antigens (Section 1.4.9).

4.1.3. The cellular basis of immunological priming by conjugate vaccines

Memory B cells have been shown to persist in humans decades after antigen
exposure[135]. By rapidly differentiating into antibody-secreting plasma cells on re-

encounter with antigen, MBCs form the basis of immunological priming. Blanchard-
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Rohner et al. showed that the memory B cell response immediately after priming with
MenC conjugate correlate with both functional antibody and the degree of the booster

response up to 7 months later[215].

Conjugate vaccines may afford a longer duration of protection as a result of their
ability to generate memory B cells through thymus dependent germinal centre formation
(Section 1.5.6). In infants, priming with serogroup C conjugate induces persisting MBCs in
infants in contrast to priming with serogroup C polysaccharide [189]. Similarly,
pneumococcal conjugate vaccines have been demonstrated to induce memory B cell

generation in adults in contrast to pneumococcal polysaccharide vaccines [257].
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4.2.Methods

This chapter relates to the first month of the MenACWY-CRM/MenACWY-PS clinical
trial discussed in Chapter 3. Participants were bled immediately prior to receiving either a
single dose of MenACWY-CRM or MenACWY-PS, and again at 7 and 28 days after

vaccination as shown in Table 18.

Table 18 Timeline of procedures in the first 28 days of the MenACWY-CRM/MenACWY-PS

clinical vaccine trial in healthy adult volunteers.

A%t V2 V3
Day 0 Day 7 Day 28
MenACWY-CRM
conjugate

Group 2

MenACWY-PS

olysaccharide

n=75 e
Assavs SBA SBA SBA
y Memory B cells Plasma cells Memory B cells

hSBA assays were performed at each time point as described in Section 2.2.2 and as
previously described [214]. ‘Seroresponse’ was defined as a composite endpoint that
incorporated two categories of pre-vaccination immune status: for initially seronegative
subjects, (baseline hSBA titre <1:4), seroresponse was defined as a post-vaccination hSBA
titre of >1:8; for those initially seropositive, (baseline hSBA titre >1:4), seroresponse was

defined as at least a 4-fold increase in the pre-vaccination titre [233].

Memory B cells were measured at baseline at day zero and at day 28 as described in
Section 2.3.7. Plasma cells were measured at day 7 as described in Section 2.3.6. The time
points for quantifying memory B cells and plasma cells were based on prior studies of B
cell kinetics after vaccination in adults [134] and infants [258]. The carrier protein used
in MenACWY-CRM is CRM197, a naturally occurring mutant diphtheria toxoid. CRM197
is known to elicit diphtheria toxoid specific B cells and antibody [215]. As CRM197 was

not available as an antigen to coat the ELISPot plates, diphtheria toxoid was used as a
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substitute. MBCs and plasma cells specific for serogroups A, C, W & Y and diphtheria
toxoid were measured. No serological assays were performed for diphtheria toxoid or

CRM197.

4.3.Results

4.3.1. SBA responses to a single dose of MenACWY-CRM conjugate or
MenACWY-PS polysaccharide vaccine

75 participants from Group 1 received a single dose of MenACWY-CRM and 75
participants from Group 2 received a single dose of MenACWY-PS. The hSBA GMTs of
these individuals pre-vaccination and at days 7 and 28 post vaccination are shown in

Table 19.
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Table 19 Unadjusted hSBA geometric mean titres against serogroups A, C, W & Y at

baseline and at 7 and 28 days after vaccination with MenACWY-CRM (Group 1) or MenACWY-

PS (Group 2).
Serogroup Group V1 (day 0) V2 (day 7) V3 (day 28)
3.2 43 16.7
1 (2.6, 4.0) (3.2,5.7) (10.9, 26.1)
A [75] [72] [71]
3.9 5.9 26.5
2 (3.0, 5.1) (4.2,8.3) (16.1, 43.5)
[75] (73] [75]
6.3 14.3 32.7
1 (4.6, 8.5) (9.7, 21.3) (20.06, 53.19)
C [73] [71] [68]
11.1 27.0 98.9
2 (8.2, 15.0) (18.8, 38.6) (64.9, 150.6)
[75] [74] [75]
12.0 20.67 64.1
1 (8.0, 18.0) (13.4, 31.8) (40.7, 100.8)
W [75] [68] [66]
26.2 34.5 53.1
2 (17.5, 39.3) (23.4, 50.7) (35.6, 79.0)
(74] (73] (74]
3.8 5.5 15.4
1 (3.0, 4.7) (4.1,7.5) (10.1, 23.5)
Y [75] [70] [71]
5.6 9.8 21.7
2 (4.2,7.5) (7.1,13.7) (13.9, 33.8)
[75] (74] [75]

95% confidence intervals are shown in round brackets and numbers of samples are
shown in square brackets. The numbers of samples at each time point varied due to
missed visits, participant drop out, insufficient serum for assays or failed assays.

Baseline titres (day o) differed significantly between the study groups for serogroups C

& W, with higher titres in Group 2 (Mann-Whitney U tests p=0.008 and p=0.007,

respectively). Subsequent between group analyses were performed using an analysis of

covariance (ANCOVA) model with adjustment for baseline (day 0) hSBA titres. The values

presented in the between group comparisons therefore differ from the raw GMTs

presented in Table 19. There was no overall correlation between age and baseline hSBA

titre for any of the four serogroups (data not shown).
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Figure 19 hSBA GMTs & 95% CI 7 days after vaccination with a single dose of
MenACWY-CRM (n=68-72) or a single dose of MenACWY-PS (n=73-74), ANCOVA with

adjustment for baseline hSBA values at day o.
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The primary objective of the study (Section 3.2.2) was to compare serogroup A specific
hSBA GMTs seven days after immunisation with either MenACWY-CRM or MenACWY-
PS. As shown in Figure 20 , there were no statistically significant differences between the
conjugate and the polysaccharide groups in meningococcal serogroup A, C, W or Y specific

GMTs measured at day 7 with adjustment for baseline values at day o.
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Figure 20 shows that 28 days after the initial immunisation, MenACWY-PS generates
significantly higher serogroup C specific hSBA titres than MenACWY-CRM (p=0.02).
However, MenACWY-CRM generates higher serogroup W specific hSBA titres that
MenACWY-PS (p<o0.01). There are no significant differences observed for serogroup A

and Y hSBA responses at 28 days between Group 1 and 2.

Figure 20 hSBA GMTS & 95%CI 28 days after vaccination with a single dose of MenACWY-
CRM (n=62-66) or a single dose of MenACWY-PS (n=68-70), ANCOVA with adjustment for

baseline hSBA values at day 0. Note the difference in scale of the y axis from Figure 19.
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Figure 21 Percentage of seroresponders at 28 days (if baseline hSBA titre <1:4 then post-
vaccination hSBA titre of >1:8 OR if baseline hSBA titre >1:4 then at least a 4-fold increase in
the pre-vaccination titre), following a single dose of MenACWY-CRM (n=68-73) or

MenACWY-PS (n=74-75), independent 2 sample t tests.

70.0 - p<0.01*

conjugate
olysaccharide

% seroresponders

The ‘seroresponse’ endpoint at 28 days is, by definition (Section 4.2), adjusted for the
baseline (day o) hSBA titre and is an alternative to the ANCOVA analysis. As shown in
Figure 21, the polysaccharide vaccine appears to generate a significantly higher proportion
of seroresponders to serogroup A than the conjugate vaccine (p<0.01), a pattern similar to

the ANCOVA analysis at 28 days (Figure 20).
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4.3.2. Plasma cell responses to a single dose of MenACWY-CRM conjugate
or MenACWY-PS polysaccharide vaccine

Antigen specific plasma cell numbers were determined on 47 participants from Group
1 and 50 participants from Group 2 as shown inTable 20.

Table 20 Geometric mean counts of plasma cells specific for meningococcal serogroups A,
C, W & Y and diphtheria toxoid 7 days after vaccination with MenACWY-CRM (Group 1) or

MenACWY-PS (Group 2).

Serogroup | Group V2 (day 7)

3.97

A 1 (2.14,7.38)
[47]

9.03

2 (4.95, 16.46)
[50]

5.29

C 1 (2.85,9.84)
[47]

8.65

2 (4.83, 15.51)
[50]

2.40

w (1.36, 4.21)
[47]

2.90

2 (1.51, 5.58)
[50]

2.35

Y 1 (1.40, 3.94)
[47]

2.88

2 (1.65, 5.03)
[50]

19.86

1 (10.73, 36.77)
[47]

0.44

2 (0.34, 0.57)

[50]

95% confidence intervals are shown in round brackets and numbers of samples are
shown in square brackets. The numbers of samples between groups varied due to missed
visits, insufficient blood for assays or failed assays.

Diptheria
toxoid
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Plasma cell GMCs were compared between Group 1 and 2 at day 7 to assess the
response to a single dose of either conjugate or polysaccharide (Table 20 and Figure 22).
Overall, there is a trend for MenACWY-PS to generate a greater plasma cell response at 7
days than MenACWY-CRM across all four serogroups, although this is not statistically
significant for any individual serogroup. There was no adjustment for baseline plasma cell
counts as the frequencies of antigen specific plasma cells prior to vaccination are below

the threshold of detection of this ex vivo ELISpot method [215].

Figure 22 Absolute plasma cell GMCs 7 days after a single dose of MenACWY-

CRM vaccine (n=47) or MenACWY-PS vaccine (n=50), independent 2 sample t tests.

conjugate
18 - polysaccharide
17 - p=0.0__6
16 - P=O.2__5

Llo_

GMC plasma cells pe

O B N W & U1 O N 0 ©

Page 119



B cell responses to conjugate and polysaccharide meningococcal vaccines

Serogroup C specific plasma cell counts at day 7 correlated with the absolute
change in serogroup C specific hSBA GMT’s at day 28 for the conjugate group (Pearson r
coefficient =0.68), but not for the polysaccharide group (Pearson r coefficient =0.09) as

shown in Figure 23.
Figure 23 Correlation between logioc MenC specific plasma cells at day 7 and log:o absolute
change in MenC specific hSBA titres from baseline to 28 days after a single dose of MenACWY-

CRM (purple) and MenACWY-PS (green), Pearson correlation analysis.
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4.3.3. Memory B cell responses to a single dose of MenACWY-CRM or
MenACWY-PS

Memory B cells frequencies were ascertained at baseline and 28 days on 53-58
participants who received a single dose on MenACWY-CRM (Group 1) and on 55-59

participants who received a single dose of MenACWY-PS (Group 2) as shown in Table 21.

Table 21 Unadjusted geometric mean counts of memory B cells specific for meningococcal

serogroups A, C, W & Y and diphtheria toxoid at baseline and 28 days after vaccination with

MenACWY-CRM (Group 1) or MenACWY-PS (Group 2).

Serogroup Group V1 (day 0) V3 (day 28)

A 1.62 2.78
1 (1.13, 2.31) (1.86, 4.13)

[57] (58]

1.78 1.99
2 (1.24, 2.55) (1.37,2.87)

[57] [59]

C 1.27 4.61
1 (0.88, 1.82) (3.06, 6.96)

(58] (58]

2.04 2.42
2 (1.36, 3.07) (1.68, 3.48)

[57] [59]

W 0.94 1.26
(0.67,1.32) (0.84, 1.89)

1

[55] [54]

1.25 141
2 (0.86, 1.81) (0.97, 2.05)

[55] [57]

Y 1.01 1.28
1 (0.70, 1.46) (0.85, 1.91)

[55] (53]

1.37 1.28
2 (0.95, 1.96) (0.90, 1.82)

[55] (58]

Diptheria 4.73 19.92
toxoid 1 (3.18, 7.06) (13.00, 30.52)

(58] [53]

7.05 5.71
2 (4.89,10.17) (3.84, 8.49)

(57] [59]

95% confidence intervals are shown in round brackets and numbers of samples are
shown in square brackets. The numbers of samples at each time point varied due to
missed visits, participant drop out, insufficient blood for assays or failed assays.
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There were no significant differences in baseline titres (day 0) between Groups 1 & 2
for any of the 4 meningococcal serogroups or diphtheria toxoid (independent 2 sample t
tests, data not shown). Subsequent between group analyses were performed using an
analysis of covariance (ANCOVA) model with adjustment for baseline (day 0) memory B
cell GMCs. The values shown in Figure 24 therefore differ from the raw memory B cell

GMCs presented in Table 21.

Figure 24 Memory B cell GMCs and 95% CI 28 days after a single dose of MenACWY-
CRM (n=53-58) or MenACWY-PS (n=55-59) vaccine, ANCOVA with adjustment for baseline

(day o) values.

p=0.02*

conjugate
polysaccharide

GMC ASC per 106 cultured PBMCs

Figure 24 shows that serogroup C specific memory B cell frequencies are significantly
higher 28 days after vaccination with MenACWY-CRM than MenACWY-PS (p=0.02).
There are no significant differences between the conjugate and the polysaccharide vaccine

for serogroups A, WorY.
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4.3.4. B cell response to carrier protein

The CRM-containing conjugate vaccine elicited significantly higher frequencies of
diphtheria-specific plasma cells than the polysaccharide vaccine (p<1075) as shown in

Figure 25.

Figure 25 Diphtheria specific plasma GMCs & 95%CI 7 days after vaccination with a single
dose of MenACWY-CRM (n=47) or a single dose of MenACWY-PS (n=50), independent 2

sample t test.
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The number of diphtheria-specific MBCs at baseline as a proportion of total IgG
secreting memory cells was 0.01%. The memory B cell frequency at day 28 in Group 2 was
not significantly different from that at baseline. As shown in Figure 26, MenACWY-CRM
elicited significantly higher diphtheria toxoid specific memory B cells at day 28 than

MenACWY-PS (p<0.001).
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Figure 26 Diphtheria specific memory B cell GMCs & 95%CI 28 days after vaccination with
a single dose of MenACWY-CRM (n=56) or a single dose of MenACWY-PS (n=57), ANCOVA

with adjustment for baseline values at day o.
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4.4 .Discussion

4.4.1. MenACWY-PS elicits higher hSBA titres at 28 days to serogroups A,C
& Y than MenACWY-CRM

This is the first study in adults to compare MenACWY-CRM with MenACWY-PS.
Whilst in the USA, MPVS4 is used as a quadrivalent polysaccharide vaccine, the
MenACWY-PS vaccine used in this study is the only quadrivalent polysaccharide vaccine
licensed outside of the Americas. The primary endpoint of the study was the
meningococcal serogroup A specific hSBA GMT measured at Day 7 (Visit 2) following the
initial immunisation with MenACWY-CRM and MenACWY-PS. This time point was
chosen as meningococcal specific antibody starts to rise from baseline 4-7 days after
immunisation with either a conjugate or polysaccharide vaccine [254, 259, 260]. There

are few data comparing the magnitude of the antibody responses to a primary dose of
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conjugate and polysaccharide vaccine. Snape et al. showed that in adolescents primed
with MenC conjugate vaccine, a conjugate booster elicits higher SBA GMTs than a
polysaccharide booster at day 5 [254]. However, a study by de Voer et al. in adults primed
with MenC conjugate showed no difference in the magnitude of the SBA response between
individuals boosted with conjugate or polysaccharide [259]. Serogroup A responses were
chosen for the primary endpoint due to investigate whether it acts as TD or TI antigen.
Both quadrivalent vaccines are currently licensed in the UK as travel vaccines for
individuals travelling to areas at risk of A/,C W or Y meningococcal disease[230]. SBA
responses at 7 days were also chosen as the primary endpoint to determine pragmatically
which vaccine would be most useful for travellers who required immunisation at short
notice prior to travel. In this study, there were no significant differences in the hSBA
GMTs at day 7 between participants who received a single dose of MenACWY-CRM or
those who received a single dose of MenACWY-PS, despite an apparent trend towards

higher GMTs in the polysaccharide group for A, C & Y (Figure 19).

Antibody titres following meningococcal vaccination plateau by day 28 [254] and this
is time point is therefore used as the standard outcome in vaccine immunogenicity trials
[247]. At 28 days after the initial vaccination, there is a similar trend towards higher hSBA
GMTs in the polysaccharide group to serogroups A & Y, with statistically significant higher
titres for serogroup C (Figure 20). However, for serogroup W, MenACWY-CRM generates

higher SBA tires than MenACWY-PS.

The percentage of ‘seroresponders’ at 28 days is an alternative to ANCOVA to compare
vaccine responses in populations with elevated baseline antibody titres. In this study,
‘seroresponse’ was defined as the development of seroprotective antibody levels (ie >1:4)

in individuals previously seronegative for the specific capsular antigen or a four-fold or
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greater increase in antibody in individuals already seropositive to that antigen [233]. A
similar pattern to the 28 day ANCOVA was seen (Figure 21), with a trend to higher
seroresponse rates in the MenACWY-PS group for A & Y and a significantly higher rate for
C. However, for serogroup W, MenACWY-CRM appeared to generate a higher percentage
of seroresponders. A similar pattern was seen at day 7, though with lower percentages of

overall seroresponse (data not shown).

However, as shown in Table 19, both MenACWY-CRM and MenACWY-PS vaccines
induced hSBA GMTs above 8 at 7 days and 28 days for all 4 serogroups. A hSBA titre of
>4 has been established as the threshold for the correlate of protection for serogroup C
conjugate vaccines [246], and although there are no validated correlates of protection for
serogroups A,W and Y, a value of >1:8 has been used as an immunological endpoint in
pre-licensure immunogenicity studies of conjugate quadrivalent meningococcal vaccines
in adults [233]. This suggests that there may be no immunological advantage in using the
newer, more expensive conjugate vaccine over the polysaccharide vaccine to provide

short-term protection to adults travelling to high risk areas.

4.4.2. MenACWY-CRM generates greater serogroup W responses at 28 days
than MenACWY-PS

Both ANCOVA analysis and comparison of the seroresponder rate at day 7 and day 28
showed a trend for the polysaccharide to elicit better antibody responses to serogroups A,
C & Y and for the conjugate to elicit a better response to serogroup W. The reason for the
apparent difference in hSBA trends with serogroup W is unclear. One possibility is a
difference in the structure of the MenW polysaccharide in the conjugate and
polysaccharide vaccines. Men W polysaccharide is structurally similar to MenC and MenY
polysaccharides and consists of 6-Galp-a1-4-NeupNAc-a2 sialic acid [261]. Protective
anti-capsular antibodies are generated against the polysaccharide backbone as well as the

O acetylated sialic acid residues [262]. The degree of O Acetylation at the O7 and O9
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position of the sialic acid residues of MenW polysaccharide influences immunogenicity
[263]. The O acetylation status of the bacterial strain used in the SBA assay also influences
the absolute titre measured [264]. Thus differences in the degree of the O acetylation of
the serogroup W component of the conjugate and polysaccharide vaccines and the
meningococcal strains used in the SBA assay may have influenced hSBA titre results.
However, no information could be ascertained as to the relative proportions of O
acetylation of each vaccine. Furthermore, the same serogroup W strain of bacteria was

used for the SBA assay in both groups.

The apparently anomalous behaviour of serogroup W responses could also be due to
negative feedback effects of the higher serogroup W baseline hSBA titres seen in Group 2
(MenW specific hSBA GMT was 12.03 and 26.22 at day o for Groups 1 and 2 respectively).
No individuals in either group were known to have had prior vaccination with a MenW
polysaccharide containing vaccine. These high baseline titres may therefore be a result of
natural priming in these individuals from nasopharyngeal carriage. However, Men W
forms a relatively small proportion of meningococcal isolates from invasive disease in the
UK [31] and a recent study in university students suggests that carriage of MenW in the
UK is relatively infrequent [225]. MenW specific hSBA titres in 30-70 year olds in the
general population are usually below the protective threshold of rSBA >1:8[227],
suggesting that carriage may also be unusual in this age group. An alternative explanation
may be that the exposure to other bacterial species with cross-reactive epitopes to MenW,
may have varied between the study groups, thus giving rise to falsely high SBA titres as
has been described for other meningococcal serogroups [44, 45]. A detailed examination
of the hSBA assay procedure and sample handling did not reveal any systematic reason for

this apparent discrepancy in baseline titres.
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High pre-vaccination titres may inhibit further rises in antibody by negative
feedback after a threshold level. The inverse relationship between baseline antibody titres
and subsequent antibody responses as measured by ELISA has been described in adults to
diphtheria toxoid [265] and tetanus toxoid [266]. The mechanism for this may be
competition for antigen between pre-existing antibody and membrane bound B cell
receptor molecules, thus reducing the stimulus to de novo antigen specific B cell

proliferation.

4.4.3. Other studies comparing the immunogenicity of quadrivalent
meningococcal conjugate and polysaccharide vaccines

Previous studies in adolescents [267] and young children [268] have shown that
MenACWY-CRM elicits superior SBAs to MPVS4 28 days after primary vaccination. There
are no published data directly comparing MenACWY-CRM with MenACWY-PS in either
of these age groups. Only one other study has been published that compares MenACWY-
CRM to a quadrivalent polysaccharide vaccine in adults [233]. This study, conducted in
Brazilian and Argentine adults aged 55-65 years, showed post-vaccination hSBA GMTs
were 1.2- to 5.4-fold higher for MenACWY-CRM than for the polysaccharide comparator
for the four serogroups. However, there are important differences between the South

American study and the study described in this thesis.

Firstly, the comparator polysaccharide vaccines used were different — the South
American study used MPSV4 (Menomune®, Sanofi-Pasteur), as opposed to MenACWY-PS
(ACWYVax® Glaxo-Smith-Kline) in the current study. The Summary of Product
Characteristics (SPC) of both vaccines state that they each contain the same amount of
capsular polysaccharide (50ug each of serogroups A, C, W & Y). However, independent
measurements of the polysaccharide content of both MPVS4 and MenACWY-PS suggest

that they can both contain more polysaccharide than specified in the SPC (up to 60 ug of
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polysaccharide per serogroup), that the content may vary between batches and that
serogroups C, W and Y content are particularly subject to variation [B. Bolgiano, National
Institute of Biological Standards and Control, personal communication]. Thus it is
possible that absolute differences in the polysaccharide content, and thus the antigen dose
delivered by MPVS4 and MenACWY-PS, may explain the differences in relative
immunogenicity of each vaccine observed in the two studies. Dose ranging studies in the
early development of polysaccharide vaccines suggest that there is no immunological
advantage to using a polysaccharide vaccine dose of 100 pg over 50 g, but there are no
published data for smaller increases in dose [269, 270]. Studies of lower dose ranges (5-10
pg polysaccharide) show non-inferiority to full dose polysaccharide [271], but there is no
evidence that either MPVS4 or MenACWY-PS contain less than 50 pg of polysaccharide
amount [B Bolgiano, National Institute of Biological Standards and Control, personal

communication].

A second major difference is that the study described in this thesis was conducted in
Oxfordshire, in the United Kingdom, while the study by Stamboulian and colleagues was
performed in Buenos Aires, Argentina. The natural priming of adults by nasopharyngeal
carriage may differ in two such geographically distinct populations. It is unclear whether
nasopharyngeal carriage of meningococci results in TD or TI responses. It is possible that
intact organisms present capsular polysaccharide linked to subcapsular proteins, forming
a natural conjugate-like TD antigen, with the subsequent generation of memory. Thus in a
population previously primed by high rates of carriage, responses to a single vaccination
with conjugate or polysaccharide may actually reflect dose-effect of a booster on pre-
existing memory cells rather than a true primary TD or TI response. In this situation,
MenACWY-PS, with 50ug of each serogroup polysaccharide , may be expected to elicit
greater hSBA responses than MenACWY-CRM, which contains 1oug of MenA and 5ug

each of MenC, MenW & MenY. Meningococcal carriage rates in adults in Europe are
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roughly 7-8% [9], and there are few recent data on carriage in South America.
Interestingly, the UK has a higher incidence of invasive disease (2 per 100,000), than
Brazil (1.8 per 100,00) or Argentina (0.96 per 100,000 )[36], though this may be
confounded by differences in diagnosis and reporting rates. The baseline SBA GMTs are
not described in the South American study, although the absolute SBA titres achieved
after vaccination were higher than for the study described in this thesis [233]. The hSBA

GMTs 28 days after vaccination are shown for each of the studies in Figure 27.

Figure 27 Absolute hSBA GMTs 28 days after a single dose of conjugate or polysaccharide
vaccine. The study described in this thesis uses MenACWY-CRM or MenACWY-PS (open bars),
the study by Stamboulian et al. uses MenACWY-CRM or MPVS4 (hatched bars). 95% CI are

shown for the Oxford study, but were not available for the Stamboulian et al. study.
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It is not possible to comment further on the relative differences in hSBA titres post-
vaccination without the baseline titres of the South American study. Duplicate SBA assays
can give varying results when performed in different laboratories [Reviewed 272].
However, both studies were performed at the laboratories of Novartis Vaccines and
Diagnostics, using the same hSBA assay [214]. Thus inter-laboratory variation alone

cannot account for the discrepancies between the results from each study. Furthermore, a
Page 130



B cell responses to conjugate and polysaccharide meningococcal vaccines

quality review of the data from this study did not reveal any systematic errors to explain

the observed results.

If the wide variation in baseline titres is taken to represent the heterogeneity of the
adult population prior exposure to meningococci, a larger sample cohort may be required
to robustly distinguish true primary responses to MenACWY-PS and MenACWY-CRM.
The sample size of this study (Section 2.4.1) was calculated assuming similar baseline

values between the two groups.

4.4.4. MenACWY-PS drives plasma cell production while MenACWY-CRM
drives MBC production

Previous B cell kinetic studies suggest that antigen-specific plasma cells are below the
level of detection at baseline and found at their highest frequency in peripheral blood 7
days after primary antigen exposure in adults[134]. A single dose of MenACWY-PS
appears to result in higher plasma cell numbers for all four serogroups (Figure 22) than a
single dose of MenACWY-CRM, although this difference is not statistically significant.
This finding is supported by a recent study which analysed B cell populations produced in
response to pneumococcal vaccines by flow cytometry [257] and showed that larger
numbers of cells with the phenotype of plasma cells (CD19*, CD20-, CD38") were

produced in response to a polysaccharide vaccine than to a conjugate.

Memory B cells can be detected by cultured ELISpot assays from 7 days after primary
antigen exposure, reaching a plateau around 28 days [134, 189]. It is unclear whether
these circulating memory B cells detected at day 7 represent newly generated cells or pre-
formed cells from prior natural exposures which have been displaced from bone marrow
niches. Unlike hSBA titres, memory B cell GMCs were similar at baseline between the two
groups, suggesting similar immunological experience of meningococcal antigens. At day

28, serogroups A & C specific memory B cells showed an increase from baseline in
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response to MenACWY-CRM (Figure 24). No significant changes were seen in antigen

specific memory B cells after MenACWY-PS.

The memory B cell results described are similar to a study in adolescents by Kelly
et al. which showed that a MenC conjugate vaccine induced a memory B cell response at
28 days while a MenC polysaccharide vaccine did not [189]. However, the authors of this
study demonstrated that the plasma cell response to MenC conjugate at 7 days was three
times greater in magnitude than that to MenC polysaccharide. The plasma cell responses
at day 7 in both this and the adolescent study correlate with the absolute change in SBA
from baseline to day 10 in the conjugate group (Figure 23) but not in the polysaccharide
group. The authors suggest that the lack of correlation in the plasma cell group may have
been due to low absolute numbers of plasma cells below the threshold of detection.
However, the results in Figure 20 and Figure 22 show that in the MenACWY-
CRM/MenACWY-PS study, MenC specific plasma cell counts and hSBAs are higher after a
polysaccharide vaccine than after a conjugate vaccine, which is contrary to this proposed
explanation. A further important difference between the Kelly study and MenACWY-
CRM/MenACWY-PS study described here is that both MenC vaccines used in the former
contained the same amount of MenC capsular polysaccharide (10 pg). Thus the higher
plasma cell counts observed in the MenACWY-PS group may simply reflect a dose effect of

greater antigenic load as discussed in Section 4.4.6.

MenW and MenY specific memory B cell and plasma cell frequencies were lower than

MenA and MenC specific populations. This reasons for this are not clear, but may be due

to MenW and MenY acting as less efficient antigens in the ELISpot assay.
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4.4.5. B cell responses to the carrier protein
MenACWY-CRM contains the capsular polysaccharides of serogroups A,C,W&Y

individually chemically conjugated to CRM197, a naturally occurring mutant diphtheria
toxoid known to elicit diphtheria toxoid specific B cells and antibody [215]. Diphtheria
toxoid specific B cells were therefore measured as a marker of the cellular immune
response to CRM197. The number of diphtheria specific MBCs at baseline as a proportion
of total IgG producing cells was 0.01%, which is similar to previous published data [273].
There was an increase in the number of diphtheria-specific plasma cells and memory cells
in response to MenACWY-CRM (Group 1) but not to MenACWY-PS (Group 2). This is

consistent with a TD type response to the CRM197 protein antigen in Group 1.

There was no change in diphtheria toxoid—specific memory B cell frequencies from
baseline in Group 2 as MenACWY-PS does not contain CRM197. A prior study with
protein vaccines (in this case, diphtheria) [273] has also demonstrated a lack of memory B
cell generation to an antigen not present in the vaccine (tetanus toxoid). However, another
study using a pneumococcal protein-conjugate vaccine [216] did show a memory B cell
response to a tetanus toxoid antigen not present in the vaccine. This is postulated to be
due to ‘bystander activation’ due to an increased availability of activated helper T cells

during an antigen specific response (Section 1.4.9) [139].

In Group 1, the plasma cell and MBC responses to the CRM197 carrier protein was of
greater magnitude than to any of the meningococcal serogroup polysaccharides of the
same vaccine. This may be due to the adults in the study having received multiple
diphtheria toxoid containing vaccines in the course of their lives and thus already have
pre-existing immunological memory to diphtheria. However, as similar results have also
been observed in infants[215], who have not had prior diphtheria vaccines this suggests
that diphtheria toxoid may in fact act as a more efficient antigenic stimulus in the in vitro

ELISpot assay than meningococcal polysaccharides.
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4.4.6. Differences in antigen dose and route of administration are
confounding factors

An alternative explanation for the differences in plasma cell and memory B cell
responses between the two groups may be the disparity in antigen load provided by each
vaccine. MenACWY-CRM contains 5 ug of serogroups C, W and Y capsular polysaccharide
and 1oug of serogroups A polysaccharide. MenACWY-PS, however, contains 50ug each of
serogroups A, C, W and Y polysaccharide. It is possible that the higher antigenic dose
contained in the polysaccharide vaccine drives the observed higher initial plasma cell
production. Polysaccharide vaccines generally contain longer chains of several hundred
repeating monosaccharide units, whilst the polysaccharide moiety of conjugate vaccines
consists of shorter oligosaccharide units [160, 274]. The strength of the extra-follicular B
cell response to TI type 2 antigens such as bacterial capsular polysaccharides has been
shown to be directly related to both the number and density of repetitive epitopes as well
as the molecular mass of the antigen[142, 275]. Thus to induce an antibody response, a TI
antigen requires a valency of at least 20 repeating units and a molecular mass of at least
100,000 kDA[276]. This would imply that MenACWY-PS would generate a greater extra-
follicular response than MenACWY-CRM. A lower antigen density, as might be expected
in a conjugate vaccine may preferentially drive a germinal centre pathway response [142].
The relative importance of the extra-follicular as compared to germinal centre responses
to MenACWY-PS and MenACWY-CRM cannot be clearly defined in this study without
further antibody avidity data or somatic hypermutation analysis. Evidence of affinity
maturation by means of avidity ELISAs or immunoglobulin sequence analysis would

suggest germinal centre involvement during the immune response.

The equivalence of the absolute measured polysaccharide content of plain polysaccharide
vaccines and conjugate vaccines is uncertain — i.e. does MenACWY-PS actually contain 5-
10 times more biologically available polysaccharide than MenACWY-CRM? Using

equivalent antigen dosages (i.e. a 1/5th dose of MenACWY-PS vs. a full dose of
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MenACWY-CRM) would allow this issue to be addressed. A follow-on clinical study (OVG
2012/02) is planned to investigate this issue and will be discussed in more detail later in

this thesis.

A further confounding factor between the 2 vaccine groups is the route of
administration of each vaccine. The conjugate vaccine was given intramuscularly, while
the polysaccharide was administered subcutaneously as specified in the SPC for each
vaccine. The type of antigen presenting cell and the route taken by antigen to the draining
lymph node will vary according to the location of the antigen depot, whether in the
subcutaneous adipose tissue or in the muscle, which could theoretically alter the
magnitude or nature of the immune response. However, Ruben et al. administered the
same dose of MPVS4 polysaccharide vaccine to adults either subcutaneously or
intramuscularly and showed no difference in rSBA GMTs or the proportion of individuals
with a 4-fold rise at 28 days [277]. The differences in route may lead to more subtle
variations in the immune response. For example, intramuscular vaccination produces
higher IgGz2 titres than subcutaneous vaccination but has no effect on IgGzu titres [278].
TD antigens such as conjugate vaccines produce predominantly antibody of the IgGi
subtype while TT antigens produce IgG2 [279, 280]. IgG1 is a more potent activator of the
classical complement pathway than IgG2, thus a shift in the IgG1/IgG2 ratio may alter the
hSBA titres observed. There are no published data on route of administration and B cell

responses.

4.5.Conclusions

The clinical study described in this chapter demonstrates that both MenACWY-CRM
and MenACWY-PS are immunogenic in adults. Furthermore, both vaccines offer similar
short-term protection as measured by the clinical correlate of protection of a hSBA titre of

>1:4, although there are individual serogroup differences between the vaccine groups.
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Striking differences are observed in the B cell responses to each vaccine. A single dose of
MenACWY-PS tends to generate plasma cells at day 7, while MenACWY-CRM generates
memory B cells for serogroups A and C. Differences in the antigen content and route of
administration of MenACWY-CRM and MenACWY-PS may be confounding factors in

interpreting these results.
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Chapter 5 - MenACWY-PS causes hyporesponsiveness

5.1.Introduction

Vaccine-induced hyporesponsiveness is the inability to mount a booster response of at
least the same magnitude as that produced to the priming dose. Hyporesponsiveness has
been described after vaccination of newborns [281, 282] with protein toxoid vaccines.
However, hyporesponsiveness has been more extensively studied in the context of
polysaccharide vaccination, in particular with pneumococcal and meningococcal plain
polysaccharide vaccines. This chapter describes the phenomenon of polysaccharide
induced hyporesponsiveness in quadrivalent meningococcal vaccines at the level of

functional antibody, memory B cell and plasma cell responses.

5.1.1. Repeated doses of polysaccharide vaccine induce
hyporesponsiveness

Gold et al. first observed that repeated doses of a serogroup C polysaccharide vaccine
resulted in lower antigen specific antibody responses as early as 1975 [172]. Infants were
primed at 3 months and boosted at 7 or 12 month of age with MenC plain polysaccharide
(MenC-PS). No anamnestic response was seen after to booster doses. Instead, the MenC
specific geometric mean antibody titres as measured by radioimmunassay were
significantly lower after the booster at either 7 or 12 months than after the priming dose at
3 months. The phenomenon was dose-dependent: infants receiving 25-100 pg of
polysaccharide demonstrated depressed responses while those receiving a smaller dose of

10 pg did not.

A series of studies in Gambian infants performed in the late 1990’s investigated this

further. Infants who had received 2 doses of MenC-PS under the age of 6 months were
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shown to mount a lower MenC-specific IgG response (measured by ELISA) to a MenC
polysaccharide booster at 18 months than previously polysaccharide naive age-matched
controls [174]. These children were boosted with a further dose of MenC-PS at 5 years of
age [283] which elicited lower serum bactericidal activity (SBA) titres than in
unvaccinated controls. However, at 5 years of age, there were no differences in MenC-
specific IgG between previously vaccinated and unvaccinated children. This may be
explained by ELISA measuring antibodies of varying affinities, while SBA assays measure
functional activity of antibodies of all isotypes and are thus more likely to represent the
response to a clinical infection. Other studies in infants [170, 179], adolescents [169] and
adults [191, 192, 284], have also demonstrated MenC-PS induced impaired immune
responses at SBA level to subsequent polysaccharide which can last for up to 5 years .
These are summarised in Table 22. The repeated observations of lower antibody responses
after preceding polysaccharide vaccine has led to the concept of hyporesponsiveness, the

mechanisms for which remain a matter for speculation.

Hyporesponsiveness has also been observed in individuals given a MenC
polysaccharide vaccine as a booster following priming with MenC conjugate where
interference with responses to a subsequent dose of MenC conjugate vaccines was
observed [180]. Children primed with 2 doses of MenAC conjugate in infancy and boosted
at 2 years with MenAC-PS had reduced SBA titres to a MenAC-PS booster at 5 years
compared with children who received MenAC conjugate or a polio vaccine at 2 years

[285].

Hyporesponsiveness after multiple doses of polysaccharide vaccine has also been
described for other serogroups. Al-Mazrou et al. showed that children who have received 2
doses of quadrivalent polysaccharide vaccine (MenACWY-PS) have lower antibody

responses to serogroups C, W and Y than children who had 1 dose of the same vaccine
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[286]. However, in this study children who received 2 doses of vaccine were 6-24 months
of age while those who received only one dose were 24-48 months of age. Thus the poor
response to multiple doses of vaccine may simply relate to poor TI responses in children

under the age of 2 (Section 1.4.2).

5.1.2. Can conjugate vaccines overcome hyporesponsiveness induced by
polysaccharide vaccines?

Several studies have examined whether polysaccharide induced hyporesponsiveness
can be remedied by conjugate vaccination. University students primed with MenAC-PS
were boosted with MenC-CRM conjugate or MenAC-PS 6 months later. Although
individuals with a conjugate booster had higher SBA titres than those boosted with
polysaccharide, their SBA titres were lower than previously vaccine naive controls who
received only a single dose of MenC-CRM [284]. This was not carrier specific and MenC-
PS induced hyporesponsiveness has also been demonstrated to a MenC-TT booster [287].
Similar impaired responses to a quadrivalent MenACWY-TT conjugate 3 years after prior
polysaccharide vaccine have been reported in adolescents [171] to serogroups A, C, W & Y.
Children who received 2 doses of a MenAC polysaccharide vaccine in infancy followed by
a MenAC conjugate vaccine at 2 years of age, mounted higher SBA responses to a further
booster dose of MenAC polysaccharide at 5 years of age than previously vaccine naive
controls[288]. This indirectly suggests the induction of memory by the conjugate vaccine
despite prior polysaccharide vaccination although no formal antibody measurements were
made after the conjugate vaccine at 2 years. Subsequently, another study in children 2-3.5
years of age primed with MenC-PS and boosted 6 months later with a MenC-CRM
conjugate showed no difference in either the SBA response or the development of a
memory response with avidity matured antibody compared with polysaccharide naive
controls who received only a single dose of conjugate [190], suggesting that in children,

conjugate may abrogate the effects of polysaccharide induced hyporesponsiveness.
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Table 22 Key studies demonstrating hyporesponsiveness to meningococcal polysaccharide vaccines

Study Vaccine(s) Regimen Finding Assay
Borrow, Prime adults . . .
2000[232] MenA/C PS Boost 6m Prior PS impaired MenA Ab response to PS booster ELISA
Borrow, Prime infants, boost 7m . . . SBA, ELISA,
2001[190] Men A/C PS + MenC-CRM later <1yr age prior PS impairs MenC SBA to MenC-CRM boost avidity
zggr;r[c;v;‘,;] MenA/C PS + MenC-CRM Boost adults Prior PS impairs MenAc Ab response to MenC-CRM booster SBA, ELISA
Findlow, Prime 12-23m toddlers Prior PS impairs MenC & W Ab response to low dose PS
2011[290] MenACWY PS Boost 10m later booster SBA
Gold, 1975[172] Men C PS + Men A PS Prime 3m infants, boost 7 or Impaired Ab response to booster doses MenC, no difference to RIA
12 months MenA
Granoff, Prime adults . . .
1998[191] MenACWY PS Boost 4yr Prior PS impairs MenC ab response to low dose PS booster SBA
Jokhdar, 2004 MenA/C PS Boost adolescents Increasing numbers of doses of PS associated with reduced SBA
[169] MenC response to PS booster
Lakshman, . Prior PS impairs MenC SBA and IgG response to PS booster and
2002[192] MenA/C PS Prime adults boost 12m MenA SBA to PS booster SBA, ELISA
Leach, 1997 [174] Men A/C PS Prime 3,6m, boost 18-24m 2 Prior doses of PS impaired MenC response to PS booster, no ELISA
difference in MenA
MacDonald, 1998 MenACWY PS Prime 15-24 m (2 doses 2.m Prior PS impaired MenC Ab response to PS booster SBA, ELISA
[179] apart),Boost 3 yrs
MacDonald, Prime 18, 20 m, Boost 3 yrs 3 doses of prior PS impaired MenC Ab response to MenC-CRM
2000[288] MenACWY'PS + MenC-CRM Boost 4 yrs (con) booster more than 1 dose SBA, ELISA
Maclennan, Prime 3,6m, boost 18-24m, . .
1999[283] MenA/C PS boost 5 yrs 3 prev doses of PS impairs response to Men A & Men C SBA
Richmond, 2000 MenA/C PS + MenA/C PS or Prime adults Boost 6m Prior PS impairs Men(; Ab response to PS booster and SBA, ELISA
[284] MenC-CRM conjugate booster
Southern, Men A/C PS Boost adults Magnitude and persistence of MenC ab response to MenC-TT SBA, ELISA

2004[287]

conjugate impaired by >1 doses prior PS
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5.1.3. Multiple doses of serogroup A may not lead to hyporesponsiveness

Although hyporesponsiveness has been well described with serogroup C, evidence of
the effect of repeated doses of MenA polysaccharide is conflicting. The same study by Gold
et al. (Section 5.1.1) that demonstrated hyporesponsiveness to multiple doses of MenC
polysaccharide in infants, also showed that the antibody response to MenA polysaccharide
increases with each successive dose [172]. Kayhty et al. immunised children under the age
of 17 months with 2 doses of MenA polysaccharide vaccine 2 months apart during a MenA
epidemic in Finland and showed that the antibody responses to the second dose were
significantly higher than those to the first dose [291]. Both these studies used
radioimmunoasays to quantify antibody and did not assess antibody functional activity. A
more recent study by Jokhdar et al. showed that MenA specific SBA responses in Saudi
individuals aged 10-29 years of age to a MenAC polysaccharide vaccine were higher in
those who had received 2 or more previous doses of a MenA polysaccharide containing

vaccine.

In contrast, 2 studies have shown impairment of MenA specific SBA responses after
multiple doses of MenA polysaccharide vaccine. Borrow et al. immunised 18-25 years with
2 doses of a MenAC polysaccharide vaccine 6 months apart and showed reduced MenA
specific IgG titres by ELISA and MenA specific SBA after the second dose when compared
to after the first dose [232]. An important difference between this and the Saudi was that
serogroup A carriage rates are much lower in the UK, so the study populations may have
differed in the extent of immunological priming and natural boosting. The Gambian study
described in Section 5.1.1 also demonstrated immunological hyporesponsiveness to
repeated vaccination with MenA polysaccharide using MenA specific IgG ELISA and SBA
assays. However although the rates of natural exposure may have been similar to that of
the Saudi population, the Gambian study population was conducted in children who

received the MenAC polysaccharide vaccine at 3, 6, 18-24 months and 5 years of age.
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5.1.4. Hyporesponsiveness to vaccines against other encapsulated
bacteria

Hyporesponsiveness has also been described after multiple doses of pneumococcal
polysaccharide vaccine (PPV) in children [292, 293] and in adults re- immunised at
intervals of to 18 months to 6 years [294, 295]. In adults, polysaccharide-induced
hyporesponsiveness appears to wane with a 10 year interval between doses [296],
suggesting recovery of immune function with time. Several studies have examined the
effect of prior PPV on the response to subsequent pneumococcal conjugate vaccine (PCV)
in children. These show no clear pattern of hyporesponsiveness to PCV in children who
have previously received PPV [reviewed 297]. However, studies in healthy adults clearly
demonstrate that prior PPV impairs the subsequent response to a PCV booster [257, 298].
The investigation of hyporesponsiveness to pneumococcal polysaccharides is complicated
by the large number of disease causing serotypes (>90), and the varying immunogenicity

of their capsular polysaccharides in different age groups [reviewed 299].

The other widely studied bacterial capsular polysaccharide vaccine is the polyribositol
phosphate (PRP) containing Haemophilus influenzae type b (Hib) vaccine. The immune
response to a second dose of Hib polysaccharide vaccine given after 3.5 years is no
different from that to the first dose [300]. Although this demonstrates lack of priming for
memory, this is not true hyporesponsiveness. The children who made no immune
response to PRP were those who had higher initial levels of anti-PRP antibodies at

baseline, suggesting that high antibody may exert negative feedback on further responses.
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5.2.Methods

The chapter relates to the responses of participants

in the MenACWY-

CRM/MenACWY-PS clinical trial previously described in Chapter 3 to a MenACWY-CRM

booster. Participants were primed with either MenACWY-CRM (Group 1) or MenACWY-

PS (Group 2) as shown in Table 23.

Table 23 Timeline of procedures in the MenACWY-CRM/MenACWY-PS clinical vaccine

trial in healthy adult volunteers.

Vi V2 V3 V4 V5
Day 0 Day 7 Day 28 Day 35 Day 56
MenACWY- MenACWY-
CRM conjugate CRM conjugate
Group 2
MenACWY-PS MenACWY-
polysaccharide CRM conjugate
n=75
SBA SBA SBA SBA SBA
Assays

Memory B cells

Plasma cells

Memory B cells

Plasma cells

Memory B cells

hSBA assays were performed on serum at each time point using methods described in

Section 2.3.2 [214]. Antigen specific plasma cell and memory B cell geometric mean

counts (GMCs) were determined 7 and 28 days after each vaccination respectively as

described in Section 2.3.6 and 2.3.7.
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5.3.1. SBA responses to a MenACWY-CRM booster
73 participants from Group 1 (MenACWY-CRM primed) received a MenACWY-CRM

booster, while all 75 participants from Group 2 (MenACWY-PS primed) received a

MenACWY-CRM booster. The absolute hSBA GMTs for these individuals at baseline and 7

and 28 days after each priming and boosting vaccine is shown in Table 24.

Table 24 Unadjusted hSBA geometric mean titres against serogroups A, C, W & Y at

baseline and at 7 and 28 days after each vaccination for Group 1 (MenACWY-CRM +

MenACWY-CRM) or Group 2 (MenACWY-PS + MenACWY-CRM).

Serogroup Group V1 (day 0) V2 (day 7) V3 (day 28) V4 (day 35) V5 (day 56)
3.24 4.26 16.87 29.89 30.30
1 (2.60, 4.03) (3.17, 5.73) (10.91, 26.09) (19.68, 45.41) (19.62, 46.78)
A [75] [72] [71] [72] [73]
3.88 5.90 26.46 29.76 38.17
2 (2.98, 5.05) (4.20, 8.28) (16.11, 43.46) (18.50, 47.87) (23.99, 60.71)
[75] [73] [75] [73] [72]
6.26 14.34 32.67 53.21 56.20
1 (4.61, 8.48) (9.65, 21.30) (20.06, 53.19) (34.62, 81.79) (37.70, 83.78)
C [73] [71] [68] [72] [72]
11.06 26.97 98.89 92.74 119.55
2 (8.18, 14.96) (18.84, 38.59) | (64.94, 150.58) | (60.65, 141.79) | (77.97, 183.30)
[75] [74] [75] [74] [73]
12.03 20.66 64.06 74.21 77.44
1 (8.03, 18.02) (13.44, 31.75) | (40.72, 100.77) | (48.95, 112.50) | (50.74, 118.20)
W [75] [68] [66] [71] [68]
26.22 34.46 53.06 57.11 61.47
2 (17.51, 39.27) (23.43, 50.69) (35.64, 78.99) (39.54, 82.48) (39.78, 94.99)
[74] [73] [74] [73] [69]
3.76 5.53 15.44 21.79 20.68
1 (3.03, 4.65) (4.08, 7.49) (10.12, 23.54) (14.32, 33.17) (13.98, 30.58)
Y [75] [70] [71] [72] [73]
5.59 9.83 21.66 22.44 27.14
2 (4.17, 7.48) (7.06, 13.69) (13.88, 33.80) (14.40, 34.96) (17.48, 42.12)
[75] [74] [75] [71] [71]

95% confidence intervals are shown in round brackets and numbers of samples are
shown in square brackets. The numbers of samples at each time point varied due to
missed visits, participant drop out, insufficient serum for assays or failed assays.
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5.3.2. Plasma cell frequencies after a MenACWY-CRM booster

Antigen specific plasma cell frequencies were determined at day 35 (i.e. 7 days after

booster vaccination), on 44 participants from Group 1 (MenACWY-CRM primed), and 47

participants from Group 2 (MenACWY-PS primed), as shown in Table 25.

Table 25 Geometric mean counts of plasma cells specific for meningococcal serogroups A,

C, W & Y and diphtheria toxoid 7 days after vaccination with a MenACWY-CRM priming and

MenACWY-CRM booster vaccine (Group 1) or 7 days after vaccination with a MenACWY-PS

priming and MenACWY-CRM booster vaccine (Group 2).

Serogroup Group V2 (day 7) V4 (day 35)
3.97 3.75
1 (2.14, 7.38) (2.37, 5.93)
A [47] [44]
9.03 1.41
2 (4.95, 16.46) (0.85, 2.34)
[50] [47]
5.29 4.26
1 (2.85, 9.84) (2.72, 6.67)
c [47] [44]
8.65 1.32
2 (4.83, 15.51) (0.84, 2.05)
[50] [47]
2.40 1.53
1 (1.36, 4.21) (0.97, 2.43)
w [47] [44]
2.90 0.84
2 (1.51, 5.58) (0.57, 1.23)
[50] [47]
2.35 2.01
1 (1.40, 3.94) (1.33, 3.02)
Y [47] [44]
2.88 0.83
2 (1.65, 5.03) (0.58, 1.20)
[50] [47]
19.86 9.26
1 (10.73, 36.77) (5.62, 15.26)
Diphtheria toxoid [47] [44]
0.44 28.03
2 (0.34, 0.57) (14.63, 53.70)
[50] [47]

95% confidence intervals are shown in round brackets and numbers of samples are
shown in square brackets. The numbers of samples between groups varied due to missed
visits, insufficient blood for assays or failed assays.
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5.3.3. Memory B cell frequencies after a MenACWY-CRM booster

Memory B cells frequencies were ascertained at pre-booster (i.e. day 28), and 28 days

after a MenACWY-CRM booster dose (i.e. day 56), on 51-58 participants who were primed

with MenACWY-CRM (Group 1) and on 56-59 participants who were primed with

MenACWY-PS (Group 2) as shown in Table 26.

Table 26 Geometric mean counts of memory B cells specific for meningococcal serogroups

A, C, W &Y and diphtheria toxoid 7 days after vaccination with a MenACWY-CRM priming and

MenACWY-CRM booster vaccine (Group 1) or 7 days after vaccination with a MenACWY-PS

priming and MenACWY-CRM booster vaccine (Group 2).

Serogroup Group V1(day 0) V3 (day 28) V5 (day 56)
1.62 2.78 5.29
1 (1.13, 2.31) (1.86, 4.13) (3.74, 7.48)
A [57] [58] [57]
1.78 1.99 2.85
2 (1.24, 2.55) (1.37, 2.87) (2.02, 4.02)
[57] [59] [58]
1.27 4.61 6.92
1 (0.88, 1.82) (3.06, 6.96) (4.82, 9.94)
C [58] [58] [57]
2.04 2.42 3.00
2 (1.36, 3.07) (1.68, 3.48) (2.06, 4.38)
[57] [59] [58]
0.94 1.26 2.04
1 (0.67, 1.32) (0.84, 1.89) (1.40, 2.98)
w [55] [54] [53]
1.25 1.41 1.65
2 (0.86, 1.81) (0.97, 2.05) (1.16, 2.35)
[55] [57] [56]
1.01 1.28 2.33
1 (0.70, 1.46) (0.85, 1.91) (1.65, 3.30)
Y [55] [53] [51]
1.37 1.28 1.55
2 (0.95, 1.96) (0.90, 1.82) (1.04, 2.31)
[55] [56] [56]
4.73 19.92 25.72
. . 1 (3.18, 7.06) (13.00, 30.52) (16.45, 40.20)
o [58] [58] [57]
7.05 5.71 26.08
2 (4.89, 10.17) (3.84, 8.49) (17.63, 38.47)
[57] [59] [58]
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5.3.4. Antibody responses to MenACWY-CRM with or without prior
MenACWY-PS

Between group analyses were performed using an analysis of covariance
(ANCOVA) model with adjustment for hSBA titres prior to the first dose of conjugate (day
0 in Group 1 and day 28 in Group 2 respectively). The values presented in Figure 28 and

Figure 29 therefore differ from the raw hSBA GMTs presented in Table 24.

Figure 28 hSBA GMTs & 95% CI 7 days after a dose of MenACWY-CRM conjugate, with
(n=71-74) or without (n=68-72) a prior dose of Men ACWY-PS polysaccharide, ANCOVA with

adjustment for baseline pre-conjugate.
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As shown in Figure 28, 7 days after conjugate vaccination, individuals who have received a
prior dose of MenACWY-PS have significantly lower MenC specific SBA titres than
previously polysaccharide naive individuals (p<0.01). By 28 days after conjugate
vaccination, this effect has attained significance across all 4 serogroups, as shown in

Figure 28 (p<o0.01 for all comparisons) .
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Figure 29 hSBA GMTs & 95% CI 28 days after a dose of MenACWY-CRM conjugate, with
(n=68-73) or without (n=66-71) a prior dose of Men ACWY-PS polysaccharide, ANCOVA with

adjustment for baseline pre-conjugate.
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5.3.5. Antigen specific B cell responses to MenACWY-CRM with or without
prior MenACWY-PS

The descriptive analyses of the antigen specific plasma cell responses are shown in
Table 25. Plasma cell counts at baseline (day o, day 28) were below the level of detection
(data not shown), so no adjustment of the values for baseline were made in the case of the
plasma cell data. Figure 30 shows that antigen specific plasma cell responses to conjugate
vaccine are significantly attenuated across all 4 serogroups in individuals who have
received prior polysaccharide, compared to polysaccharide naive individuals (p<o0.01 for
all 4 serogroups). At this comparison point, prior polysaccharide impairs the MenC

specific memory B cell response 28 days after a conjugate as shown in Figure 31 (p=0.02).
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CRM with (N=47) or without (N=47) a prior dose of MenACWY-PS polysaccharide,

independent 2 sample t tests.

GMC ASC per 106 cultured PBMCs

10 -

p_§0.01*

p=0.01*

p<0.01* p<0.01*

with (n=56-58) or without (n=57-58) a prior dose of Men ACWY-PS polysaccharide, ANCOVA

conjugate
polysaccharide

conjugate

Figure 31 Memory B cell GMC & 95% CI 28 days after a dose of MenACWY-CRM conjugate,

with adjustment for baseline pre-conjugate

GMC ASC per 106 cultured PBMCs

p=0.02*

conjugate
polysaccharide

conjugate
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5.3.6. Antibody responses to a conjugate booster with either conjugate or
polysaccharide priming

Figure 32 shows that SBA responses to all 4 serogroups measured 7 days after a
conjugate booster are lower in polysaccharide primed individuals than in conjugate
primed individuals (p<0.01 across all 4 serogroups), though these differences have lost

significance by day 28 after a conjugate booster (Figure 33).
Figure 32 hSBA GMTs & 95% CI 7 days after a dose of MenACWY-CRM conjugate, with
MenACWY-CRM conjugate priming (n=71-72) or Men ACWY-PS polysaccharide priming

(n=71-74), ANCOVA with adjustment for baseline pre-booster
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Figure 33 hSBA GMTs & 95% CI 28 days after a dose of MenACWY-CRM conjugate, with
MenACWY-CRM conjugate priming (n=68-73) or Men ACWY-PS polysaccharide priming

(n=69-73), ANCOVA with adjustment for baseline pre-booster
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5.3.7. Antigen specific B cell responses to a conjugate booster with either
conjugate or polysaccharide priming

Figure 34 demonstrates strong evidence of impaired plasma cell responses across all
serogroups at day 7 after a conjugate booster in polysaccharide primed individuals as

compared to conjugate primed individuals (all p<0.01).

Figure 34 Plasma cell GMCs & 95%CI 7 days after a MenACWY-CRM booster, with
MenACWY-CRM conjugate priming (n=44) or MenACWY-PS polysaccharide priming (n=47),

independent 2 sample t tests
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Figure 35 shows a significantly impaired MenA and MenC specific memory B cell
responses 28 days after a MenACWY-CRM booster in individuals who have received
priming with MenACWY-PS compared with those primed with MenACWY-CRM (p=0.02

for both MenA and MenC)
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Figure 35 Memory B cell GMC & 95%CI 28 days after MenACWY-CRM conjugate booster, with
either MenACWY-CRM conjugate (n=51-57) or MenACWY-PS polysaccharide (n=56-58)

priming, ANCOVA with adjustment for baseline pre-booster.

conjugate

conjugate
polysaccharide

conjugate

p=0.02*

GMC ASC per 106 cultured PBMCs

5.3.8. Temporal trends in antigen specific B cell responses

The plasma cell response to in Group 2 is greatest to the priming dose rather than the
booster as shown in Figure 36. The temporal patterns of memory B cell production in each
group suggest a trend towards higher cell counts over the course of the trial in Group 1

than Group 2 (Figure 37).
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Figure 36 MenA, MenC, MenW and MenY specific plasma cell GMCs and 95%CI at days 7

and 35 of the MenACWY-CRM/MenACWY-PS clinical study.
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Figure 37 MenA, MenC, MenW and MenY specific memory B cell GMCs and 95%CI at days

0, 28 and 56 of the MenACWY-CRM/MenACWY-PS clinical study.
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5.4.Discussion

5.4.1. Prior MenACWY-PS impairs the antibody and plasma cell response
to subsequent MenACWY-CRM

Meningococcal serogroup C polysaccharide induced hyporesponsiveness has been well
demonstrated at the antibody level using radioimmunoassay, ELISA and SBA assays
(summarised Table 22). The data presented in Figure 29 show that prior MenACWY-PS
impairs the functional antibody response to all 4 serogroups 28 days after a dose of
MenACWY-CRM and confirms the previously demonstrated phenomenon of

polysaccharide vaccine induced hyporesponsiveness at antibody level.

However, Figure 30 shows that MenACWY-PS also impairs the plasma cell response
to a dose of MenACWY-CRM at 7 days for all 4 serogroups. Thus in Group 2, the plasma
cell response to the conjugate booster is less than response to the priming polysaccharide
(Figure 36). This is the first time that hyporesponsiveness has been demonstrated to
meningococcal polysaccharide at the antigen specific B cell level. This is consistent with
the observation in the previous chapter that day 7 plasma cells correlate with day 28 SBA

titres.

5.4.2. MenACWY-PS fails to prime for immunological memory

Memory B cells underlie the anamnestic response to subsequent antigenic challenge
and do not constitutively produce antibody, but rapidly differentiate into plasma cells and
further memory B cells on stimulation by antigen [100]. Thus memory B cell responses
have classically been inferred by a potentiated antibody response after booster
vaccination. The SBA GMT 7 days after a conjugate booster is significantly higher in
individuals primed with MenACWY-CRM than MenACWY-PS (Figure 32). This suggests
that priming with conjugate elicits bactericidal antibodies faster than priming with

polysaccharide. The higher SBA titre at day 7 elicited in Group 1 by a conjugate booster
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may reflect higher avidity antibody with greater bactericidal activity generated through
the germinal centre by the priming dose of conjugate. It has been suggested that the
response to a conjugate vaccine closely parallels natural infection by meningococci, where
the capsular polysaccharide of the invading bacteria are presented as TD antigens linked
to subcapsular proteins[301]. Thus the slower response to a conjugate booster after
priming with polysaccharide implies that individuals who have received a prior
polysaccharide may be less able to mount a fast protective immune response in the event
of invasive disease. The difference in SBA titres has lost significance by 28 days after the
conjugate booster but is still higher in the MenACWY-CRM primed Group 1(Figure 33). It
can be speculated that the slower response to conjugate in Group 2 may be more similar to
the kinetics of a primary response than the secondary-type response seen in Group 1.
However, given the short interval between the first and second vaccines (1 month) and the
consequent high SBA titres at the time of boosting, true memory responses in individuals
with already high antibody titres may be difficult to ascertain [180]. Avidity maturation
indices and demonstration of antibody somatic hypermutation may provide better
indicators of memory at the antibody level [194]. Priming with conjugate also elicits
higher frequencies of plasma cells against all 4 serogroups 7 days after a conjugate booster

than priming with polysaccharide (Figure 34).

Antigen specific memory B cell responses are of greater magnitude and peak earlier in
secondary responses compared to primary responses [134]. Figure 31 shows lower MenC
specific memory B cell frequencies 28 days after a conjugate vaccine in those who have
received prior polysaccharide compared to polysaccharide naive individuals. However, it
may be that memory B cells should have been measured at a shorter interval after the
conjugate vaccination to elucidate newly generated memory B cells from a faster
secondary response. A more accurate indication of the direct effect of priming vaccine on

memory B cell generation may actually be to compare the memory B cell response to a
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booster conjugate vaccine between the 2 groups. Figure 35 shows that MenA and MenC
specific memory B cells 28 days after a conjugate booster are higher in conjugate primed
individuals, compared to polysaccharide primed individuals. A similar trend is seen for
MenW and MenY specific memory B cells, but these differences are not significant,
perhaps due to the small sample size. The temporal patterns of memory cell production in
each group suggest a trend towards higher cell counts over the course of the trial in Group
1 than Group 2. Taken together, these findings suggest that MenACWY-CRM is better able

to prime for immunological memory than MenACWY-PS.

5.4.3. Possible mechanisms for the hyporesponsiveness observed in this
study

As discussed in the introduction to thesis, hyporesponsiveness caused by
polysaccharide is antigen specific [302, 303] and dose dependent [304]. This argues
against a non-specific mechanism of immune suppression by polysaccharide for example
via T suppressor cells. Four possible explanations for the phenomenon of

hyporesponsiveness are considered below.

5.4.3.1. Persistent antigen

Murine studies with radiolabelled pneumococcal polysaccharide suggest that
polysaccharides can persist in the circulation for considerable time after vaccination[305].
On injecting polysaccharide specific antibody, the amount of detectable polysaccharide
decreases, then rises again as the antibody levels wane. The authors postulate that this
continuously released free antigen constantly binds to and neutralises specific antibody,
thereby reducing the functional antibody detected in response to subsequent vaccination.
The persistence of the polysaccharide may be related to its size. Polysaccharide vaccines
generally contain higher molecular weight saccharides than conjugate vaccines (Section

4.4.6). This would explain the apparent dose dependency observed in relation to
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polysaccharide-induced hyporesponsiveness [172, 306]. However, this theory does not

explain the effects seen in this study at cellular level.

5.4.3.2. Inhibitory effect of high serum antibody
A high antibody titre elicited by a polysaccharide vaccine with its high antigen load

may exert a negative feedback on further antibody production — perhaps by binding to
free antigen and limiting the amount available to stimulate specific B cells. This
mechanism has been used to explain the observed temporary drop in anti-Hib antibody
titres immediately after a dose of PRP polysaccharide vaccine, the magnitude of which
correlates with pre-immunisation anti-PRP titres [307]. This would also be consistent
with the apparent reversal of hyporesponsiveness over time [296] once antibody has
waned. However, other studies with dose intervals of 6 months to 1 year have shown that
despite antibody titres pre-boost returning to pre-priming levels, hyporesponsiveness

persists [288, 308].

In the study described in this thesis, the interval between doses was 1 month and
antibody levels had not returned to baseline levels before the second dose of vaccine. At
day 28 after the first vaccination, MenC SBA titres were higher in the MenACWY-CRM
group while MenW titres were higher in the MenACWY-PS group (Section 4.4.1).
However, hyporesponsiveness was demonstrated across all 4 serogroups, which suggests

that absolute antibody levels alone do not mediate hyporesponsiveness.

A strong immune response to a primary vaccine may exert a ceiling on subsequent
responses to a booster vaccine. In Table 24, it may be seen that the magnitude of the
absolute increase in SBA titres at day 28 is smaller after a second dose of conjugate than
after a single dose of conjugate across all 4 serogroups. A similar pattern of a smaller rise

in absolute MenC-specific memory B cells after a MenACWY-CRM booster, as compared
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to a primary dose of MenACWY-CRM, is shown in Table 26. Serogroup C induces the
largest increase in memory B cell numbers from day o to day 28, thus the threshold of
response may not have been reached by the other serogroups. This effect is not restricted
to the oligosaccharide component of the conjugate vaccine but is also seen for the carrier
protein at memory B cell level. There was no significant difference between plasma cell
responses after a first or second dose of conjugate (data not shown). Using longer
intervals between priming and boosting that allow time for germinal centres to involute
and thus SBA titres and memory counts to return to baseline values may provide a clearer
picture of hyporesponsiveness without the confounder of a potential ceiling on the

magnitude of the immune response.

5.4.3.3. Reduction in specific antibody isotypes

Polysaccharide vaccines may selectively impair the production of an immunoglobulin
isotype. TI antigens such as polysaccharide vaccines induce IgG2 subclass responses in
humans and IgG3 responses in mice [280, 309]. Conjugate vaccines, however, invoke
IgG1 and to a lesser extent, IgG2 [290]. Murine studies suggest that polysaccharide may
deplete the IgG2a and IgG2b subclasses [301, 306]. These subclasses in mice are
responsible for binding complement with high affinity through their Fc receptor, thereby
activating the classical complement pathway [310]. Thus hyporesponsiveness may be due
to an impairment of a specific complement binding isotype. The resulting reduced
complement binding capacity of serum would be detected as a lower SBA titre or overall
lower levels of IgG would be detected by ELISA. Antibody isotypes were not measured in
this study. Again, this mechanism does not explain the lower number of plasma cells or

memory B cell s seen after MenACWY-PS vaccination.
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5.4.3.4. Depletion of the memory B cell pool

The final theory to explain hyporesponsiveness is that polysaccharide vaccines drive
terminal differentiation of antigen specific cells into plasma cells, without regeneration of
the memory B cell pool, so fewer B cells are available to respond to subsequent antigenic
challenge. [168]. The antigen specific B cell responses described in Chapter 4 of this thesis
support this theory, with a single dose of MenACWY-PS generating higher plasma cell
titres than MenACWY-CRM which in turn appears to generate memory B cells. On
administering a booster dose of MenACWY-CRM to MenACWY-PS, fewer plasma cells are
produced at 7 days in comparison to individuals receiving a single dose of MenACWY-
CRM (Figure 30). This is reflected in the discrepancy in SBA titres at 28 days after
conjugate (Figure 29). In contrast, on administering a MenACWY-CRM booster to the
MenACWY-CRM primed group, more plasma cells and memory B cells are generated
(Figure 34 and Figure 35) suggesting that there has been no corresponding depletion in

antigen specific cells in this group?

A recent study in elderly adults by Clutterbuck et al. comparing varying regimes of
PPV and PCV also supports terminal differentiation into plasma cells and memory B cell
depletion as the mechanism underlying hyporesponsiveness [257]. In a subset of
participants, a booster dose of PPV elicited higher numbers of cells with the phenotype of
plasma cells (CD19*CD20-CD38") than a PCV booster. However, the antigen specificity of
these plasma cells was not determined and different priming regimes were used in these
participants. Comparison of a single dose of PCV to priming with PPV followed by PCV
demonstrated an attenuation of antigen-specific memory B cell responses that persisted
for up to 6 months after polysaccharide vaccination. Immunophenotyping confirmed a
similar pattern of fewer pneumococcal antigen specific switched memory cells
(CD19*CD20*CD27!IgM-) in participants who had received prior PPV as part of their

vaccine regimen. Interestingly, the authors also showed a reduction in pneumococcal

Page 159



B cell responses to conjugate and polysaccharide meningococcal vaccines

specific Bib cells (CD19*CD5¢CD27 IgM"), a population of B cells thought to be involved
in TI-2 responses [122]. This suggests that polysaccharides selectively bind the BCR of
antigen specific B cell subsets, causing differentiation into antibody secreting plasma cells,
resulting in depletion of that subset. Thus the partial recovery of MenC specific antibody
responses observed in MenAC -PS primed adults by administration of MenC-CRM may
relate to the stimulation of different subsets of antigen-specific B cells by the conjugate

vaccine [284].

A confounding factor in interpreting whether the B cell depletion suggested by the
findings described in this chapter is a true feature of a polysaccharide versus conjugate
responses is that MenACWY-PS contains 5-10 times more polysaccharide than
MenACWY-CRM. It may simply be that higher doses of antigen drive plasma cell
production and exhaustion of the B cell pool. A study which investigated the MenC
specific B cell response in infants also showed that a MenC conjugate vaccine induced
memory B cells whereas a MenC polysaccharide vaccine did not [189]. However, this
study showed no difference in plasma cell responses between groups. This may have been
because both the MenC polysaccharide and conjugate vaccine used each contained 10 pg
of polysaccharide. The studies by Gold et al. in infants [172] did not demonstrate
hyporesponsiveness with 10 pug of MenC polysaccharide. Using equivalent dosages of
polysaccharide e.g. by comparing a 1/5% dose MenACWY-PS (containing 10 ug each of
MenA, MenC, MenW & MenY) to MenACWY-CRM (containing 10 ug of MenA and 5 ug
each of MenC, MenW & MenY) will clarify whether the hyporesponsiveness observed in

this study is confounded by antigen dosage.

This antigen-specific B cell depletion may be brought about by targeted apoptosis of B
cell populations by polysaccharide. Recent murine work shows that in MenC-CRM primed

mice, a MenC-PS booster drives apoptosis of MenC-specific switched IgG* memory cells in
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the spleen in the first 24 hours after vaccination [311]. This subsequently manifests as less
proliferation of antigen specific plasma cells (B220-CD138*) and memory B cells
(B220+*CD138%) in the spleen 5 days after vaccination. Fewer MenC specific plasma cells
are also found in the bone marrow 5 days after MenC-PS, which the authors hypothesize is
due to a failure of MenC-specific plasmablasts to differentiate and migrate to the bone
marrow. Of note, the MenC-PS booster used in this study contained 4 times more

polysaccharide that the conjugate.

5.4.4. Serogroup A polysaccharide also causes hyporesponsiveness

MenC polysaccharide has been well established as a TD antigen, with poor
immunogenicity in young children [172], hyporesponsiveness to subsequent boosters
([168, 284, 287, 288, 312] and the inability to prime for memory [179, 190]. In contrast to
MenC, antibody responses to MenA polysaccharide have been demonstrated in
infancy[172, 313] and MenA appears to prime for anamnestic booster responses [169].
MenA polysaccharide is structurally distinct from that of the other serogroups and this
may underlie these observed differences. Alternatively, the early infant studies of the
1960’s where immunogenicity was demonstrated, may have used preparations of MenA
polysaccharide which were contained meningococcal protein impurities, thus these

vaccines may not have acted as pure TI antigens.

The results of this chapter show that MenA polysaccharide acts similarly to MenC, by
causing hyporesponsiveness of antibody and plasma cell responses (Figure 29 and Figure
30) and also fails to prime for memory responses (Figure 32, Figure 34 and Figure 35).
This is the first definitive evidence that, contrary to previous observations, MenA
polysaccharide acts as a TT antigen. These observations support the current strategy of the

African Meningitis Vaccine Project ( ) to
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vaccinate populations of the African meningitis belt with a MenA conjugate vaccine over a

MenA polysaccharide vaccine.

A future study is planned to investigate the phenotypes of antigen specific B cells
elicited by MenACWY-PS and MenACWY-CRM. This will test the hypothesis that
marginal zone or Bib cells are elicited in response to both the MenA and MenC
components of MenACWY-PS while follicular B cells are elicited in response to the MenA

and MenC components of MenACWY-CRM.

5.4.5. What is the clinical significance of meningococcal polysaccharide
vaccine induced hyporesponsiveness?

Nasopharyngeal carriage of a particular pneumococcal serotype has been shown to
impair the response to the same serotype in a subsequent conjugate vaccine [302, 314]. If
conjugate vaccines present a TD response in much the same way as infection with an
intact organism, then this suggests that exposure to polysaccharide, whether by carriage
or vaccination may impair the immune response to subsequent invasive disease. This
been shown in a study of PPV versus PCV in HIV positive Ugandan adults, in which a
significant increase in pneumonic events occurred in the PPV group within the first 6
months after vaccination [315]. Although individual cases of MenC-PS vaccine failure
have been reported [316, 317], the overall incidences of carriage and invasive disease are
lower for meningococci than pneumococci, and similar increase in disease susceptibility

has not been observed with meningococcal polysaccharide vaccines.

The absolute Men C-specific SBA GMT of participants in Group 2 of this study
remains well above the putative correlate of protection defined as a hSBA of >4 [27] both
7 and 28 days after the conjugate booster (titres of 53.2 and 56.2 respectively). A similar

correlate of protection has not been established for serogroups A, W & Y. Both
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MenACWY-PS and MenACWY-CRM are recommended by the Departments of Health of
England and Wales for individuals over 5 years of age who are at risk from meningococcal
disease [230]. The current guidance suggests that those who are at on-going risk should
have booster doses of MenACWY-PS every 5 years. However, given the ability of
MenACWY-PS to impair subsequent responses to conjugate boosters and thus potentially
to invasive disease, the advice to administer multiple doses of polysaccharide to these

individuals may need to be reconsidered.

5.4.6. Polysaccharide vaccine induced hyporesponsiveness may have
evolved as a bacterial strategy to evade immune recognition.

TI-2 antigens such as bacterial capsular polysaccharides are repetitive structures that
require only a high molecular weight and an optimum density of epitopes to elicit an
antibody response [276]. Many mammalian cells have potentially TI-2 type molecules
associated with their cell surfaces and intracellular matrix including glycosaminoglycans
such as chondroitin and glycolipids such as gangliosides. These molecules do not normally
elicit B cell responses despite cross-linking B cell surface receptors (BCRs). This tolerance
is thought to be mediated by ‘self-markers’ on the self-antigen simultaneously cross-
linking BCRs and inhibitory receptors on the B cell surface. Duong et al demonstrated that
sialic acid residues on a potentially TI-2 antigen interact with sialic acid-binding Ig-like
lectins (siglecs) such as CD22 on B cells, inducing tolerance in vivo [318]. Crosslinking of
the BCR and engagement of CD22 causes arrest of the cell cycle and drives B cells into
apoptosis in vitro [319]. The capsules of serogroups B,C,W & Y are sialic acid based and
this sialylation is critical for virulence [13]. It may be hypothesised from these findings
that meningococci have evolved polysaccharide capsules with the ability to engage siglecs

as a form of molecular mimicry to evade the immune system — thus polysaccharide
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induced hyporesponsiveness may be due to encapsulated bacteria manipulating

mechanisms to provide tolerance to self-antigens.

Conversely, it has been suggested that downregulation of B cell responses to
polysaccharides may have evolved as a protective mechanism by the host [320]. TI-2
antigens do not require a second signal for the development of an immune response [321]
and are slow to degrade in vivo [305]. Thus hyporesponsiveness may prevent stimulation

of polysaccharide specific B cells and the resultant overproduction of antibody.

5.5.Conclusion

MenACWY-PS causes impaired antibody and plasma cell responses to subsequent
vaccination with MenACWY-CRM and fails to prime for immunological memory. Taken
together with the results from Chapter 4, MenACWY-PS induced hyporesponsiveness may
be due to the polysaccharide driving terminal differentiation of antigen specific B cells

into plasma cells without replenishment of the memory B cell pool.
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Figure 38 Differences in B cell responses to primary and secondary polysaccharide and

conjugate vaccines

. Antigen
Antigen Primary Primary ~ specific B
specific | : _ |
B cell polysaccharide conjugate mp @ ce Booster

vaccine vaccme \ dose
Plasma l

60 = 6% i
2.

@
A A @@
{ Polysaccharide induced @CCC

In this study, both the MenA and MenC components of the polysaccharide vaccine

hyporesponsiveness

cause hyporesponsiveness and fail to prime for memory, suggesting that MenA may act as
a TI antigen and not as a TD antigen. Further work is needed to ascertain if there are
differences in B cell subsets responding to quadrivalent meningococcal conjugate and
polysaccharide vaccines which explain the distinctions in immunological responses

observed in this study.
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Chapter 6 - Next generation sequencing as a tool to explore antibody

repertoire

6.1.Introduction

This chapter discusses the development of laboratory methods to prepare B cell VDJ
gene sequences for 454 sequencing, with the aims to:
e Compare the normal B cell repertoire of 2 different individuals
e Investigate the Haemophilus influenzae type b polysaccharide-specific antigen
responses after vaccination
¢ Investigate differences in B cell subset repertoire in responses to conjugate and

polysaccharide vaccination

6.1.1. Antigen specific antibody repertoires are characterised by specific
VDJ sequences

Several studies have examined the antibody repertoire generated in response to
specific antigens such as bacterial polysaccharides [322-325], viral glycoproteins [326-
328] and autoimmune antigens [329]. These suggest that genetically diverse individuals
utilise similar combinations of VDJ combinations for a given antigen. One of the best
studied examples of this phenomenon is the antibody repertoire produced following
Haemophilus influenzae type b (Hib) polysaccharide. This was first investigated by Insel,
who demonstrated by isoelectric focussing of serum that the human antibody response to
Hib polysaccharide vaccine was restricted to a limited number of clonotypes and that
these clonotypes were similar between individuals [330]. Affinity chromatography
purification of Hib-specific antibody and subsequent amino acid sequencing revealed a
Vu3 family dominance of the response to Hib polysaccharide vaccination [331]. More
recently, B cells enriched in specificity for Hib polysaccharide from vaccinated infants

were used to construct phage display antibody libraries [332]. Nucleotide sequencing of
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the antibodies expressed revealed usage of a single Vu gene segment (V3-23) and only two
Ju and two Vi and Ji segments, consistent with findings in older studies using Hib

specific-antibody secreting hybridomas [333].

Arnaout performed a detailed analysis of the antibody repertoires against known
antigens, so called ‘public repertoires’ [334]. He searched the reference database for
immunogenetics (International ImMunoGeneTics Information System, or IMGT) for
sequences linked to specific antigens. The sequences were obtained, for example, from
immortalised B cell lines from vaccinated individuals, and identified nearly 300 such
sequences against 16 specific antigens. He showed that there was little overlap in VDJ
usage between antibodies of different specificity and that this occurred less often than
would be predicted by chance. This suggests that VDJ segment recombination is not
random and that the antibody repertoire reflects the exposure to antigen. An intriguing
possibility arising from this observation is that of developing a diagnostic fingerprint of
VDJ repertoire in order to reveal prior exposure to antigen. This might be used, for
example, in investigating effective immune responses to a vaccine. However, the studies
discussed in this section have relied on small samples sizes, and a detailed genetic analysis
of the antigen specific repertoire has been limited by the capabilities of traditional Sanger
sequencing. There are no published studies using next-generation sequencing methods to

investigate antigen-specific antibody repertoire.

6.1.2. Analysis of antibody repertoires using 454 sequencing
454 sequencing (Section 1.7) was first used to study the breadth of the antibody

repertoire in zebrafish [335]. Zebrafish are a useful experimental model for studying
adaptive immune responsessince immunoglobulin diversity is generated through similar

mechanisms to humans, with a multiplicity of V, D and J segments, DNA recombinase
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enzymes and mechanisms for junctional diversity. However, the potential repertoire of
zebrafish is several orders of magnitude smaller than that of humans as they posess fewer
individual gene segments. In a proof-of-concept study, Weinstein et al. obtained
approximately 1 million sequences in total from 14 individual fish, and developed a
‘capture-recapture’ statistical method for estimating the total size of the antibody
repertoire based on the variation in abundance of the observed sequences. This suggested
that individual zebrafish used between 50-86% of potential VDJ combinations. By
comparing VDJ usage between individual fish, the investigators were able to show that the
most common sequences were relatively preserved between individual fish, perhaps due

to a similar pattern of antigenic exposure in their fish tanks.

Several studies have since used 454 sequencing to investigate the antibody repertoire
in humans, summarised in Table 27. Boyd et al. showed that clonal expansions of B cells
could be identified on the basis of their VDJ sequences and that the largest clones formed
between 0.15%-1.5% of all circulating B cells in healthy adults[336]. These clones
persisted for up to 14 months. The investigators suggest that the ability to detect and track
small clonal expansions means that 454 is a potential tool for monitoring residual

malignant clones post chemotherapy for leukaemia.

A study by Wu et al. looked at the VDJ usage between B cell subsets — this showed that
the repertoire of naive B cells is more diverse and less oligoclonal than the repertoire of
antigen-experienced IgM or switched memory B cells [128]. In addition, the repertoire
and CDR3 characteristics of the switched memory cells differed from the IgM memory
cells, which supports previous studies which suggest that the two populations are derived

from immunologically distinct pathways [104, 129, 337].
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Table 27 Key studies using 454 sequencing to analyse immunoglobulin repertoire in humans

Study Cell pop Substrate Finding
Arnaout 2011 PBMCs DNA Preferential pairing of certain D with certain J
Over representation of CDR3s ? selection of BC that express these
Boyd 2009 PBMCs DNA Investigation of clonality in BC pops. Largest clones 0.15-1.5% of circ BC. Clones
persist over time. Ability to use as a detection for residual disease without
multiparameter flow cytometry
Boyd 2010 PBMCs DNA Allelic variation in IgH locus between individuals
Briney 2012 Naive,lgM memory, I1gG memory MRNA Jh4 used in memory pop. Diff in IgG/IgM memory. Increased oligoclonality in
memory pop. Intrasubset variability greater than intradonor variability.
Glanville 2009 PBMCS phage display combinatorial mRNA Non-random pairing of heavy and light chains, estimates of diversity
library
Ippolito 2012 PBMCs Total RNA Preferential pairing of VJ and DJ combinations
Prabakharan Cord blood mRNA IgM populations - IgHv1 most common family, differences between adult and foetal
2012 repertoire
Wu 2010 Naive, transitional, switched Total RNA Ag experienced cells more oligoclonal, shorter CDR3. Differences in IgM/1gG
memory, IgM memory memory repertoire and CDR3 characteristics.
Wu 2011 Naive, IgM memory, switched Total RNA CD27- and switched memory cells have similar VH usage, suggesting a single

memory, CD27-

developmental origin
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6.1.3. Conjugate and polysaccharide vaccines may evoke different
antibody repertoires

Licensed vaccines against N. meningitidis utilise the polysaccharide capsule of the
organisms as a vaccine antigen. Both plain polysaccharide and protein-polysaccharide
conjugate vaccines are available for use in the prevention of meningococcal disease.
Multiple studies have shown a difference in the quality of the antibody response induced
by conjugate and polysaccharide vaccinations. T cell dependent (TD) antigens such as
conjugate vaccines elicit T cell help and stimulate germinal centre formation with
associated antibody class-switching and somatic hypermutation, forming high affinity
antibody. In contrast, T cell independent (TT) antigens like polysaccharide vaccines are
associated with limited hypermutation of the variable domain, although this may be due

to the subset of B cells responding to TI antigens [104].

Harris et al. showed that despite similar serum bactericidal activity (SBA) geometric
mean titres (GMTs) in adults who received a MenAC-CRM conjugate and MenAC-PS
polysaccharide, antibodies induced by conjugate had a higher avidity index, suggestive of
an affinity maturation process. The conjugate induced antibodies, but not the
polysaccharide induced antibodies, also transferred protection in a mouse experimental
model [197]. A similar increase in MenC specific IgG avidity in response to MenC-CRM
but not MenAC-PS has been demonstrated in children [190]. Subtle changes in the
polysaccharide component of a vaccine may also directly influence the expressed antibody
repertoire. Adults immunised with a Hib vaccine containing high molecular weight
polysaccharide were compared with those receiving a vaccine with an oligomeric form of
polysaccharide [338]. The oligomeric vaccine induced antibodies that were of higher
avidity index than those induced by the high molecular weight vaccine. In addition, the
two antibody repertoires were distinct as defined by anti-idiotype antibodies
(monocolonal antibodies generated against the antigen binding site). Thus the length and

molecular weight of a polysaccharide antigen, as presented by a polymeric plain
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polysaccharide vaccine or an oligomeric protein-polysaccharide conjugate vaccine may
favour the emergence of B cell clones with distinct patterns of VDJ usage. This may partly
explain the functional differences observed in the antibody response to these two types of

vaccine.

This DPhil thesis aimed to use 454 sequencing to further investigate these observed
differences in antibody quality between polysaccharide and conjugate responses using B
cell subsets derived from the MenACWY-CRM/MenACWY-PS study described in Chapter
3. The overall repertoire in response to each type of vaccine and the repertoires of naive,
IgM memory and IgG memory populations between the two vaccine groups were to be
compared. As a pilot study, 454 sequencing methods were to be applied to analyse the
repertoire of 2 healthy adults at baseline and also to analyse antigen specific Vi sequences

before and after receiving a Hib conjugate vaccine.
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6.2.Methods

6.2.1. Overview

The strategies used to develop the methods for analysing immunoglobulin heavy chain

variable domain genes are shown in Figure 39.

Figure 39 Overview of methods used to analyse Vu gene sequences in this chapter.

mRNA
extraction

total RNA
extraction

RT-PCR with
GSP i

One step RT-PCR
Two step RT-PCR

Library

and 454

RT = reverse transcription, PCR = polymerase chain reaction, GSP = gene specific
primers, bp = base pairs. Note that the MenACWY-CRM/MenACWY-PS study samples
did not yield sufficient RNA for downstream 454 sequencing attempts.
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6.2.2. CD19" B cell separation for comparison of repertoire between two
individuals

20 mL of heparinised blood were obtained from two healthy adult volunteers, termed
Donors 1 and 2 in accordance with University of Oxford policies [339]. CD19+ B cells
were separated from PBMCs using a magnetic cell sorter as described in Section 2.3.9 and

immediately followed by RNA extraction and two step RT-PCR.

6.2.3. CD19+ B cells and plasma cells to study Hib specific antibody
repertoire

Hib polysaccharide specific antibody responses were studied as part of a single centre,
open-label clinical study in 20 healthy adult volunteers aged 18-65 years of age in Oxford,
UK (Hib reference study?). Participants were recruited by poster advertisement. Exclusion
criteria were as follows: systemic hypersensitivity to any component of the vaccine; febrile
illness (oral temperature >37.5°C) on the day of inclusion; congenital or acquired
immunodeficiency or receipt of immunosuppressive therapy; chronic illness that could
interfere with trial conduct or completion (e.g. cardiac, renal, diabetes, or auto-immune
disorders); receipt of blood or blood-derived products within the previous 3 months; and
thrombocytopenia or bleeding disorder contraindicating intramuscular vaccination.
Written informed consent was obtained from the participants before enrolment. Ethical
approval was obtained from the Oxfordshire Research Ethics Committee B (OxREC

Reference: 08/H0605/74).

Participants were vaccinated with a Hib-MenC vaccine (Menitorix®, GlaxoSmithKline
Vaccines, Brentford, UK; Lot number A76CA058A), containing Haemophilus influenzae
type b (Hib) polyribosyl ribitol phosphate (PRP) polysaccharide and meningococcal

serogroup C polysaccharide individually conjugated to a tetanus toxoid carrier (Table 28).

2 Full study title ‘Creation of a human anti-Haemophilus influenzae type b Reference Serum’
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One 0.5 mL dose of the vaccine was injected into the deltoid muscle using a 23G 25 mm

needle.

Table 28 Contents of a 0.5ml dose of Menitorix®

Haemophilus influenzae type b polysaccharide (polyribosyl ribitol 5 g
phosphate)
conjugated to tetanus toxoid as carrier protein 12.5 pg
Neisseria meningitidis serogroup C (strain C11) polysaccharide 5 g
conjugated to tetanus toxoid as carrier protein 5 pg

Blood was obtained from participants immediately prior to vaccination(20 mL) and 7
days after vaccination (50 mL) as described in Section. 2.3.1. Desired cell populations
were separated using a magnetic cell sorter as described in Section 2.3.9. CD19* cells were
separated at day o from all participant samples. At day 7, plasma cells were obtained from
11 participants while CD19+ cells were obtained from 9 participants. CD19+ B cells and
plasma cells were separated from peripheral blood mononuclear cells (PBMCs) as
described in section 2.3.3 and frozen at -80°C until RNA extraction. Previous studies have
shown that antigen specific plasma cells peak in the peripheral circulation at day 7 after
primary vaccination in adults [134]. This time point was therefore chosen to maximise the
likelihood of detecting Hib-specific plasma cells. Cell population purities were determined
by fluorescent activated cell sorting (FACS) using a 4 colour flow cytometer
(FACSCalibur™) as described in Section 2.3.11 using anti-CD19 and anti-CD38

flurochrome labelled monoclonal antibodies as described in Section 2.2.3.

6.2.4. B cell subset separation for conjugate and polysaccharide vaccine
induced repertoire analysis

PBMCs from 6 participants of MenACWY-CRM/MenACWY-PS clinical study (Chapter
3) were sorted into B cell subsets for antibody repertoire analysis. 3 of these individuals
were from Group 1 and received 2 doses of MenACWY-CRM one month apart and the

remaining 3 individuals were from Group 2 and received a dose of MenACWY-PS followed
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by a dose of MenACWY-CRM one month later. CD19+ B cells were separated from PBMCs
as described in Section 2.3.3. Sorted cells were incubated with IgM-PECy5, CD5-PE,
CD19-APC and CD27-FITC as described in Section 2.2.3 to ascertain IgM memory
populations (CD29*IgM+*), switched memory populations (CD27+IgM-) and Bib
populations (CD27 IgM+CD5*). The cell populations were sorted on the basis of these cell
surface markers using a high speed cell sorter (MoFlo™) as described in Section 2.3.11.

An example of the gating strategy used is shown in Figure 40.

Figure 40 Example gating strategy for B cell subset separation in conjugate or polysaccharide

vaccinated individuals using the MoFlo™ high speed cell sorter.
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To each separated subset was added RNAlater RNA stabilisation solution (Applied
Biosystems, Foster City, USA; AM7020). The manufacturer’s instructions suggested that
the cells be pelleted prior to the addition of RNAlater. However, given the low cell
numbers obtained by sorting (Table 33), the cells could not be successfully pelleted from
the cytometer sorting buffer. Therefore, 1 mL of RNAlater was added to each sorted
population, allowed to equilibrate overnight at 4 °C, then stored at -80 °C until RNA

extraction.

6.2.5. mRNA extraction
The initial run of parallel sequencing used mRNA as a template for cDNA synthesis.

mRNA was extracted from cells, using the Oligotex Direct mRNA Mini Kit (Qiagen,
Crawley, UK; 72022). Briefly, frozen cell pellets were thawed, followed by the addition of
600 pL OL1 lysis buffer (to which 30 uL B-mercaptoethanol (Sigma-Aldrich, Dorset, UK ;
M7522) had been added per 1 mL OL1 buffer), and the sample mixed well by vortexing.
The lysate was homogenised by pipetting onto a QIAshredder spin column (Qiagen;
79656) placed in a 2 ml collection tube and centrifuging for 2 minutes (min). 1.2 mL of
ODB dilution buffer was added to the lysate, mixed by pipetting and centrifuged for 3 min.
The supernatant was transferred to a new RNAse free tube. 35 pL of Oligotex suspension
(containing latex microspheres with adherent polydT oligonucleotides which bind to the
polyA tails of mRNA molecules) was added to the sample, mixed by vortex and incubated
at 30°C for 10 min. The Oligotex:mRNA complex was pelleted by centrifuging for 5 min
and the supernatant pipetted off. The pellet was resuspended in 100 pL OLx1 lysis buffer
and mixed by vortex. A further 400 pL of ODB dilution buffer was added, the sample
incubated at 70°C for 10 min and then re-pelleted by centrifuging for 5 min. The pellet
was resuspended in 350 pL. OW1 wash buffer, pipetted onto a spin column and

centrifuged for 1 min. The flow-through was discarded and the column transferred to a
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clean collection tube. The column was washed with 350 uL. OW2 wash buffer for 1 min
and the flow through discarded. This was repeated once using the same collection tube.
The spin column was transferred to a new 2 mL collection tube and 50 pL hot (70°C) OEB
elution buffer used to resuspend the Oligotex:mRNA beads in the spin column. This was
centrifuged for a further 1 min. The mRNA so obtained was immediately used in cDNA
synthesis or frozen at -80°C until required. All centrifugation steps were performed at

13,000 revolutions per minute (rpm).

6.2.6. Total RNA extraction
Total RNA was extracted using a RNeasy Mini Kit (Qiagen; 74106). Briefly, frozen cell

pellets were thawed followed by the addition of 600 pL RLT lysis buffer (to which 10 pL -
mercaptoethanol had been added per 1 mL RLT buffer) and the sample mixed well by
pipetting. The sample was homogenised by passing the lysate 5-10 times through a 20G
needle attached to an RNAse free syringe. An equal volume of ice-cold 70% ethanol was
added and the sample mixed well by pipetting. 700 uL of the sample was transferred to a 1
mL RNA binding column placed in a 2 mL collection tube and centrifuged at 15 seconds
(s) and the flow through discarded. The remaining aliquot was centrifuged for 15 s in the
same spin column and the flow through discarded. 500 pL. RW1 wash buffer added to the
column and centrifuged for a further 15 s and the flow through discarded. 500 uL. RPE
wash buffer was added to the column, washed for 15 s and the flow through discarded.
This was repeated but the column washed for 2 min. The column was spun for a further
minute to eliminate RPE carryover, then the lid opened and allowed to air dry for 2 2
min. The spin column was inverted onto filter paper and allowed to air dry for a further 2
/2 min. 30 pL of RNAse free water was added to the column and the RNA was eluted by
centrifuging for 2 min. The eluted RNA was immediately used for cDNA synthesis or

frozen at -80 °C. Fresh 2 mL collection tubes were used after each spin step to minimise
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reagent carryover. All centrifugation steps were performed at 13,000 rpm. This method
was adapted for B cell subsets stored in RNAlater by adding a further 2 volumes of RLT

lysis buffer to the sample prior to the addition of ethanol.

6.2.7. First strand cDNA synthesis
Direct cell lysis and cDNA synthesis without RNA extraction was attempted using the

Cells-to-cDNA 1II kit (Life Technologies, Paisley, UK; AMz1723), but this proved
unsuccessful. Subsequent experiments used ¢cDNA synthesised from total RNA using
random hexamer priming. Each 20 pL reverse transcription reaction contained 1 pL
RNAsin RNAse inhibitor (Promega, Maddison, USA; N251B), 1 uL 50 uM random
hexamers (Applied Biosciences, Warrington, UK; N808-0127), 1 uL. 1tomM dNTP mix (see
section 2.X), 4 uL 5x buffer, 2 pL. DTT and 1 pL SuperScript III reverse transcriptase
(Invitrogen, Paisley, UK; 18080-093). Reverse transcription was performed in thin-walled
PCR tubes with a thermocycler (DNA Engine PTC-200; MJ Research, Waltham, USA). A
variety of reaction temperatures and times were trialled. Optimal cDNA yields were
obtained with reverse transcription at 42 °C for 60 min, followed by inactivation at 95 °C
for 10 min. Each experiment included a no reverse transcription (NRT) negative control to
identify possible DNA contamination of the starting RNA. This included all the reagents

necessary for the reaction apart from the reverse transcriptase enzyme.

6.2.8. Polymerase chain reaction (PCR)
The first and second rounds of PCR amplification used cDNA and first round PCR

product as a template respectively. Each 50 uL reaction contained 0.25 pL (1.25 units) Taq
DNA polymerase (Qiagen; 201205), 10 pL Q solution, 5 uL 10x buffer, 1 uL. tomM dNTP
mix, 1 uL each 10 mM sense and anti-sense primers (Section 6.2.10), 4 uL. template DNA
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and 27.75 pL distilled water. A simplified ‘hot start’ protocol was followed to reduce non-
specific primer binding to template, whereby template DNA was the final addition to the
reaction mix, and PCR tubes were kept on ice until they were placed in a thermocycler
preheated to 94 °C . PCR conditions were as follows: an initial denaturation a 94 °C for 3
min; followed by 30 (first round) or 15 (second round)cycles of denaturation ay 94 °C for
30 s, annealing at 58 °C for 30 s, extension at 72 °C for 1 min; followed by a final extension
at 72 °C for 10 min. To prepare sufficient DNA for 454 sequencing, while minimising PCR
amplification, up to 8 replicates of each first round PCR sample were used as a template in
the second round PCR, and the products pooled. Each experiment included a no template
(NT) negative control to check for exogenous DNA contamination of the reagents. This

included all the reagents necessary for the reaction apart from the DNA template.

6.2.9. One step reverse transcription polymerase chain reaction (RT-PCR)

One-step RT-PCR combines first-strand ¢cDNA synthesis (reverse transcription) and
the polymerase chain reaction (PCR) in the same reaction tube, theoretically reducing the
possibility of contamination and simplifying the reaction set-up. One step RT-PCR
utilises the same gene specific primers for both ¢cDNA synthesis and subsequent PCR
amplification. The Titan One Tube RT-PCR Kit (Roche Applied Science, Mannheim,
Germany; 11939823001) was used for the first run or parallel sequencing. Various
annealing temperatures and starting mRNA template volumes were trialled prior to
determining the final protocol. Briefly, each 50 pL reaction contained 4 pL. ANTP mix
(Section 2.2.2), 2.5 uL. DTT solution, 1 uL RNAse inhibitor, 1 uL each 0.4 uM sense and
antisense primers, 10 puL. 5xRT-PCR buffer, 1 pL Titan enzyme mix (containing AMV
reverse transcriptase and Tth DNA polymerase), 5 p. mRNA template and 24.5 pL
distilled water. RT-PCR was carried out in a thermocycler (DNA Engine PTC-200; MJ

Research, Waltham, USA) in thin-walled PCR tubes. RT-PCR conditions were typically as
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follows: reverse transcription at 50 °C for 30 min; followed by an initial denaturation at
94 °C for 10 s; followed by 10 cycles of denaturation at 94 °C for 30 s, annealing at 50 °C
for for 30 s, elongation at 68 °C for 45 s; followed by 40 cycles of denaturation at 94 °C for
30 s, annealing at 50 °C for for 30 s, elongation at 68 °C for 45 s, with cycle elongation of 5
s for each cycle (e.g. cycle 11 has additional 5 s, cycle 12 has additional 10 s etc); final
elongation was at 68 °C for 7 min. Each RT-PCR experiment also had NRT and NT
negative controls. Subsequent library preparation used 2 step RT-PCR with separate

reactions for cDNA synthesis and subsequent PCR amplification.

6.2.10. Oligonucleotide primers

Several published primer sets were trialled; their details are shown in Table 29 below.
The Sblattero primers [340] did not yield consistent results and were not used in further
sequencing. The Van Dongen primers [341] were used in one-step RT-PCR to amplify Ig
genes for the first attempt at 454 sequencing. These primers are designed to detect
clonally rearranged VDJ genes in lymphoid malignancies. The forward primers are
consensus sequences located in FR1 and are potentially able to amplify all the variants of a
given VH family. The reverse primer is a consensus primer able to amplify all 6 JH genes.
Thus while the whole of the VDJ sequence is amplified, no information is obtained about
the isotyope of antibody. The Van Dongen primers are designed to be used in a multiplex
PCR reaction, with the 6 forward primers used in equimolar amounts in each reaction.
However, attempts at multiplex RT-PCR using Vu3, Va4 and Vi1 family forward primers
(the three most common Vy families in a normal repertoire[204]) did not yield discrete
products, therefore these primers were only used in separate reactions. The Wu primers
[128] were used for all subsequent sequencing. This primer set has six consensus forward
primers for each of the families Vi 1-6, located in the FR1 region. The Vy7 family is

amplified by the VH1 family primer. The reverse primers are located in the Cy1 constant
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domain for IgM, IgA and IgG, enabling identification of the isotype of the antibody. The
forward primers are designed to be used in a multiplex reaction, allowing inference of the
relative proportions of each family in a given sample, subject to the bias that different
primers may amplify targets with differing efficiency. A pair of primers that amplified a
600 bp sequence of the 3 actin structural protein gene were used in each PCR reaction as
a positive control. All supplied primers were purified and desalted (Sigma-Aldrich;
Custom DNA Oligos) and made into 10 uM working stocks using distilled water which

were stored at -20 °C until required.

6.2.11. 454 library preparation and sequencing

The PCR amplicons were prepared for sequencing (Section 1.7.2) using the Roche GS
FLX Titanium Rapid Library Preparation Protocol [211] and Multiplex Identifier (MID)
tags 1-8. Briefly, amplicons were purified from the pooled PCR reactions and quantified
using the fluorescent dyes ribogreen (first attempt at parallel sequencing) or picogreen
(second attempt at parallel sequencing). A and B sequencing adaptors incorporating a
fluorescence activated molecule (FAM) and MID tags were blunt-end ligated on to the
amplicon sequences. The library was then quantified against a standard fluorescent curve,
using qPCR and by electropherogram. Emulsion PCR and pyrosequencing (see Section
1.7.3) were performed on up to 2 x 10° molecules from each library using the Roche GS
FLX Titanium XL+ sequencing platform [212, 213] on one quarter of a sequencing plate
with the potential to yield up to 200,000 reads in total. Single read accuracy on this

platform is quoted as greater than 99.5% over 600 bases [213].
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6.2.12. Analysis of sequences

The raw sequences were processed using standard Roche GS FLX Titanium XL+
software algorithms which included filtering and trimming of low quality reads [342].
Individual library sequence data were obtained as FASTA files of the base-called reads.
These were uploaded to the IMGT high throughput portal, IMGT/HighV-QUEST [343].
The resulting IMGT annotated output files were interrogated using the Microsoft Excel
based programme, Immunoglobulin Analysis Tool (IgAT) version 1.02 [344]. All
subsequent comparisons between libraries on normally distributed data (CDR3 length,
somatic hypermutation rate) used unpaired t tests. Comparisons of Vy family usage used

X2 tests.

Page 182



Table 29 Primers used to amplify antibody VH domains

Primer set Primer name Sequence (5°-3’) teﬁ:::a:l:%e Method of use
Bactin for CCAAGGCCAACCGCGAGAAGATGAC 66°C All PCR amplifications as
Positive control iti trol
Bactin rev AGGGTACATGGTGGTGCCGCCAGAC 66°C a positive contro
Vh1-FR1 for GGCCTCAGTGAAGGTCTCCTGCAAG 50°C
Van Dongen, Vh3-FR1 for CTGGGGGGTCCCTGAGACTCTCCTG 50°C Used in separate
2003 [341] reactions in first
Vh4-FR1 for CTTCGGAGACCCTGTCCCTCACCTG 50°C sequencing run
JH cons rev CTTACCTGAGGAGACGGTGACC 50°C
Sblatt 1998 Degenerate VH3 rev GAGGTTGCAGCTGKTGGAGWCY 50°C
aLero, o Not used for final library
[340] CH1p for GGTTGGGGCGGATGCACTCC 50°C prep
CH1yfor SGATGGGCCCTTGGTGGARGC 50°C
IGHV1 for CCTCAGTGAAGGTCTCCTGCAAGG 58°C
IGHV2 for TCCTGCGCTGGTGAAACCCACACA 58°C
IGHV3 for GGTCCCTGAGACTCTCCTGTGCA 58°C .
Used as a Vy family
IGHV4 for TCGGAGACCCTGTCCCTCACCTGC 58°C multiplex forward
Wu, 2010 [128] IGHVS5 for CAGTCTGGAGCAGAGGTGAAA 58°C pr"l‘;‘érm‘gt;}\ f‘et::r;ég‘\’
IGHV6 for CCTGTGCCATCTCCGGGGACAGTG 58°C primers ir! second
CHA rev GGCTCCTGGGGGAAGAAGCC 58°C sequencing run
CHG rev GAGTTCCACGACACCGTCAC 58°C
CHM rev GGGGAATTCTCACAGGAGAC 58°C
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6.3. Results

6.3.1. CD19+ B cells obtained from 2 healthy volunteers

PBMC and CD19+ counts, RNA amounts obtained from 2 healthy volunteers are
shown in Table 30 below.

Table 30 PBMC and CD19+ B cell counts; extracted RNA quantity and quality; and Vu

libraries prepared from 2 healthy volunteers for antibody repertoire analysis

PBMC  CD19" 1, lRNA  RNA

Volunteer (c):)1u(;16t) (c;r(;i; (ng) Ageo/Agso Ig gene MID
multi|\3/ll-e|x/IgA 1D

01 22.5 0.8 920 2.04 multi;’gx/lgG MID 2
multi;/llgx/IgM LD

multi|\)/ll-e|x/lgA MID 8

02 21.9 1.2 882 1.85 multi;’gmgG MID 8

VH MID 8

multiplex/IgM

6.3.2. CD19" B cell and plasma cells from Hib reference serum study

20 participants were enrolled in the Hib reference study. The cell counts and purities
of the separated cells (CD19+ at V1 and plasma cells or CD19+ at V2) are shown in Table

31 below.
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Table 31 PBMC count, CD19" B cell or plasma cell count and separated population purity

before (day o) and 7 days after vaccination with a Hib-MenC conjugate vaccination in the Hib

reference study.

V1 (day 0) 20 mLs V2 (day 7) 50 mLs
Partici PBMC D19 Purity PBMC or pclgsi Purity
articipant coun6t coun6t (%) cour16t cell count %)
(x10°) (x10°) (x10°) ~(x10°)
001 17.1 0.8 82 52.5 . 95
002 21.3 1.2 95 60.6 * 99
003 24.3 1.2 94 46.8 * 99
004 21.3 0.8 93 37.8 * 99
005 18.0 0.8 94 54.6 * 99
006 38.7 2.2 94 68.1 * 99
007 3.2 * N/A N/A N/A N/A
008 29.4 * 93 34.5 * 99
009 18.6 * 97 29.1 * <15
010 22.2 * 98 93.3 * <15
011 24.0 * 96 34.2 * <15
012 26.4 * 96 48.9 1.4 86
013 18.3 * 97 64.2 2.8 94
014 20.4 * 90 60.3 * 87
015 30.9 * 96 45 * 92
016 17.4 * 92 66.3 * 77
017 21.9 * 91 48 * 90
018 26.4 * 90 56.1 * 97
019 20.4 * 93 56.7 * 97
020 41.7 * 95 74.7 * 96

* = total cell count not measured. Participant 007 had insufficient blood obtained at
V1 to process PBMCs and did not have further blood taken at V2. Participants 001-011 had
plasma cells separated at day 7 (results underlined), while participants 012-020 had
CD19" B cells separated at day 7. Samples from participants 002, 005 and 006 were used
for library preparation for the first 454 sequencing run did not yield any Vi sequences
(results in red). Samples from participants 001 and 004 were used in the second
sequencing run (results in green).
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Purity estimates were made by flow cytometryic analysis using anti-CD38 and anti-
CD19 fluorchrome labelled monoclonal antibodies. Example purity data from participant

009 is shown in Figure 41 .

Figure 41 Example purity data comparing PBMCs and sorted populations using anti-CD19

for B cells at day o0 and anti-CD38 for plasma cells at day 7.

PBMC B- PBMC Plasma cells

CD38

mRNA vyields from Hib reference study samples used for the first run of parallel

sequencing were not formally measured.

Due to difficulties with obtaining sufficient quantities of RNA from the frozen Hib
reference study samples for downstream PCR, extracted total RNA quality was assessed
on a subset of samples. This was done by performing RT and using quantitative PCR
(qPCR) on the resultant cDNA with primers for the Abl tyrosine kinase gene. These results
are shown in Table 32. The Abl tyrosine kinase gene is a housekeeping gene which is
normally expressed at a frequency of 50,000 copies/pL in this protocol. The Abl gene copy
number derived from the frozen Hib CD19+ B cell pellet RNA (Hib) is an order of
magnitude less that of freshly extracted RNA from a similar starting number of B cells

(MNR1 and MNR2).
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Table 32 qPCR of Abl tyrosine kinase gene copy number derived from RNA of CD19+ cells
from Hib study participant 009 Vi1 (Hib), fresh CD19+ cells (MNR1 & MNR2) and PBMCs as

compared to Abl standard constructs (Abl Std 1-3)

Name Type Given Conc (copies/pL) Calc Conc (copies/pL)
Abl Std1 Standard 1,000 1,049
Abl Std1 Standard 1,000 953
Abl Std2 Standard 10,000 10,555
Abl Std2 Standard 10,000 9,488
Abl Std3 Standard 100,000 96,456
Abl Std3 Standard 100,000 103,598

MNR1 Fresh BC 49,073

MNR1 Fresh BC 55,387

MNR1 Fresh BC 47,247

Hib Frozen BC 5,550
Hib Frozen BC 4,912
Hib Frozen BC 4,400

PBMC Fresh PBMC 49,213

PBMC Fresh PBMC 49,921

PBMC Fresh PBMC 45,560

MNR2 Fresh BC 69,536

MNR2 Fresh BC 61,259

MNR2 Fresh BC 57,199

NTC No template

NTC No template

NTC= no template negative control. Abl std = recombinant Abl tyrosine kinase
construct for calibration. All samples were run in triplicate apart from the Abl standard
and NTC which were run in duplicate.
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The qPCR quantification plots are shown below. Nanodrop quantification of the Hib
sample gave a total RNA of 420ng per 10° cells with an Aseo/Asso ratio of 2.25, as
compared to the MNR1 and MNR2 samples which 1140 ng and 1280 ng of total RNA per

100 cells respectively and an A.s0/Asso ratios of 2.04 and 2.04 respectively.
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Figure 42 qPCR standardised curves of fluorescence (y axis) versus cycle number (x axis) for frozen CD19+ cells from Hib reference study

participant 009 V1 (Hib), fresh CD19+ cells (MNR1 & MNR=2) and PBMCs as compared to Abl standard constructs (Abl Std 1-3)

Page: ABL 10°% ]
1 Akl Std
; &bl Std 10°% ]
4
5
5
¥
2

Threshold

5

20

25
Cycle

30

35

40

45

50

NTC= no template negative control. Abl std = recombinant Abl tyrosine kinase gene construct for calibration. All samples were run in
triplicate apart from the Abl standards and NTC which were run in duplicate.




B cell responses to conjugate and polysaccharide meningococcal vaccines

6.3.3. B cell subset numbers for repertoire to conjugate versus
polysaccharide vaccine responses

An average of 104-105 cells in each subset were obtained from the participants of the
MenACWY-CRM/MenACWY-PS clinical study as shown in Table 33. Total RNA was
extracted from separated subsets as described in Section 6.2.6, but with two extra volumes
of RLT buffer. Unfortunately RNA yields were very low, of the order of 3-9 ng/uL. The
absorption spectrum measured on a spectrophotometer revealed a ratio of absorbance at
260nm to 280 nm (A260/A280 ratio) of 1.1-1.7. An A260/A280 of 1.8-2.0 is generally
considered indicative of RNA of sufficient quality for further applications [345]. The RNA
from the MenACWY-CRM/MenACWY-PS study was not therefore used for downstream

sequencing.
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Table 33 B cell subset numbers by participant number and visit for Group 1 (MenACWY-
CRM + MenACWY-CRM) and Group 2 (MenACWY-PS + MenACWY-CRM).

Cell count (x10%)
Participant Grou Subset V1 V2 V3 V4 V5
number P day 0 day 7 day 28 day 35 day 56
CD27+IgM+ 2.1 2.4 0.28 1.3 2.0
CD27+IgM- 2.6 3.5 0.78 2.2 2.5
137 2
CD27-1gM+CD5+ 0.75 0.82 1.1
0.42 8 1.38§
CD27-1gM+CD5- 3.3 3.5 5.4
CD27+IgM+ 1.0 1.5 1.1 * 0.9
CD27+IgM- 2.2 3.2 2.4 * 2.1
139 1
CD27-1gM+CD5+ 0.3 3.2 * 0.7
1.38§
CD27-1gM+CD5- 2.0 16.1 * 2.9
CD27+IgM+ 3.7 1.1 1.4 * 2.4
CD27+IgM- 6.7 1.4 4.6 * 4.3
140 2
CD27-1gM+CD5+ 1.4 1.3 * 1.3
1.58
CD27-1gM+CD5- 6.5 2.7 * 6.6
CD27+IgM+ 1.1 1.1 * 0.4 1.2
CD27+IgM- 3.0 3.7 * 1.3 3.6
141 1
CD27-1gM+CD5+ 3.9 2.6 * 1.0 5.3
CD27-1gM+CD5- 5.9 3.7 * 1.7 7.2
CD27+IgM+ 2.0 1.0 * 2.7 1.1
CD27+IgM- 2.1 1.4 * 3.0 1.0
142 2
CD27-1gM+CD5+ 2.1 1.3 * 2.8 1.8
CD27-1gM+CD5- 5.7 2.7 * 10.2 4.0
CD27+IgM+ 1.0 0.3 2.3 1.7 3.8
CD27+IgM- 3.8 1.7 8.0 5.9 11.4
147 1
CD27-1gM+CD5+ 1.6 5.0 5.2 10.2
0.65§
CD27-1gM+CD5- 2.6 5.4 5.6 11.5

* = sample not obtained. § = CDj5 labelling not performed. CD27+IgM+=IgM memory;
CD27+IgM-=switched memory; CD27-IgM+CD5+=B1a; CD27-IgM+CD5-=B1b.
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Figure 43 Example absorbance spectrum of total RNA extracted from 4 different B cell
subsets of a single participant (137) at V5 with A260/A280 ratios of 1.1-1.7. Note the positive

control RNA has an A260/A280 ratio of 2.05.
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Attempts at two step RT-PCR using random hexamers for reverse transcription and
the Wu variable domain primer set or Bactin primers (Table 29) for PCR did not yield any

products (data not shown).

6.3.4. First attempt at 454 sequencing

One-step RT-PCR with the Van Dongen primers listed in Table 29 were used to
generate amplicons for the first run of parallel sequencing. The amplicons were gel
purified but were not formally quantified using a spectrophotometer prior to library

preparation.

Initial quantification of amplicon DNA generated after RT-PCR by ribogreen at the

Wellcome Trust Sanger Institute suggested that adequate double stranded DNA was
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available for 454 library preparation. Blunt end ligation of the A & B sequencing adaptors
and the MIDs required for parallel sequencing were then performed as part of the library
preparation. However, subsequent gPCR based on the adaptor sequences showed that the
library preparation was weak, with far fewer DNA molecules than initially estimated
(Table 34) . This was thought to be due to inefficient blunt-end ligation of the adaptors to
the original amplicons. A HIV protein sequence was used as a control for qPCR. A
minimum of 2.5 x 105 DNA molecules/pl is required for emulsion PCR [212], and for this
reason, the samples highlighted in red were excluded from further sequencing. The
samples with the strongest samples (highlighted in green) were used for the initial run of

emulsion PCR.
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Table 34 First attempt at 454 sequencing. Quantification of amplicons from the Hib
reference serum study by picogreen and quantification of adaptor ligated libraries by qPCR.

An HIV protein is used as a control.

Participant/ g gene primers Average Estimated Estimated
- . used to amplify Vy molecules
Visit . MID  fragment 8 molecules/pL
number region size x107/uL by by qPCR
(forward/reverse) ribogreen ya
005/ V1 Vu3/Jdy 1 699 10.4 Assay not run
005/ V2 Vu3/J4 2 514 12.0 Assay not run
002/ V1 Vu3/Jdy 3 590 5.7 Assay not run
002/ V2 Vu3/Jdy 4 350 4.5 Assay not run
006/ V1AS§ Vu3/Jdy 5 609 6.0 Assay not run
006/ V1B§ Vu3/J4 6 783 0.7 Assay not run
006/ V2 Vu3/J4 7 344 11.4 8.0 x 10°
005/ V1 Vid/ Jy 8 591 6.6 3.4x10°
005/ V2 Vid/ Jy 9 408 6.7 3.9 x 10°
002/ V1 Vyd/ Jy 10 648 5.9 5.3 x 10°
002/ V2 Vyd/ Jy 11 350 4.1 1.7 x 10*
006/ V1A* Vud/ Jy 12 545 5.3 1.6 x 10*
006 /V1B* Vud/ Iy 1 571 4.2 9.8 x 10*
006/ V2 Vid/ Jy 2 348 5.5 1.6 x 10°
002/ V2 Vu3/Jy + Vyd/ Jut 3 347 4.5 5.1 x 10°
006/ V2 Vu3/Jdy + Ved/ Jyt 4 342 6.1 2.1 x10°
HiMCentel 1 460 2.0 3.7 x 107
protein

All primers were based on Van Dongen et al. [341] and are listed in Table 29. Libraries
highlighted in red had insufficient DNA for further sequencing. Libraries highlighted in
green were used for the initial trial of 454 sequencing. §,* = duplicate samples. T = equal
volumes of separate PCR reactions using the 2 different primer sets were pooled prior to
library preparation.

Only 423 sequences were generated after the initial trial of parallel sequencing. These
were an average length of 72 bp, considerably shorter than the expected 400-450 bp
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sequence expected with a variable domain sequence, but suggestive of an adaptor dimer
(each adaptor is 30 bp long and the MID sequence is 10 bp long). The sequences could not

be aligned to the IMGT variable gene database to allocate gene identity.

6.3.5. Second attempt at 454 sequencing

In view of the poor yield of sequences at the first 454 sequencing attempt, an
alternative strategy of amplicon generation was pursued for the second attempt at 454
sequencing. This used total RNA as a template, with 2 step RT-PCR using random
hexamers for reverse transcription and Wu primers for PCR. 2 successive rounds of PCR
amplification were performed to increase amplicon yield as discussed in Section 6.2.8. An

example of first round PCR products is shown in Figure 44.

Figure 44 Example agarose gel electrophoresis of first round PCR products using multiplex

VH forward primers and IgA/IgG/IgM back primers yielding a ~400bp product or a Bactin

control primer set yielding a ~600bp product..
ladder IgA IgG IgM  Bactin

600bp
400bp

200bp

The pooled second round PCR products for each sample were quantified at the
Wellcome Trust Sanger Institute using picogreen. Sufficient DNA was present in all
samples to proceed to library preparation. Following adaptor ligation, the amplicon
libraries were quantified by qPCR and all libraries contained sufficient amplicons to

proceed to emulsion PCR as shown in Table 35 below.
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Table 35 Second attempt at 454 sequencing. Quantification of amplicons by picogreen, quantification of adaptor ligated libraries by qPCR and
number of sequences obtained per library post 454 sequencing.

Ig gene primers used to r?;};nca:li ‘: Estimated Number of sequences
Sample ID Subject MID amplify Vy region x10%/uL by molecules obtained post 454
(forward/reverse) picogreen x107/uL by qPCR pyrosequencing
BC 1 Donor 1 6 Vi multiplex/IgA 16.2 10.6 5691
BC1 Donor 1 7 Vy multiplex/1gG 18.3 11.6 5033
BC1 Donor 1 8 Vy multiplex/IgM 18.7 25.0 5322
Vi multiplex/IgA +
BC 2 Donor 2 1 Vy multiplex/IgG + 9.0 8.9 15369

Vy multiplex/IgM
Vymultiplex/IgA +
9 Vi multiplex/1gG + 15.9 12.4 18203
Vy multiplex/IgM
Vy multiplex/IgA +
10 Vy multiplex/IgG + 17.7 15.2 18483
Vy multiplex/IgM
Vi multiplex/IgA +

Hib ref study

BC3 pre Hib 001/V1

Hib ref study
001/V2

Hib ref study

PC 3 post Hib

BC4 pre Hib o 11 e i 4 10.5 11.7 22142
. Vy multiplex/IgA +
PC 4 post Hib D refstudy 4, Vi multiplex/IgG + 10.8 9.8 16109

004/V2 Vi multiplex/Igh

BC = sample derived from sorted CD19+ B cells. PC = sample derived from sorted plasma cells. Pre/post Hib = pre and 77 days post Hib
conjugate vaccination, Vy multiplex = Vu1/Vu2/Vu3/Vug4/Vu5/Vu6 forward primers used in equimolar amounts. All primers were based on Wu
et al. [128] and are listed in Table 29. Donor 1 IgA, IgG and IgM amplicons were individually tagged using separate 3 MIDs while for the rest of
the subjects, the Ig class amplicons were pooled and tagged with a single MID per sample. For subsequent analyses, the sequence results of all
Ig classes of Donor 1 were considered together as BC1. No Vi multiplex/IgG amplicon was observed on gel electrophoresis after 2 rounds of
PCR amplification for Hib ref study 004/V1 therefore a library was not made with this sample. The average fragment size of all libraries post
adaptor ligation was 450 bp.
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6.3.6. Overview of sequence data

Between 15,000-22,000 sequences were derived from each sample as shown in Table
36. Of the sequences that were matched to the IMGT database, >99% were functional, as
would be expected for mRNA derived sequences. The overall sequence diversity (defined
in this case as the number of unique sequences expressed as a percentage of the total
functional sequences), of the CD19+ B cell samples at baseline (BC1, BC2, BC3 pre-Hib
and BC4 pre-Hib) was 85-89%. However, after Hib vaccination (BC3 post-Hib and BC4
post-Hib), a greater number of functional sequences were clonally related leading to a fall
in overall diversity (54-59%). For individuals 3 and 4, the mean CDR3 lengths in pre-
vaccination B cells are significantly different from the mean CDR3 lengths in post-
vaccination plasma cells (p<0.0001 in both cases, unpaired t test). There was no change in
hydrophobicity of the CDR3 for individual 3 after vaccination. There was a trend to
increased hydrophilicity of the plasma cell CDR3 regions of individual 4 after vaccination
when compared to the CDR3 hydrophobicity in pre-vaccination B cells, although this
difference was not significant. For individuals 3 and 4, the mean CDR3 SMH rate in pre-
vaccination B cells are significantly different from the mean CDR3 SMH rate in post-

vaccination plasma cells (p<0.0001 in both cases, unpaired t test).
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Table 36 Summary of sequence data

Total Number of sequences Sequencg diversity Mean CDR3 Mean CDR3 Mean CDR3
mapped to IMGT (unique L SMH rate
Sample ID sequences . . length hydrophobicity
database (functional, sequences/functional . (per 1000
post 454 . o (bp) (Kyte-Doolittle)
non-functional) sequences %) bp)
1BC 16046 9713, 2 85 46.2 -0.06 61.3
2 BC 15369 9478, 3 89 44.9 -0.06 47 .1
3 BC Pre-Hib 18203 10985, 7 89 42.2 -0.04 46.7
3 PC Post-Hib 18483 12525, 1 54 39.6 -0.04 66.0
4 BC Pre-Hib 22142 15484, 9 87 43.8 -0.02 30.8
4 PC Post-Hib 16109 11192, 1 59 33.0 -0.06 56.1

CDR3 = complementarity determining region 3, SMH= somatic hypermutation. Sequences were defined as functional if they had an
open reading frame throughout the sequence. Sequences were considered clonally related if they (i) used the same V and J segment
genes, (ii) had an identical CDR3 length, and (iii) had a highly homologous CDR3 region, defined as <10% difference in CDR3
nucleotide sequence. All non-clonally related sequences were defined as unique. The diversity of a given repertoire was expressed as
the percentage of functional sequences that were unique. As a default for the IgH chain, the CDR3 was defined as amino acids 105—
117, according to the IMGT unique numbering system, and the corresponding nucleotide length expressed in bp. Hydrophobicity was
determined according to the normalized Kyte—Doolittle scale, which assigns an arbitrary value to each amino acid [346]. Negative
numbers represent polar/hydrophilic amino acids and positive values represent hydrophobic amino acids. The somatic
hypermutation rate was expressed as the number of mutations per 1000 bp.
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6.3.7. Vy, Dy and Jy family usage between samples

As shown in Figure 45, the VH3 family comprised the majority of V gene segments
across all samples. VH family usage differed significantly between all four B cell samples
at baseline (all comparisons p<0.0001, 2 test). For individuals 3 and 4, the Vy family
usage in pre-vaccination B cells are significantly different from the Vy family usage in
post-vaccination plasma cells (p<0.0001 in both cases, x2 test). This difference appears to

be largely due to the increased use of Vu3 post vaccination.

Figure 45 Vu family usage between samples expressed as a percentage of the total

functional repertoire (y axis).
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1 BC/2BC = CD19+ B cells from donors 1 and 2 respectively; 3 BC pre-Hib/4 BC pre-
Hib = CD19+ B cells from Hib reference study participants 001 and 004 respectively prior
to receiving a Hib conjugate vaccine; 3 PC post-Hib/4 PC post-Hib = plasma cells from
Hib reference study participants 001 and 004 respectively, 7 days after receiving a Hib
conjugate vaccine.

There were uneven frequencies of V gene usage across the samples, with a few genes
being highly represented and the majority being used rarely, resulting in a highly skewed
distribution as shown in Figure 46. The most frequent Vi gene segments in B cells at

baseline varied between individuals, although V3-23 was the most common segment used

by individuals 2, 3 and 4 and the second most common segment used by individual 1, in
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common with previous published data [347, 348]. Post vaccination plasma cells of
individual 3 used predominantly V3-23 segments, while those of individual 4 used V3-74

followed by V3-23.
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Figure 46 Individual Vu gene segment usage between samples i) 1 BC, ii) 2 BC, iii) 3 BC pre-Hib,

iv) 3 PC post-Hib, v) 4 BC pre-Hib, vi) 4 PC post-Hib, expressed as the number of copies (y axis).
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v) 4 BC pre-Hib : CD19+ B cells from Hib reference study participant 004 prior to

vaccination with Hib conjugate vaccine
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Frequencies of Dy family usage were similar across the samples (Figure 47) with the
notable exception of an increased usage of Du5 in BC4 post-Hib (p<0.0001, unpaired t
test). Sequences where the identity of the Du gene segment could not be reliably

ascertained (No Dy) were more common after vaccination (p<0.0001, unpaired t test).

Figure 47 Du family usage between samples, expressed as a percentage of the total

functional repertoire (y axis).

40% -
35% -
30% -
m1BC
25% =2 BC
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15% = =3 PC post-Hib
10% g m 4 BC pre-Hib
5% E4 PC post-Hib
0% = = = = = =
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1 BC/2BC = CD19+ B cells from donors 1 and 2 respectively; 3 BC pre-Hib/4 BC pre-
Hib = CD19+ B cells from Hib reference study participants 001 and 004 respectively prior
to receiving a Hib conjugate vaccine; 3 PC post-Hib/4 PC post-Hib = plasma cells from
Hib reference study participants 001 and 004 respectively, 7 days after receiving a Hib
conjugate vaccine.

Figure 48 shows that Jug4 was the most utilised Ju gene segment family across all
samples. However for individuals 3 and 4, there was a significantly increased usage of the

Ju6 family in post-vaccination plasma cells compared to pre-vaccination B cells

(p<0.0001 in both cases, unpaired t test).
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Figure 48 Ju family usage between samples, expressed as a percentage of the total

functional repertoire (y axis).
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1 BC/2BC = CD19+ B cells from donors 1 and 2 respectively; 3 BC pre-Hib/4 BC pre-
Hib = CD19+ B cells from Hib reference study participants 001 and 004 respectively prior
to receiving a Hib conjugate vaccine; 3 PC post-Hib/4 PC post-Hib = plasma cells from
Hib reference study participants 001 and 004 respectively, 7 days after receiving a Hib

conjugate vaccine.
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6.3.8. VJ Pairing between samples

Figure 49 Three dimensional representation of Vu gene usage in conjunction with Ju
gene usage for i) 1 BC, ii) 2 BC, iii) 3 BC pre-Hib, iv) 3 PC post-Hib, v) 4 BC pre-Hib, vi) 4 PC
post-Hib. Note differences in scale of the number of sequences (y axis) between graphs.
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iii) 3 BC pre-Hib : CD19+ B cells from Hib reference study participant oo1 prior to

vaccination with Hib conjugate vaccine
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iv) 3 PC post-Hib : Plasma cells from Hib reference study participant oo1 77 days after

vaccination with Hib conjugate vaccine
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v) 4 BC pre-Hib : CD19+ B cells from Hib reference study participant 004 prior to

vaccination with Hib conjugate vaccine
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vaccination with Hib conjugate vaccine
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The V3-23/J4 combination was the most common pairing in all four B cell samples at
baseline (Figure 49). Hib vaccine specific sequences post vaccination are known to be
highly restricted to V3-23/J4 or V3-23/J6 combinations [332]. V3-23/J6 was the most
frequent and second most frequent Vi/Ju pairing in plasma cells from individuals 3 and 4
post vaccination respectively. The frequency of V3-23/J6 usage increased from 1% to 12%
and from 1% to 26% in individuals 3 and 4 respectively after vaccination. Although V3-
23/J4 was the 7t and 4% most common pairing after vaccination in individuals 3 and 4
respectively, the frequency of expression halved after vaccination (6% to 3% in individual

3 and 7% to 4% in individual 4).

Overall, the three dimensional representation of Vy/Ju pairing shown in Figure 49

suggests that post-vaccination plasma cell repertoires tends to be more oligoclonal than

the pre-vaccination B cell repertoire within the same individual.
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6.3.9. Unique VDJ combinations between samples

Comparison of the combinations of VDJ gene segments used in the 4 baseline B cell
samples suggests considerable inter-individual variation in the antibody repertoire. This
data is summarised in Figure 50. There was no overlap between the 20 most frequent
clones of each sample. The mean clone size based on unique VDJ combinations for 1 BC, 2

BC, 3 BC pre-Hib and 4 BC pre-Hib were 4.1, 4.6, 4.3 and 5.5 copies respectively.

The largest group of sequences in the post vaccination plasma cells of individual 3
(8% of functional sequences) have no assignable D segment, but consist of V3-23/J6
pairings. The 3 next most common combinations are: V3-23/D2-21/J6, V4-31/D4-17/J5
and V3-23/D2-8/J3 with frequencies of 2.7%, 2.5% and 2.1% respectively. The post
vaccination plasma cell repertoire of individual 4 is dominated by the clone V3-74/D5-
18/J4 which represents 37.1% of functional sequences. A set of sequences with V3-23/J6
pairing without a defined D segment identity comprises 24.7% of all sequences and the 2
next most common clones are V1-8/D6-13/J4 and V3-23/D2-8/J3 with frequencies of
3.1% and 2.7% respectively. The mean clone size post vaccination in individuals 3 and 4

were 12.9 and 16.8 copies respectively.
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Figure 50 Four dimensional representation of VH, DH and JH usage for samples i) 1

BC, ii) 2 B(C, iii) 3 BC pre-Hib, iv) 3 PC post-Hib, v) 4 BC pre-Hib and vi) 4BC post-Hib

i) 1 BC : CD19+ B cells from Donor 1

J gena
D gone
v ".'f
Qo . V gene
09 s ' D G 8
:_O \ -
N O Q .

) Qof'
ii) 2 BC : CD19+ B cells from Donor 2
J gene
v ‘;-L——“——.L_\_ \
R Y ® .
Dgene 7 ~f 2 ..
o
Y 2 & W .
y ) o o ¢,
V P
Y o o 5 ,‘V gene
Y P R “
. O
] é o . @ o
6 o> B b c =
; o
g i -
(s}

Page 211



B cell responses to conjugate and polysaccharide meningococcal vaccines

iii) 3 BC pre-Hib : CD19+ B cells from Hib reference study participant 001 prior to

vaccination with Hib conjugate vaccine
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iv) 3 PC post-Hib : Plasma cells from Hib reference study participant o0o1 7 days after

vaccination with Hib conjugate vaccine
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v) 4 BC pre-Hib : CD19+ B cells from Hib reference study participant 004 prior to

vaccination with Hib conjugate vaccine
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6.4.Discussion

6.4.1. Method development - RNA extraction and stabilisation

Investigation of the antibody repertoire requires complex sample handling, with the
potential to lose material and thus introduce bias at many stages. Obtaining discrete B cell
populations containing small numbers cells from heparinised blood requires multiple
steps, including PBMC separation, antibody labelling and MACS (and additional FACS in
the case of subset sorting). Cells lose viability with repeated handling and thus a
proportion of B cells are inevitably lost during cell separation. This was minimised by
processing samples within 4 hours of bleeding participants and keeping samples on ice

where possible.

RNA is particularly vulnerable to enzymatic degradation by RNAses and must be
handled and stored under RNAse-free conditions [345]. PBMC RNA expression levels are
particularly sensitive to ex vivo handling [349]. The total RNA yield from the CD19+ cells
freshly sorted by MACS as described in Section 6.2.1 is approximately 900 ng per 10° cells
(Table 30) when estimated with a spectrophotometer. This is in accordance with
published estimates of B cell RNA content [350]. This RNA was also of sufficient quality

for downstream sequencing applications as suggested by the A260/A280 ratio [345].

The Hib reference study B cells (Section 6.2.3) were magnetically sorted, pelleted
and snap-frozen at -80°C for subsequent RNA extraction which in some instances took
place up to 2 years after the initial separation. The first run of sequencing utilised mRNA
extracted from the Hib reference study samples (6.2.5). mRNA forms about 2-5% of total
RNA in a cell [350], thus yields were expected to be low and therefore not directly
quantified. Instead, the ability to obtain products after RT-PCR were used as a way of

indirectly assessing mRNA content.
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The Hib samples used in the second run of sequencing used total RNA as a template
for cDNA synthesis (section 6.2.6). A subset of these samples had the extracted total RNA
assessed for quality by qPCR and spectrophotometer (Section 6.3.2). These results showed
that the total RNA content of the frozen cells was an order of magnitude less than that
extracted on the same day from a similar number of freshly prepared cells (Figure 42).
This suggests that snap-freezing cell pellets may not be the optimal way of long-term

storage of samples for subsequent RNA extraction.

An alternative method of stabilising RNA for subsequent extraction was therefore
planned for the B cell subsets from the MenACWY vaccine study. Subset separation
involved obtaining small numbers of B cells (mean 3.2 x 104 cells, Table 33), by MACS
followed by FACS. Given the multiple handling steps required for subset separation, the
cell viability and quantity of extractable RNA was likely to be less than that of the Hib
reference study samples. A previous study has examined the effect of an RNA stabilisation
reagent, RNAlater, on RNA expression profiles of FACS sorted T cells [351]. This showed
that RNA degradation was minimal in FACS sorted samples treated with RNAlater and
stored for 1 month at 4°C. The study used larger sorted cell numbers (3 x 105 cells) and
reported a 30% cell loss on sample recovery from RNAlater. The MenACWY vaccine study
B cell subsets were thus stabilised with RNAlater, with the aim that this would provide
more efficient RNA recovery than pelleting and snap-freezing the cells. Unfortunately,
RNA yields from the sorted subsets proved disappointing and thus these samples could
not be processed further for 454 sequencing. The failure to obtain usable RNA from the
ACWY vaccine trial sorted B cell samples may have been due to low starting cell numbers
and inadequate extraction of RNA from the large volumes of RNAlater required to
stabilise the samples. Future sorting studies using similar small populations of cells may

benefit from alternative strategies to preserve RNA e.g. sorting cells directly into an RNA
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stabilising cell lysis buffer such as RLT buffer or Trizol reagent for storage at -80 °C prior

to subsequent RNA extraction.

6.4.2. Method development - amplicon preparation and parallel
sequencing

The DNA content of the amplicon pools post-PCR for the first attempt at 454
sequencing at the Wellcome Trust Sanger Institute using ribogreen showed that the
individual amplicon pools contained between 0.7-12 x 108 DNA molecules/uL. However,
following adaptor ligation, qPCR showed that the amplicon libraries contained
considerably less DNA with between 1.6 x 104 - 3.9 x 105 DNA molecules/uL. The expected
efficiency of adaptor ligation to amplicons is 10-30% [211]. It was not clear if the
discrepancy between the DNA content of the amplicons and the ligated libraries was due
to inaccurate quantification with ribogreen or inefficiency of adaptor ligation to one step
RT-PCR products. Ribogreen measures both RNA and double stranded DNA, and the
amplicons may have been contaminated with residual RNA from the one step RT-PCR
reaction, giving a falsely high value. As the amplicons were not quantified by spectroscopy
prior to being sent to the Wellcome Trust Sanger Institute, it is not possible to ascertain

whether there was an error in the ribogreen quantification.

454 sequencing is a relatively new technology and the Wellcome Trust Sanger Institute
had not previously used one-step RT-PCR products for amplicon library 454 sequencing
(Richard Rance, Senior Scientific Manager, Wellcome Trust Sanger Institute, personal
communication). It is possible one step RT-PCR amplicons are not suitable for 454 library
preparation for mechanistic reasons. For example, the 5° and 3’ ends of amplicons
produced may differ between one-step RT-PCR and two-step RT-PCR which affects the
efficiency of blunt end ligation of adaptors. However, 454 library preparation involves an

end repair step using T4 DNA polymerase and E. coli DNA polymerase I Klenow fragment
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[211]. The 3' to 5' exonuclease activity of these enzymes removes 3'overhangs and the
polymerase activity fills in the 5' overhangs. Thus amplicons produced by either method
should be suitable for blunt end ligation. Alternatively, a residual reagent from the one-
step RT-PCR may have interfered with downstream ligation. However, the 454 library
preparation protocol involves a purification step which should remove residual buffers
and salts from the amplicon pool. Amplicons derived from one step RT-PCR have recently
been used by a group to investigate antibody repertoire [347]. Thus the reason for the

inefficient adaptor ligation in the first attempt at 454 sequencing remains uncertain.

The first attempt at 454 sequencing yielded only 423 sequences with an average length
of 78 bp, none of which could be identified as immunoglobulin gene sequences against the
IMGT database. Each A and B sequencing adaptor is 30 bp long and each MID tag is 10 bp
long. These short sequences are this likely to represent products of adaptor dimerisation

as a result of insufficient amplicon products and inefficient adaptor ligation.

To prepare sufficient DNA for the second attempt at 454 sequencing, 2 rounds of PCR
were performed and the products of the second round were pooled (Section 6.2.8).
Amplicons were quantified by spectroscopy before library preparation. Quantification of
the amplicons at the Wellcome Trust Sanger Institue was performed using picogreen,
which measures only double stranded DNA. This showed between 9-19 x 108 DNA
molecules/uL, which was similar to the spectroscopy results. The second attempt at 454
sequencing used two-step RT-PCR to prepare amplicons as has been described previously
by other groups [128, 207] and successfully resulted in the generation of 106, 352

sequences with an average length of 402 bb.
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6.4.3. Differences in repertoire between individuals at baseline

The overall degree of B cell sequence diversity, expressed as the proportion of
functional sequences that were unique, was similar between the 4 individuals at baseline
(85-89%). Analysis of individual Vu, Du or Ju segment usage appears to suggest
similarities between individuals. For example, V3-23 is the most or second most
commonly used Vu gene segment in all four individuals (Figure 46) in accordance with
other published work [128, 347, 348]. D gene segments are short (10-15 bp), and are
affected by p and n nucleotide addition and exonuclease activity at both 5’ and 3’ ends. For
this reason, Dy identity cannot be reliably assigned, particularly in those sequences which
also have high rates of somatic hypermutation [348]. Nevertheless, the D3-10, D3-22, D6-
13 and D6-19 segments comprised 4 out of the 5 of the most commonly used Dy segments
across all 4 baseline B cell samples. Both D3-10 and D3-22 have previously been described
to be commonly used DH segments [348]. J4 and J6 are the most commonly used Ju gene

segments, consistent with prior reports [128, 208, 348].

Due to the difficulties in ascertaining Dy identity, previous studies have analysed Vu
and Ju pairings alone using 454 sequencing and have shown a dominance of V3-23/J4
pairings [128, 336, 352]. Given the frequencies of individual Vu and Ju usage found in
this study, it is not surprising that the most common Vy/Jy pairing in the 4 B cell samples

was also V3-23/J4 as shown in Figure 49.

However, the immunoglobulin heavy chain consists of recombined VDJ gene
segments, and consideration of individual segments or pairings alone may not provide a
true picture of the repertoire diversity. As shown in Figure 50, the overall pattern of B cell
recombined VDJ gene usage differs considerably between individuals, with no overlap
between the 50 most frequent clones of each sequence set. The average clone size within
individuals ranged from 4.1-5.5 copies. This suggests that although the repertoire

landscape may be similar between individuals, with 20-30 clones appearing at modest
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frequencies and the rest of the clones occurring in very low copy numbers, the individual

clones differ between individuals.

Weinstein et al. compared the frequencies of recombined VDJ gene expression in
zebrafish and showed similar patterns of expression between individual fish[335].
However, there are only 975 potential VDJ combinations in zebrafish as compared to
approximately 6000 in humans (Section 1.6.1). Additionally zebrafish are inbred
experimental animals reared under similar conditions. The four individuals who donated
B cells for this study varied in age, gender and ethnicity and consequently may have
different antibody repertoires skewed by their genetic backgrounds and prior antigenic
exposure. Recent work by Briney et al. showed differential VDJ usage across naive, IgM
memory and IgG memory subsets [347]. The baseline sequences were obtained from B
cells sorted on surface CD19+ expression alone. Thus variations in proportions of
circulating B cell subsets may also have contributed to the observed differences between

individuals.

6.4.4. The response to Hib conjugate vaccine

The characteristics of the post-vaccination plasma cell CDR3 segments differed from
those of the pre-vaccination B cells. The mean CDR3 lengths were shorter post
vaccination, in keeping with increased exonuclease activity and somatic hypermutation
as has been previously described [207]. The calculated rate of somatic hypermutation was
also higher in post-vaccination CDR3 regions. There was an overall shift to a more
oligoclonal response, as evidenced by the reduced sequence diversity and increased clone
size. Although reduced CDR3 hydrophobicity has been described in antigen experienced

cells, [128], this was not observed consistently post-vaccination in this study.
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Following vaccination with the Hib conjugate, V3-23 was the most common or second
most common V segment found in plasma cells in individuals 3 and 4 respectively,
although the significance of this alone is uncertain as V3-23 was also the most common
segment used in these individuals pre-vaccination. A high proportion of Dy segments
could not be accurately identified in either individual after vaccination, in keeping with an
extensively mutated CDR3. J4 and J6 were the most commonly used Ju segments as has

previously been described in antigen experienced B cell subsets [128] .

The sequences of Hib specific antibody have been described as highly restricted to V3-
23/J4 or V3-23/J6 combinations [332]. Within the two individuals who were vaccinated

in this study, V3-23/J6 appeared to play a greater role in Hib responses than V3-23/J4.

In contrast to the differences in unique VDJ recombinations between individuals at
baseline, the post-vaccination samples between individuals 3 and 4 showed some
similarities. Both individuals had large numbers of sequences with no assignable DH
segment but with V3-23/J6 segments. These sequences are likely to comprise multiple
large clones with highly mutated CDR3 regions rather than a single large clone. Further
detailed analysis of the actual nucleotide sequences (rather than VDJ identity), of this
group may reveal homology between the transcripts of the 2 individuals and thus
convergence of antibody gene sequence elicited by the vaccine. The unique VDJ
combination (V3-23/D2-8/J3) was expressed in both individuals 3 and 4 at a frequency of
2.1% and 2.7% respectively. There was no overlap in VDJ usage between clones of this size
in the 4 baseline samples, which suggests that this may be a vaccine induced response

common to both individuals.

As part of the Hib reference study, the Hib polysaccharide specific IgG antibody

concentrations were determined at day 28 after vaccination on individuals 3 and 4 using
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an ELISA and were found to be 49 and 343 pg/mL respectively. Avidity indices were
expressed as the percentage mean reduction in IgG concentration with chaotrope
compared to without chaotrope and were 45.9 and 59.8 for individuals 3 and 4
respectively. Thus both individuals had high affinity antibody after vaccination,

consistent with the expression of V3-23/J6.

6.4.5. The identification of a clonal expansions

It is not possible to ascertain whether identical transcripts derived from 454
sequencing reflect the presence of bona fide identical clones derived from clonal
expansion, varying levels of mRNA transcription antibody secreting cells, or biases in
cDNA generation during reverse transcription or PCR amplification. For this reason all

comparisons of clone size made in this thesis are relative rather than absolute.

6.4.6. Plasma cells and CD19+ B cell repertoires may not be directly
comparable

Pre and post vaccination sequences were derived from CD19+ B cells and plasma cells
respectively. Previous work has demonstrated that antigen specific plasma cells peak in
the peripheral circulation peak 7 days after vaccination [134]. In the absence of a method
to isolate Hib polysaccharide-specific B cells, the post-vaccination repertoire was analysed
on sequences obtained from plasma cells at day 7 to enrich for Hib-specific cells. Antigen
specific plasma cells are not detectable in the absence of antigenic stimulation [134, 216]
and were therefore not used for the baseline comparison. The burst of plasma cells
detected at day 7 are newly emigrated from germinal centres in lymph nodes and are the
result of antigenic stimulation and clonal expansion. There are no published data on 454
sequencing of sorted plasma cells, but the expressed repertoire of plasma cells at seven

days after vaccination likely to be highly oligoclonal. Furthermore, the levels of mRNA
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transcripts may be higher in actively secreting plasma cells. Consideration of the plasma
cell repertoire alone in the absence of the other circulating B cells involved in an immune
response (such as memory B cells) may skew the observed sequences disproportionately.
However, for the purposes of this thesis, the analysis of plasma cells at day 7 showed that
it is possible to identify the canonical Hib polysaccharide specific sequences using 454

sequencing.

6.4.7. The response to vaccination is directed against multiple
components

The Hib conjugate vaccine used in this study contains Hib PRP polysaccharide and
MenC polysaccharide individually conjugated to tetanus toxoid (Table 28). The antibody
repertoire observed in the post-vaccination plasma cells is thus a composite of the
responses to all 3 antigens. Although Hib-specific V3-23/J6 sequences are highly over
represented in both individuals post vaccination, the V3-74/D5-18/J4 clone which
represents 37.1% of functional sequences in individual 4, may be a response to either the
MenC or tetanus toxoid.compnents of the vaccine. Monovalent polysaccharide vaccines,
including the plain Hib polysaccharide vaccine, are no longer widely available in the UK.
Identification of specific antigen response may require using monovalent protein antigen

vaccines (e.g. hepatitis B) or developing methods for sorting antigen specific cells [353].

6.4.8. Future work
The analysis of the large body of data generated by the second attempt at 454

sequencing is ongoing and is beyond the scope of this thesis. Of particular interest is the
investigation of the antibody class usage after vaccination, using the constant domain
sequences at the 3’ ends of the amplicons. This will confirm if the high avidity antibody

seen at day 28 post vaccination is indeed due IgG encoded by the V3-23/J6 sequences
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dominating the repertoire at day 7. The canonical Hib specific antibody has been shown
have a conserved CDR3 amino acid sequence of Gly—Tyr—Gly—Phe/Met—Asp [332]. A
more detailed analysis of the amino acid sequence of the CDR3 regions post vaccination
may reveal underlying patterns of functional convergence which are not observed at the
VDJ identity level. Further samples from the Hib reference study are also currently being
prepared for 454 sequencing. In particular, CD19+ B cell samples at baseline will be
compared with CD19+ B cell samples at day 7 post vaccination to ascertain if oligoclonal

Hib specific responses can also be detected in this population.

6.5.Conclusions

Successful 454 sequencing is reliant on high quality amplicon preparation. Minimal
handling of cells, the use of RNA stabilisation agents and accurate quantification of
amplicons are important steps in generating a library suitable for downstream
sequencing. The pilot work in this chapter shows that the large datasets generated by 454
sequencing can be used to identify differences between the normal antibody repertoires of
individuals, while demonstrating convergence in the their antigen specific repertoires

after vaccination.

The methods established in this chapter are will form the basis of future studies of
antibody repertoire using 454 sequencing. In particular, these will be used, as initially
planned, to characterise VDJ sequences of different B cell subsets in response to conjugate
and polysaccharide meningococcal vaccination to ascertain the relative contributions of
follicular B cells, marginal zone B cells and naive B cells in the response to each of these

vaccines.
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Chapter 7 - Discussion

This thesis has investigated the immune responses of adults to quadrivalent conjugate
and polysaccharide meningococcal vaccines, and developed methods to analyse the

antibody repertoire of B cells in response to vaccination.

7.1. A comparison of the immunogenicity of MenACWY-CRM and MenACWY-PS

Previous studies in young children and adolescents have shown that MenACWY-CRM
elicits significantly higher hSBA GMTs against all 4 serogroups 28 days after vaccination
than an alternative quadrivalent polysaccharide vaccine, MPVS4 [267, 268]. The poor
immunogenicity of the MPVS4 in the young may be explained by a relative immaturity of
the marginal zone of the spleen, and thus diminished immune responses to thymus
independent (TI) antigens such as polysaccharide vaccines [104, 113]. However a study
comparing MenACWY-CRM with MPVS4 in adults aged 54-65 also demonstrated
superior immunogenicity of the conjugate over the polysaccharide 28 days after

vaccination [233].

In the MenACWY-CRM/MenACWY-PS clinical study, there was no difference in the
primary endpoint of day 7 hSBA GMTs for serogroup A, or for the serogroups C, W and Y
after either MenACWY-CRM or MenACWY-PS vaccination. By day 28, participants who
received MenACWY-CRM had higher hSBA GMTs against serogroup W, while
participants who received MenACWY-PS had higher titres against serogroup C. The
differences observed in this study compared to the previously described MenACWY-
CRM/MPVS4 adult study may reflect variations in nasopharyngeal meningococcal

carriage rates and natural immunological priming between the 2 study populations.
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Both MenACWY-CRM and MenACWY-PS vaccines induced hSBA GMTs above 8 at 7
days and 28 days for all 4 serogroups. A hSBA titre of >4 has been established as the
threshold for the correlate of protection for serogroup C conjugate vaccines [246], and
although there are no validated correlates of protection for serogroups A,W and Y, a value
of >1:8 has been used as an immunological endpoint in pre-licensure immunogenicity
studies of conjugate quadrivalent meningococcal vaccines in adults [233]. Thus, there
does not seem to be any short-term immunological advantage in using MenACWY-CRM

over MenACWY-PS.

7.2.MenACWY-CRM and MenACWY-PS elicit distinct antigen specific B cell

responses

In this study, there was a trend to higher frequencies of serogroup A, C, W and Y
specific plasma cells 7 days after a single dose of MenACWY-PS compared to after a dose
of MenACWY-CRM. Furthermore, MenACWY-CRM generated significantly more
serogroup A and C specific memory B cells after 28 days than MenACWY-PS. These
observations are consistent with plasma cells being rapidly generated by the TI
polysaccharide vaccine via the extra-follicular pathway, while both memory B cells and
plasma cells are generated through a germinal centre pathway by the thymus dependent
(TD) conjugate vaccine. Further characterisation of these distinct responses may be
possible by examining the phenotype of the antigen specific B cells and the degree of

somatic hypermutation of the B cell receptors elicited by each vaccine.

Antibody persistence was not measured beyond 28 days in this study. However,
memory B cells frequencies in infants after a priming MenC vaccine have been shown to
correlate with both the persistence of antibody and the magnitude of antibody responses

to a booster 7 months later [215]. Persistent levels of protective antibody are important in
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rapidly invasive meningococcal disease. Thus, the higher memory B cell frequencies
elicited by MenACWY-CRM may reflect a greater potential for persistent antibody and

thus longer-term protection than MenACWY-PS.

Differences in capsular polysaccharide content between MenACWY-PS and
MenACWY-CRM confound the results described in Chapter 4. It is possible that the
distinct pattern of plasma cell and memory B cell responses observed reflect the higher
antigenic dose presented by MenACWY-PS compared to MenACWY-CRM. Furthermore,
MenACWY-PS was administered subcutaneously, while MenACWY-CRM was
administered intramuscularly. Thus, there may also have been differences in the antigen
processing and presentation pathways for each vaccine which have contributed to the

observed results.

7.3.MenACWY-PS impairs immune responses to subsequent MenACWY-CRM

Chapter 5 demonstrates that for all 4 serogroups, both the day 28 hSBA responses and
the day 7 plasma cell responses to MenACWY-CRM are lower in individuals who have
received a prior dose of MenACWY-PS, compared to those who are polysaccharide naive.
This is the first study to show clear evidence of hyporesponsiveness in antigen specific

plasma cell frequencies after meningococcal polysaccharide vaccination.

In contrast to MenACWY-CRM, MenACWY-PS does not appear to prime for
immunological memory. Thus individuals primed with MenACWY-PS exhibit lower A,C W
and Y hSBA GMTs and plasma cell frequencies 7 days after a MenACWY-CRM booster
than those with MenACWY-CRM. Furthermore, the serogroup A and C specific memory B
cell response to a MenACWY-CRM booster is higher in MenACWY-CRM primed

individuals than in MenACWY-PS primed individuals.
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Taken together, the results of Chapters 4 and 5 support the theory that polysaccharide
vaccines induce hyporesponsiveness by driving the terminal differentiation of antigen
specific B cells into plasma cells without replenishment of the memory B cell pool [168].
Again, it is difficult to ascertain if the subsequent impaired responses to MenACWY-CRM
are related to the higher antigenic dose of the priming MenACWY-PS or an inherent

property of the polysaccharide antigen.

7.4. Serogroup A acts as a thymus independent antigen

Despite prior evidence suggesting that serogroup A polysaccharide may act as a TD
antigen, Chapters 4 and 5 show that both the MenA and MenC components of MenACWY-
PS have similar effects on antigen specific B cell frequencies and hSBA GMTs. This thesis
presents the first clear evidence that serogroup A polysaccharide acts as TI antigen and
elicits impaired immune responses to subsequent conjugate vaccination. This work
supports the shift in strategy by the World Health Organisation from mass vaccination
with MenA polysaccharide vaccines during cyclical serogroup A meningitis outbreaks, to

using MenA conjugate vaccines instead [43].

7.5.The development of techniques for RNA extraction and ‘next generation’

sequencing

‘Next generation’ sequencing technologies such as 454 sequencing allow the
simultaneous sequencing of several million individual DNA sequences in a short period of
time [354] and permit the investigation of the breadth of the antibody repertoire

sequence. The initial aim of this thesis was to identify the heavy chain variable domain
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(Vu) sequences of low frequency B cell subset populations. B cells from 2 normal
individuals and B cells and plasma cells from the Hib reference study were to be used as
pilot samples during the method development. Samples from the MenACWY-

PS/MenACWY-CRM study were to be used for subsequent B cell subset sequence analysis.

High quality RNA is an essential prerequisite for 454 library preparation. Minimal
handling of cells and prompt RNA extraction and stabilisation were found to be important
steps in ensuring high quality RNA. Unfortunately, it was not possible to obtain adequate
RNA from the B cell subsets from the MenACWY-CRM/MenACWY-PS study, and these
samples were not analysed further. Therefore only RNA from the B cells and/or plasma
cells of normal donors or the Hib reference study were used for subsequent library
preparation. The optimal method of obtaining RNA from small B cell populations may

involve sorting cells by flow cytometry into a cell lysis/RNA stabilising buffer.

Multiple primer sets and reverse transcription (RT) and polymerase chain reaction
(PCR) conditions were trialled, before the optimum conditions were determined. Use of
the Wu primer set [128] and the two step RT-PCR conditions discussed in Chapter 6 gave
the best yield of the Vi amplicons. Following successful amplicon library generation and
454 sequencing, over 106,000 functional sequences were obtained. The methods

established in this thesis will be applied to future studies of antibody gene repertoire.
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7.6.454 sequencing reveals differences in antibody repertoire between

individuals and after vaccination

Despite differences in age, sex and ethnicity, there appeared to be broad similarities
between individuals in their usage of specific Vy and Ju segments. For example, V3-23/J4
was the most common pairing seen in the B cells of all 4 individuals at baseline. However,
more detailed analysis of the unique VDJ combination revealed distinct antibody
repertoires, with little overlap between the 50 largest clones of the each of the 4
individuals. The overall pattern of clonality (as defined by identical VDJ usage) was
similar between individuals, with approximately 20 moderately sized clones and multiple

smaller clones.

The plasma cell sequences obtained 7 days after a Haemophilus influenzae type b
(Hib) conjugate vaccine, had shorter complementarity determining regions (CDR3) and
higher rates of somatic hypermutation as has previously been described for antigen
experienced cells [207]. Assignment of identity to the Dy segment was always not possible
due to high levels of junctional diversity and somatic hypermutation, but there appeared
to be a trend towards multiple large clones using V3-23/J6 gene segments, a combination
which has been identified with Hib polysaccharide specific antibody [332]. Both
individuals also mounted a high avidity anti-Hib antibody response, which suggests that

the observed dominance of V3-23/J6 represents Hib specific sequences.

Analysis of the data from the 454 sequencing is ongoing. Comparisons of the antibody
isotype distribution and further detailed analyses of the nucleotide and amino acid
sequences before and after vaccination are planned. In particular, clonal lineages based on
actual CDR3 amino acid sequences, rather than VDJ identity, may reveal convergent

evolution of the repertoire.
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7.7 .Future work

A follow on vaccine study (ACWY2) has been planned and will start recruiting
participants in December 2012. This study will address issues raised by ACWY1 and an

overview of the study design is shown in Table 37 below.

Table 37 Overview of the design of the '"ACWY2' follow-on study

V1 V2 V3 V4 V5
Day 0 Day 7 Day 28 Day 35 Day 56
MenACWY-CRM MenACWY-CRM
conjugate conjugate
(im.) (im.)
Group 2a MenACWY-PS MenACWY-CRM
polysaccharide conjugate
n=5 (full dose s.c.) (im.)
Group 2b MenACWY-PS MenACWY-CRM
polysaccharide conjugate
n=5 (1/5% dose s.c.) (im.)
Group 2c MenACWY-PS MenACWY-CRM
polysaccharide conjugate
n=5 (1/5% dose i.m.) (im.)
SBA, SBA, SBA, SBA, SBA,
memory B cells, plasma cells, memory B cells, plasma cells, | memory B cells,
Assays phenotyping, phenotyping, phenotyping, phenotyping, phenotyping,
antibody antibody antibody antibody antibody
repertoire repertoire repertoire repertoire repertoire

s.c. = subcutaneously; i.m. = intramuscularly. MenACWY-CRM contains 10 pg of
MenA polysaccharide and 5 pg each of MenC, MenW and MenY polysaccharides.
MenACWY-PS contains 50 pug of polysaccharide from each of the 4 serogroups. Full dose
MenACWY-CRM will be used throughout the study.

The follow-on study will be conducted in adults aged 30-70, with similar inclusion and
exclusion criteria to those of the original study described in Chapter 3. Participants will
receive a priming dose of MenACWY-CRM or MenACWY-PS, followed by a MenACWY-
CRM booster 1 month later. hSBA assays and B cell ELISpot assays to enumerate plasma
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cells and memory B cells will be performed as described in Chapter 2. However, there are

a few key distinctions between the original study and the follow-on study.

The issue of the differences in antigenic dose contained in MenACWY-CRM and
MenACWY-PS will be addressed by the inclusion of a group (Group 2b) which uses a 1/5t%
dose of MenACWY-PS. The 1/5% dose of MenACWY-PS contains the same amount of
MenA polysaccharide as MenACWY-CRM and only twice (rather than 10 times) the
amount of MenC, MenW and MenY polysaccharides. A further group (Group 2c¢) will
administer both the 1/5% dose of MenACWY-PS and the MenACWY-CRM by the

intramuscular route.

Fluorescent antibody panels are currently being developed to identify discrete B cell
subsets and antigen specific B cells by flow cytometry to compare responses to conjugate
and polysaccharide vaccines. For example, it will be possible to investigate if MenACWY-
CRM preferentially elicits follicular B cells and switched memory B cells, while
MenACWY-PS generates marginal zone and B1 B cells. This thesis found that MenA
polysaccharide appears to act in an immunologically similar manner to MenC
polysaccharide. Thus, the comparison of the phenotypes of the MenA and MenC specific

cells elicited by MenACWY-PS will be of particular interest.

The RNA extraction and stabilisation techniques, RT, multiplex PCR and library
preparation methods developed in Chapter 6 will be applied to sorted B cells subsets from
the ACWY2 study. 454 sequencing of these samples will allow the investigation of the fine
detail of somatic hypermutation and variable gene usage in the antibody repertoires
elicited by MenACWY-PS and MenACWY-CRM and thus the nature of TD and TT antibody

responses in adults.
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In conclusion, the functional antibody, antigen specific B cell responses form the basis
for novel insights into the mechanisms of action of TD and TI antigens. The molecular
techniques described in this thesis will eventually be applied to sequencing the variable
domains of antigen specific B cells generated by vaccination. Correlating this information
with functional antibody responses will enable the identification of vaccine-specific
repertoire signatures. This will allow the development of sequence based approaches to
assessing vaccine immunogenicity and an in-depth understanding of B-cell immunology

through an ability to track B-cell clones.
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