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PCV13: 2006 to 2016

Jessica Jones

Streptococcus pneumoniae is both a common inhabitant of the human
nasopharynx and a leading cause of morbidity and mortality. Characterisation of
pneumococcal populations derived from asymptomatic carriage and invasive
disease during the introduction of a 13-valent pneumococcal conjugate vaccine
(PCV13) allows the impact of the vaccine to be assessed and may provide

information with which to inform public health policies.

Streptococcus pneumoniae isolated from the nasopharynx of healthy children
were collected alongside isolates found in invasive pneumococcal disease (IPD)
from the same geographical location over a ten year period. Carriage rates and
IPD incidence rates were examined to assess the impact of PCV13 on both
populations. Changes to the serotype distribution in both the carriage and the
disease populations were compared and a molecular investigation was performed

to ascertain similarities between the populations.

Pneumococcal carriage and IPD incidence caused by PCV13 serotypes decreased
following PCV13 introduction however an increase in carriage and IPD incidence
caused by non-vaccine serotypes was observed. Evaluation of serotype
distribution revealed that three non-vaccine serotypes had significantly higher
odds of featuring in IPD; 12F, 8 and 9N. Genotypic analyses showed that while
83% of IPD isolates had the same clonal type as carriage isolates, some molecular

variations within prevalent carriage isolates were not seen in the IPD population.

The increase in carriage and IPD caused by non-vaccine serotypes is
compromising the benefits of PCV use. Continued surveillance is required to

safeguard public health.
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Chapter 1

Chapter 1 Introduction

1.1 What is a pneumococcus?

A review of literature pertaining to the bacterium Streptococcus pneumoniae (the
pneumococcus) inevitably reveals landmark moments in the biological sciences.
The eminent, Robert Austrian who revealed and collated much of what we know
about the pneumococcus, claimed that research surrounding this tiny organism
was responsible for the emergence of such branches of science as modern

immunology and molecular genetics (Austrian, 1981).

For over a century, researchers have discovered and confirmed many of the
complex qualities that characterise this interesting bacterium. Its paradoxical
existence as both an asymptomatic commensal and a leading causative agent in
human disease has driven many scientific discoveries and kept bacteriologists
keenly focused (Weiser, 2010).

As one of the most intensely studied organisms in scientific history, there now
exists a rich array of information that researchers can draw from. Despite this
wealth of knowledge, many questions remain unanswered and present day

scientists continue to make fresh discoveries or dispel old assumptions.
Though written in 1938, the following paragraph remains relevant in 2017

“The study of the members of this small group of microorganisms in a
subordinate branch of biology is bringing light into some of the obscure
realms of the related sciences. The peculiarities of Pneumococcus are
yielding a generous return to the investors and speculators who have cast
in their resources with its lot, resulting in the accumulation of a store of
solid bullion for the scientist and for mankind (White, 1938).”

1.1.1 The discovery of the pneumococcus

Characterisation of the pneumococcus is conventionally charted from 1881 when
Pasteur and Sternberg, working independently of each other, documented
descriptions of the organism (Pasteur, 1881, Sternberg, 1881).
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Following observations of coccoid bacteria in human saliva: Sternberg in his own
saliva and Pasteur in the saliva of child who had died of rabies, both men
subcutaneously inoculated rabbits with infected saliva. The subsequent recovery
of diplococci from the animals’ blood demonstrated for the first time that an

organism carried asymptomatically can have pathogenic potential.

Contemporaneously, Friedlander, Fraenkel and Weichselbaum working separately
on the examination of lung disease documented the pneumococcus as an
aetiological agent of human pneumonia (Weichselbaum, 1886, Fraenkel, 1884,
Friedlander, 1883). Hans Christian Gram working in Friedlander’s laboratory was
able to visualise the pneumococcus while experimenting with differential staining
techniques on sections of lung tissue taken from patients who had died of
pneumonia (Gram, 1884). His eponymous Gram stain is still used in laboratories

today.

Investigations into other disease states revealed that pneumococcal pathogenicity
is not limited to pneumonia. In 1887, Netter showed that the pneumococcus was
the causative agent in cases of meningitis (Netter, 1887) and Zaufel isolated
pneumococci from the inner ear of both asymptomatic patients and those
suffering with acute otitis media (Zaufal, 1887). Importantly both Netter and
Zaufel documented that pneumococcal presence was found without
accompanying lung infection thus dispelling a common belief of that time that

pneumococcal infection always disseminated via the lungs.

By the end of the 1880’s the pneumococcus had been identified, visualised and

its role in disease was beginning to be revealed.

1.1.2 Taxonomy

Historically the pneumococcus has been known by a number of names. On
discovery Pasteur referred to the organism as Microbe septicemique du salive
(Pasteur, 1881) while Sternberg named it Microcroccus pasteuri (Sternberg,
1885) in homage to Pasteur. It was Fraenkel that first referred to it as
Pneumococcus due to its association with lung disease (Fraenkel, 1886), however
it was Weichselbaum’s designation Diplococcus pneumoniae that became the
most common way of referring to the organism until it was classified as
belonging to the streptococcal genus in the 1970s (Wannamaker and Matsen,
1972). From 1974, the organism has been called Streptococcus pneumoniae

(Buchanan and Gibbons, 1974). The genus is characterised as being Gram-
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positive, catalase-negative facultative anaerobes which forms distinctive chains in
vitro. The chains of the pneumococcus are usually so short that cocci are

frequently seen as just pairs, hence the original ‘diplococci’ nomenclature.

1.1.3 Biological processes of the pneumococcus

Streptococci belong to the lactic acid bacterial group and as such their energy is
derived from the catabolism of carbohydrates (Klaenhammer et al., 2005).
Adenine triphosphate (ATP) is produced during the fermentative breakdown of
sugars which first follows the classical Embden-Meyerhof-Parnas pathway to
generate pyruvate and nicotinamide adenine dinucleotide, NADH (Gaspar et al.,
2014). Pyruvate conversion can follow one of two paths: homolactic or mixed-
acid fermentation, the selection of which is dependent upon environmental
factors such as the abundance of oxygen or sugar. The end product of homolactic
fermentation is mainly lactic acid while mixed-acid fermentation can generate

other products such as acetate and ethanol (Ramos-Montanez et al., 2010).

Although preferentially anaerobic, pneumococci are bestowed with a number of
unusual attributes which allow it to tolerate aerobic conditions (Yesilkaya et al.,
2013). It has been shown to produce high quantities of hydrogen peroxide, H,0,
when exposed to O, and yet it does not produce catalase as other bacteria usually

do in order to withstand the presence of H,O, (Avery and Morgan, 1924).

How pneumococcal metabolism affects pneumococcal virulence, is an ongoing
area of investigation. Mutations or removal of genes associated with key
metabolic components have been shown to effect pneumococcal growth and
survival (Gaspar et al., 2014, Yesilkaya et al., 2009, Tettelin et al., 2001a).
Additionally, the by-products of metabolism such as H,0, have been implicated in

altered virulence profiles (Pericone et al., 2000, Loose et al., 2015).

1.1.4 Identification of Streptococcus pneumoniae

The pneumococcus is closely related to other members of the Streptococcus
genus in particular S. mitis and S.oralis both of which have been implicated in the
horizontal transfer of homologous genes to S.pneumoniae (Dowson et al., 1993,
Teng et al., 2002). Growth on blood agar produces distinctively alpha-haemolytic
colonies due to the presence of H O,. The extent of haemolysis helps to
differentiate the pneumococcus from some of the other Streptococcal species,

such as S.pyogenes which are beta-haemolytic on blood agar (Grahn et al., 1983).
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Differentiation from other alpha-haemolytic streptococci, e.g. S.viridans, may be
achieved by testing the organism’s bile solubility. The pneumococcus dissolves
when immersed in bile salts due to the presence of the autolysin enzyme LytA
which triggers an autolytic process (Mosser and Tomasz, 1970). Further
differentiation may be achieved by assessing optochin sensitivity. The test is
performed by placing an optochin (ethylhydrocupreine hydrochloride) disc on
blood agar that has been streaked with a presumptive pneumococcal sample.
Most pneumococci are sensitive to optochin which is evidenced by a zone of
inhibition surrounding the optochin disc although resistance to optochin while

not common has been observed (Pikis et al., 2001).

1.1.5 Components of the pneumococcus

The majority of pneumococci are enveloped by a polysaccharide capsule which is
recognised as the organism’s prime virulence factor. Although there is
significant diversity of capsular types they perform the same functional role
namely to provide protection against phagocytosis (Hyams et al., 2010) and

mucus-mediated clearance (Nelson et al., 2007).

In addition to the capsule, proteins found on the pneumococcal surface have
inherent virulence potential as they may interact directly with host cells. They can
be divided into four groups: lipoproteins; LPxTG (peptidoglycan binding motif);
choline-binding proteins and; non-classical surface proteins (NCSPs) (Pérez-
Dorado et al., 2012).

Whilst pneumococci display remarkable interspecies diversity, several virulence
factors have been commonly observed, e.g. the ‘hair’ like protein pilus and the
cytoplasmic enzyme pneumolysin (Jedrzejas, 2001). Both components are an
important part of pneumococcal virulence and are discussed alongside the
surface proteins below. Figure 1 shows a diagrammatic representation of these
virulence factors and where they may be found within the structure of a

pneumococcus.
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Figure 1 Structure of the pneumococcus.

1.1.5.1 Capsule

The first documented observation of the pneumococcal capsule was in 1881
when Pasteur described an ‘aureole’ or halo surrounding the organism when
viewed under a light microscope (Pasteur, 1881). Recognition of its role in
disease led to serological investigations and the discovery that pneumococci
existed as multiple groups that could elicit distinct serological responses
(Bezancon and Griffon, 1897, Eyre and Washbourn, 1899).

Investigations led by Neufeld in the early 1900s were able to demonstrate the
agglutinating effect that pneumococci have when in contact with corresponding
antisera. This work led to the differentiation of pneumococci into four groups
(Neufeld, 1902, Neufeld, 1910). The swelling or ‘quellung’ reaction that he

described is still a widely used pneumococcal typing method today.

Recognition of the immunological response to distinct capsular types gave rise to
the term serotype. Over the following decades investigations into the possible use

of antisera as a treatment for pneumonia revealed many other serotypes (Cooper
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et al., 1932). By 1932, 32 serotypes had been described although the successful

treatment of disease using antisera was limited.

The death of a Danish prince in 1939 expedited research into serotype diversity
and the accuracy of typing methods (Vammen, 1939). Prince Vladimir of
Denmark was treated with antisera against serotypes 9N and 9L however the
treatment was unsuccessful. Further investigations found that a novel serotype
belonging to serogroup 9 was the causative agent of his pneumonia. It was

named 9V after the prince (Geno et al., 2015).

The Danish typing method which is used throughout the world today separates
pneumococci into serogroups and serotypes. A serotype is defined as having a
unique capsular structure. Serotypes that share many serological traits can be
grouped together within a serogroup. To date 46 serogroups and over 90
serotypes have been identified (Bentley et al., 2006, Bratcher et al., 2010, Calix
and Nahm, 2010, Calix et al., 2012, Oliver et al., 2013b, Geno et al., 2017, Park
et al., 2015) although a number of recently discovered capsular types have been
described as genetic variants of previously identified serotypes (Kapatai et al.,
2017a, Mostowy et al., 2017).

The polysaccharide nature of the pneumococcal capsule was first described
almost a century ago (Heidelberger and Avery, 1923). Since then, elucidation of
the chemical composition has shown that each serotype has a unique
polysaccharide structure composed of linkages, sugars and side chains with some
arrangements leading to greater immunogenicity than others (Lammers et al.,
2011). Synthesis of the capsule follows one of two processes: the synthase-
dependent or the Wzy-dependent process. Only the capsules of two serotypes, 3
and 37 are synthesised via the synthase dependent process (Cartee et al., 2000,
Llull et al., 2001) and all other serotypes follow the Wzy-dependent process
(Yother, 2011). Genes responsible for capsule biosynthesis are clustered together
on the capsular polysaccharide (cps) locus (Dillard et al., 1995) which sits
between two flanking genes; dexB and aliA. Serotype 37 is the only exception
having one gene, tts, associated with capsular biosynthesis, located in a different

genomic region (Llull et al., 2001).

Capsular production can be expressed in a phase variable manner (Kim and
Weiser, 1998). Variation in the opacity of colonies represents the amount of
capsule polysaccharide produced with more opaque colonies having higher levels
of capsule while transparent colonies have lower levels of capsule but higher
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levels of teichoic acid (Saluja and Weiser, 1995). Observations of phase variation
within mouse and rat models have demonstrated that these variations correlate
with changes to virulence (Saluja and Weiser, 1995, Kim and Weiser, 1998, Manso
et al., 2014).

The main role of the capsule is to ensure pneumococcal survival by the avoidance
of host defences and it has several mechanisms to achieve this. All but seven
serotypes have capsules with a net negative charge (Nelson et al., 2007). This is
due to the acidic sugars, pyruvate, or phosphate present in the pneumococcal
capsule. Of the remaining seven serotypes, six have a neutral charge (serotypes
7A, 7F, 14, 33F, 33A, and 37) while serotype 1 is zwitterionic (Kamerling, 2000).
It has been proposed that the surface charge contributes to the avoidance of
opsonphagocytosis through the electrostatic repulsion of host phagocytic cells (Li
et al., 2013).

Additionally, presence of a capsule restricts the access to surface antigens
targeted by host defenses. Immunoglobulins and C-reactive protein play an
important role in the activation of complement however physical interaction with
the pneumococcus is impeded by the capsule (Suresh et al., 2006, Hyams et al.,
2010). Interestingly, while the inhibitory effect of the capsule has many
advantages to pneumococcal survival, its presence at times, is disadvantageous
as it may also interfere with the attachment to host cells (Bergmann and
Hammerschmidt, 2006). A mouse model of infection was able to demonstrate
that non-capsulated pneumococci were able to colonize as successfully as
capsulated strains (Park et al., 2012) thus providing evidence that while the
capsule is of great importance it is not the only determinant of pneumococcal

survival.

1.1.5.2 The cell wall and associated proteins

The pneumococcal cell wall consists of teichoic acids, lipoteichoic acids,
peptidoglycan, phophorycholine and a phospholipid membrane (Bergmann and
Hammerschmidt, 2006).

Teichoic acid is the main component and plays an important role in host cell
adherence. Platelet Activating Factor receptors (PAFr) are expressed by many
mammalian cells and can bind with pneumococci via interactions with teichoic
acid (Cundell et al., 1995). Once bound, pneumococci may then be internalised by
the host cell and escorted across epithelial barriers such as the blood-brain

barrier or lung epithelium (Ring et al., 1998).
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Phosphorycholine (Pcho) is an important component of the cell wall. It is able to
bind to the host PAFr and C-reactive protein thereby functioning as a
pneumococcal adhesin. Additionally it serves as an anchor to choline-binding
proteins (CBP) which includes cell wall hydrolases, the autolysins LytA, LytB and
LytC and a phosphorylcholine esterase (Bergmann and Hammerschmidt, 2006).
LytA has a particularly important role in pneumococcal virulence. Its activation
leads to lysis of the cell and the release of the intracellular protein pneumolysin.
The release of pneumolysin then promotes an inflammatory response which can

contribute to exacerbation of disease in the host (Tuomanen et al., 1985).

Other CBPs include Pneumococcal surface protein A (PspA) and Pneumococcal
surface protein C (PspC). PspA offers significant protection to the pneumococcal
cell by binding to apolactoferrin which is bactericidal and an important part of
host defense (Shaper et al., 2004). PspC can be divided into two different
classes; one contains a CBP while the other is attached to the cell wall via a LPxTG
motif. Both inhibit the binding of Factor H which regulates the alternative
complement pathway and thereby prevents clearance by opsonophagocytosis
(Janulczyk et al., 2000).

The LPxTG family of proteins are anchored to the cell wall’s peptidoglycan and
include the neuraminidases: NanA, NanB and NanC; zinc metalloprotease (ZmpC)
and the protease IgAl. These proteins appear to play an important role in
pneumococcal adhesion and colonisation (King et al., 2004, Weiser et al., 2003,
Oggioni et al., 2003)

1.1.5.3 Pneumolysin

Pneumolysin is an intracellular pore-forming protein and a major virulence factor
of the pneumococcus (Jedrzejas, 2001). At sub-lytic levels it can successfully
inhibit a number of host defences including: complement deposition; the beating
of cilia; and phagocytosis (Tilley et al., 2005, Nandoskar et al., 1986). It is
released from the cytosol following cell lysis where it can damage host cells and

provoke an inflammatory response (Tuomanen et al., 1985).

1.1.5.4  Pili

Bacterial adhesion is enhanced by the presence of pili which are long hair-like
organelles that extend beyond the pneumococcal capsule. Their presence
provides a competitive advantage however they are only found in around 30% of

clinical isolates (Barocchi et al., 2006).
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1.2 Pneumococcal typing methods

Recognition of the diversity of pneumococci has necessitated the development of
typing methods. Understanding which pneumococcal strains are circulating can
inform public health policies and assist in the design of interventions such as
vaccines. Whilst serotyping provides essential information its use in epidemiology
is limited. Additional typing methods based on pneumococcal molecular content
have been developed to provide information regarding strain evolution and

relatedness.

1.2.1 Serotyping

The Quellung reaction developed by Neufeld was the first method used to type
pneumococci (Neufeld, 1902) and remains the gold standard of capsular typing
methods today (Satzke et al., 2013). The premise of the reaction is that a physical
change may be observed when specific antibodies bind to the epitope of the
corresponding capsular antigens. For the Quellung reaction, this change is seen

as a swelling of the capsule when viewed with a light microscope.

This principle was applied to other typing methods such as latex agglutination
(Kirkman Jr et al., 1970) and co-agglutination (Smart and Henrichsen, 1986).
These allow the interaction between epitope and antibody to be viewed with the
naked eye as agglutination on a microscope slide. Statens serum Institut
Diagnostica, Copenhagen, Denmark used this method to develop their
Pneumotest-latex test which improved the speed and ease with which

pneumococci are typed (Jauneikaite et al., 2015).

In more recent years, knowledge of serotype-specific capsular genes has enabled
the development of genotypic methods (Bentley et al., 2006). Polymerase chain
reaction, (PCR) uses this information and is widely employed in many molecular
laboratories. Using short strands of DNA that are specifically matched to target
sequences (primers); the pneumococcus may be serotyped through the
amplification of these serotype-specific gene targets. This method is reliant on
the accuracy of the primers as well as the quality of the samples. False positive
results are a possibility in the presence of closely related strains (Carvalho et al.,
2013).

Technological advancements and improvements in affordability have made whole
genome sequencing more available to researchers. In silico analyses allow the

entire capsular locus to be interrogated to accurately type the pneumococcus.
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Further, this method allows for the identification of single nucleotide
polymorphisms (SNPs) to help distinguish closely related serotypes (Kapatai et al.,
2016).

1.2.2 Multi locus enzyme electrophoresis (MLEE)

Multilocus enzyme electrophoresis (MLEE) characterises organisms by detecting
non-synonymous polymorphisms within a gene locus. Mutations that have led to
amino acid substitutions in gene-coding enzymes affect the electrostatic charge.
This can then be visualised as differences in mobility when the enzyme is
subjected to electrophoresis (Selander et al., 1986). This method has been used
to assess the genetic relatedness of pneumococcal isolates of the same serotype
to reveal that isolates with the same capsular type can possess underlying genetic
differences which can be used to cluster the population in novel ways distinct

from capsular type (Hall et al., 1996).

1.2.3 Pulse field gel electrophoresis (PFGE)

PFGE was developed as a method to subtype bacterial strains in order to improve
epidemiological investigations. DNA is first fragmented by restriction enzymes
and then subjected to gel electrophoresis. The direction of the current is
periodically altered to allow better separation of DNA molecules that are then
visualised as a pattern of bands. PFGE has been of particular use in investigations
of pneumococcal antibiotic resistance where it can further subtype strains with
the same MLEE profiles (Lefevre et al., 1993). The pneumococcal molecular
epidemiology network (PMEN), who carry out global surveillance on antibiotic
resistant pneumococcal strains, utilised this method in an effort to subtype

pneumococci, assess relatedness and track global trends (McGee et al., 2001).

1.2.4 Multi locus sequence typing (MLST)

In an effort to improve the portability of molecular typing results between
laboratories, multilocus sequence typing (MLST) was proposed (Maiden et al.,
1998). The method was based on the principle of MLEE but instead of analysing
structural changes to the enzyme, it relies on fragments of DNA sequences from
stable ‘housekeeping’ genes. For the pneumococcus, seven 405 - 624bp
fragments of the following genes were selected: aroE (shikimate dehydrogenase);
gdh (glucose-6-phosphate dehydrogenase); gki (glucose kinase); recP
(transketolase); spi (signal peptidase 1); xpt (xanthine phosphoribosyltransferase);
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and ddl (D-alnine-D-alanine ligase) (Enright and Spratt, 1998). Each sequence
variation for each housekeeping gene is given a unique, arbitrary, allelic number.

The combination of the seven numbers equates to a sequence type (ST).

There are a number of advantages to using MLST as a typing tool. Firstly the
portability of this method means that data can be shared on-line
(https://pubmlst.org) allowing comparisons to be made between studies.
Secondly, evolutionary relationships can be inferred by assessing the number of
shared alleles in closely related strains. Application of a specific algorithm (based
upon related sequence types or ‘BURST’) to assess genomic relatedness leads to a
population snapshot with bacterial isolates clustered according to allelic similarity
(Feil et al., 2004).

1.3 Pneumococcal interactions with the host

The pneumococcus is an opportunistic pathogen able to act as both an
asymptomatic commensal and an aetiological agent of serious disease. The
prevalence with which it features in both carriage and disease gives it a unique

epidemiology with far-reaching public health implications (Price et al., 2017).

Understanding the impact of this organism on human health is not straight
forward. Not only must the role of the pneumococcus in carriage and in disease

be examined but also its effect on both the individual host and the wider society.

1.3.1 Pneumococcal carriage

Bacterial carriage is a distinct phase that occurs following the acquisition and
establishment of an organism. In the case of pneumococci, the human
nasopharynx is the normal habitat and it may occupy it alone or alongside other
bacterial species such as Haemophilus influenzae; Staphylococcus aureus;
Moraxella catarrhalis and Neisseria meningitidis (Bogaert et al., 2004b). The
incidence of interbacterial co-colonisation depends on the organisms involved.
Co-colonisation of the pneumococcus and H.influenzae has been found to occur
to a greater degree than expected (Jacoby et al., 2007) particularly as the
pneumococcus possesses mechanisms to negatively affect competing colonisers.
The production of H,0, inhibits the growth of other bacteria while the presence of
neuraminidase has been shown to remove sialic acid from the capsules of
H.influenzae and N.meningitidis thus making those species more susceptible to

opsonophagocytosis (Regev-Yochay et al., 2006, Shakhnovich et al., 2002).
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The serotype of the colonising pneumococci may influence co-colonisation
frequencies. An increase in carriage of S.aureus was observed following the
introduction of a vaccine that targeted specific pneumococcal serotypes. Further
investigations revealed an antagonistic relationship between pneumococci with
vaccine type serotypes and S.aureus (Bogaert et al., 2004c). Serotype-specific co-
colonisation has also been examined using a microarray to detect the presence of
multiple pneumococcal serotypes in carriage and found that multiple carriage is
probably underestimated using standard identification methods (Turner et al.,
2011).

Pneumococcal colonisation is transient with the duration likely to be dependent
upon a number of characteristics possessed by the host, the colonising strain or
both. Host factors affecting carriage rates include age; geographical location;

community setting and immune status (Bogaert et al., 2011).

Rate of carriage is highest in children aged under five years and can range from
10% to 90% (Huang et al., 2009, Bogaert et al., 2011) .This wide range is due to
the variability in specific ages and settings of carriage study participants.
Stratifying children aged under five years into sub-age groups has shown that
children aged <6 months and >4 years are colonised less frequently than other
young children (Bogaert et al., 2011, Huang et al., 2009). This distribution of
carriage rates amongst the under 5 age group is likely due to a combination of
factors including an immature immune system and the level of social interactions.
Children within day care centres have been found to have higher rates of carriage
(Bogaert et al., 2001, Dunais et al., 2003) as have children that share familial
settings with siblings (Principi et al., 1999).

The geographical location of study participants can also lead to disparity in
recorded carriage rates. Data collated from studies undertaken in sub-Saharan
Africa found that carriage rates can be as high as 93% in some circumstances
(Bogaert et al., 2011). In the UK, most studies have calculated the rate to fall
between 30 and 50% (Tocheva et al., 2011a, van Hoek et al., 2014, Gladstone et
al., 2015, Devine et al., 2017).

Risk factors, besides age and geography that have been observed to effect
pneumococcal carriage rates include: exposure to cigarette smoking (Greenberg
et al., 2006) ; recent antibiotic use (Petrosillo et al., 2002, Principi et al., 1999)
and infection with other respiratory pathogens (Huang et al., 2009, Smith et al.,
1976). It is difficult to elucidate whether specific risk factors directly affect the
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acquisition of pneumococci or whether they lead to alterations in the density or
duration of pneumococcal carriage which in turn may affect pneumococcal

transmission (Thors et al., 2016a).

How pneumococcal carriage relates to disease is an ongoing area of investigation.
Whether disease is most likely to occur following the point of acquisition or
following an extended period of colonisation is not known. It is however widely
accepted that pneumococcal carriage is a precursor to pneumococcal disease

(Simell et al., 2012) and therefore remains an important area of research.

1.3.2 The burden of pneumococcal disease

The availability of disease surveillance data varies across the globe. In countries
with nationalised health systems and robust surveillance procedures, high quality
data can be produced. However, the limitation of data from some developing
countries results in an under-representation of these geographical regions which

hinders the culmination of accurate global disease estimates.

Efforts have been made to overcome these difficulties and provide good global
estimates to reflect the degree of morbidity and mortality associated with
pneumococcal disease. In 1990 the World Bank commissioned the first Global
Burden of Diseases study which began collecting data relating to public health
throughout the world including an estimate of the burden of pneumococcal
pneumonia (IHME, 2016). The study has since fallen under the auspices of the
World Health Organisation, WHO, and has now been running for over two decades

and currently over 1000 researchers collaborate on annual estimates.

The Global Burden of Diseases, Injuries and Risk factors study 2016 estimated
that over one million people died from pneumococcal pneumonia in 2016,
including 340,000 children aged under 5 years (GBD, 2016). The number of
disability-adjusted life years (DALYs) caused by pneumococcal pneumonia for all
ages was almost 50 million (GBD, 2016). A report produced by Save the children
(http://www.savethechildren.org.uk) has projected that 735,000 children will die
of pneumonia in 2030 if the current trend is held (Save the children, 2017).

In 2009 the WHO published a comprehensive analysis of the global burden of
disease in young children caused by the pneumococcus. Their assessment
included data relating to cases of IPD and non-invasive pneumococcal disease in
addition to the pneumococcal pneumonia estimates. The report indicated that in

2000 there were around 14.5 million cases of pneumococcal disease in children

29



Chapter 1

aged under five years which resulted in approximately 826,000 deaths (O'Brien et
al., 2009).

In the UK the burden of pneumococcal pneumonia can only be estimated as this
is not a notifiable disease and many cases are treated in the absence of
laboratory confirmation. However, cases of invasive pneumococcal disease (IPD)
are notified to Public Health England and Health Protection Scotland allowing

accurate national statistics to be compiled.

Data collated by Public Health England (PHE) has shown that the burden of IPD in
England has significantly reduced following widespread use of a conjugate
vaccine from 15.63 cases per 100,000 (average cases between June 2000 and July
2006) to 6.85 cases per 100,000 in 2013/14 (Waight et al., 2015) . These
findings are in line with other European countries, Australia and North America
(Myint et al., 2013). Findings further reveal that the burden of disease is carried
primarily by the youngest and oldest members of society (Hausdorff et al., 2005)
and it is these age groups that are generally targeted by public health

interventions such as vaccination programmes.

1.3.3 Host response to the pneumococcus

When examining the relationship between host and microbe is it important to
remember that both have coevolved over millennia to live in an equilibrious state
(Majcherczyk and Moreillon, 2004). Disease occurs when this state becomes
unbalanced and the microbial organism is able to proliferate either in an area
where it doesn’t normally reside or to an extent that is harmful for the host. For

protection, the host has a number of mechanisms to respond to such a threat.

The human host has two systems to detect potential pathogens: innate immunity
and adaptive immunity. The innate immune system is present from birth and is
able to recognise many generic regions of microbial pathogens (Koppe et al.,
2012). Recognition is mediated by a number of proteins including Toll-like
receptors (TLRs) and NOD-like receptors (NLRs) and a range of other proteins
capable of stimulating an inflammatory response. TLRs can be further divided
into 10 proteins each with a different role in pathogen mediation. One of these,
TLR-2 recognises components of the pneumococcal cell wall and along with TLR-
9 is able to enhance pneumococcal phagocytosis. TLR-2 may also play an
important role in pneumococcal translocation by weakening epithelial barriers

and allowing pneumococci to proliferate elsewhere (Koppe et al., 2012).
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NLRs can also be subdivided and it is one of these proteins; NOD-2 that recruits
macrophages to the area of invasion. In a mouse model of infection NOD-2 was
shown to have a likely role in meningitis as mice lacking NOD-2 were observed to

have less demyelination, inflammation and astrogliosis (Koppe et al., 2012).

Additional to TLRs and NLRs the innate system has inflammasomes which are
complexes of proteins capable of inducing the inflammatory cascade. Deficiencies
within the inflammasome complex have been associated with increased
susceptibility to pneumococcal pneumonia as they appear to have a role in
bacterial clearance and the maintenance of epithelial and endothelial barriers
(Koppe et al., 2012).

The adaptive immune system is more specialised and based upon previous
interactions with specific antigens. It is triggered when phagocytes digest
invading pathogens and present small fragments of the invader via class 2 major
histocompatibility molecules to helper T cells (T, cells). The activated T, can
differentiate into T 1 cells which activate macrophages or T 2 cells which activate

B cells to produce antibodies (Bogaert et al., 2009).

The immune system takes a number of years to mature and this is exemplified by
higher carriage and disease rates in young children (Hausdorff et al., 2005,
Bogaert et al., 2004c). Children under 5 years of age are poor at generating
antibodies against capsular polysaccharide antigens therefore interventions such
as vaccines must use a protein conjugate to elicit a sufficient immune response
(Adderson, 2001) .

Organs of the body which are involved in the immune system include the spleen,
the thymus, lymph nodes and bone marrow. Any host conditions that effect any
of the immune system organs either increases the likelihood of pneumococcal

disease or worsens the prognosis of a diseased state (Delves and Roitt 2000).

1.34 Pneumococcal disease

Disease occurs when the pneumococcus is able to move to an area of the host
that is not normally colonized, evade host defences and proliferate. The area to

which the pneumococcus moves defines the type of disease it causes.

Pneumococcal presence in a normally sterile site results in a diagnosis of invasive
pneumococcal disease (IPD) such as meningitis, bacteraemia or infections of the

joints and soft tissue. Pneumonia is not classed as invasive unless a secondary
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bacteraemic infection accompanies it. Other infections caused by the

pneumococcus includes: acute otitis media (AOM); conjunctivitis and bronchitis.

Infection of the meninges with S. pneumoniae is responsible for the most severe
form of meningitis leading to higher mortality rates in children aged <5 years
than other bacterial organisms such as N. meningitidis and H. influenzae
(Chatelet et al., 2005). It is also more likely to cause seizures, coma and focal
neurology than other forms of bacterial meningitis (Randle et al., 2011). Early
diagnosis of infants is often difficult as the disease can resemble many common
viral infections. Older children typically present with the ‘classic’ symptoms of

headache, fever and neck stiffness.

Pneumococcal bacteraemia may develop as a primary infection or following an
episode of pneumonia. It is the most common bacterial pathogen associated with
bacteraemia in children with no underlying risk factors (Gomez et al., 2014) and
more likely to occur in older age groups and the immunosuppressed (Feikin et al.,
2010).

The pneumococcus is also responsible for many non-invasive diseases such as
AOM, sinusitis and conjunctivitis (Bluestone et al., 1992, Gwaltney Jr et al., 1994,
Barker et al., 1999). AOM occurs when pneumococci are carried into the
eustachian tubes and often follows a viral infection that has caused congestion
(Gray et al., 1980b). Similarly, congestion of mucosal membranes within sinus
cavities, either by infection or allergy can lead to sinusitis (Gwaltney Jr et al.,
1994). Interestingly, many pneumococci that have been isolated in cases of
conjunctivitis have been unencapsulated and although unencapsulated
pneumococci do feature in other disease states, their presence is unusual and
observations of capsulated strains are more common (Hilty et al., 2014). Whilst
IPD is a major burden on global health it is outweighed by the incidence of non-

invasive pneumococcal diseases (Feldman and Anderson, 2014).

Pneumococcal pneumonia has historically been acknowledged as the most
common form of community acquired pneumonia (Heffron, 1939). It occurs
when pneumococci are able to reach the alveoli and proliferate. The infection
incites an inflammatory response leading to the build up of fluid and white blood
cells in the alveolar space. Pneumonia frequently follows a viral infection and is

particularly associated with the influenza virus (Kim et al., 1996).

There are many underlying conditions that either increase the probability of

contracting pneumonia or alter the host’s ability to recover from it. Diseases
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affecting the lungs such as asthma and chronic obstructive pulmonary disorder
(COPD) have been shown to alter bacterial clearance leading to infections of
greater duration and a higher chance of mortality (Crim et al., 2009). Similarly
cigarette smoking and alcohol abuse have been shown to the affect the host’s
ability to resist infection (Nuorti et al., 2000, Perlino and Rimland, 1985). In the
absence or failure of treatment, pneumonia can lead to pleural empyema,

bacteraemia or ultimately death (Byington et al., 2002, Marrie, 1992).

1.4 Clinical interventions

The early 1910s saw the development of a number of treatment strategies
designed to reduce the burden of disease caused by the pneumococcus. This
included experimentation with type-specific antiserum which followed
recognition that the pneumococcus has a diverse range of capsular types each
able to provoke a distinct serological response (Avery et al., 1918, Horsfall et al.,
1937).

At around the same time, early antibiotics were being trialled in mouse models
(Morgenroth and Levy, 1911) and the first pneumococcal vaccine was being
developed (Butler et al., 1999). It was these strategies that proved most
advantageous to human health and the decades that followed have been built

upon these early experiments.

1.4.1 Antibiotics and resistance

Optochin, a derivative of quinine was first tested in a mouse model of
pneumococcal infection (Morgenroth and Levy, 1911). A year later, it was
recorded that pneumococci were displaying resistance to it thus producing the
first ever report of antibiotic resistance (Austrian, 1975). Despite this optochin
was used for a short time to treat pneumonia and conjunctivitis until evidence
emerged of eye damage caused by the toxicity of the drug as well as increasing

levels of resistance (Moore and Chesney, 1917).

Sulfonamides, the first of the broad spectrum antibiotics, became available in the
1930’s. Sulfanilamide, an early sulphonamide was used successfully to treat
streptococcal infections however efficacy against pneumococcal infections was
limited (Long and Bliss, 1937). A sulfanilmide congener, sulfapyridine produced

better results and was used to some success in the management of
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pneumococcal pneumonia (Evans and Gaisford, 1938) however again, resistance

was soon to emerge (Lowell et al., 1940).

The discovery of penicillin heralded a great change both in the successful
treatment of pneumococcal infections and in the attitude of medical researchers.
Serotyping and vaccine development became less important as antibiotics
appeared to be the wonder drug the medical world had been waiting for
(Kauffman, 1979). Resistance to penicillin was shown early in vitro (Schmidt and
Sesler, 1943) however there were no significant cases of penicillin resistance in
human infection so it continued to be the drug of choice. Pharmacotherapy
options were expanded with the availability of cephalosporins (Murdoch et al.,
1964) and both drugs continued to be used to successfully treat pneumococcal

disease for decades.

Clinically relevant resistance to penicillin was first reported in the 1960s
(Hansman et al., 1971, Hansman and Bullen, 1967). For many bacterial species,
penicillin resistance is attributable to the proliferation of beta-lactamases which
are usually encoded within a plasmid and transmitted between bacteria. Despite
the naturally transformable nature of the pneumococcus, penicillin resistance is
not conveyed in this manner but instead through structural changes within

specific proteins (Hakenbeck et al., 1999).

Pneumococci possess six penicillin binding proteins (PBPs): PBP1A, PBP1B, PBP2A,
PBP2B, PBP2X and PBP3. Penicillin and other B-lactams bind to PBPs which inhibits
cell wall synthesis (Appelbaum, 2002). Resistance arises when mutations occur in
the genes encoding the PBPs. The level of resistance is dependent upon the gene
in which the mutation occurs (Dowson et al., 1994). Higher levels of resistance

have been observed when PBP2B is involved (Barcus et al., 1995).

Whilst point mutations within PBPs are the main mechanism for pneumococcal
penicillin resistance, acquisition and incorporation of genomic fragments from
other pneumococci or from other streptococcal species such as S.mitis and

S.oralis (Sibold et al., 1994) have been found to confer antibiotic resistance.

The development of nonpenicillin antimicrobials followed soon after penicillin.
The macrolide antibiotic, erythromycin inhibits pneumococcal protein synthesis
and has been successfully used to treat pneumococcal infection since the 1950s.
Pneumococci that express the mefE gene are capable of efflux of macrolides from
the pneumococcal cell and are therefore resistant. Additionally, pneumococci that

possess erm methylases confer resistance through the modification of rRNA
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which is a macrolide target site. Surveillance of antibiotic resistance in the USA
revealed that macrolide resistance doubled between 1995 and 1999 from 10% to

20% of invasive pneumococcal isolates (Hyde et al., 2001).

Tetracycline and chloramphenicol were also developed shortly after penicillin and
have also been used to treat pneumococcal infection for many decades (Finland et
al., 1976). They invoke a bacteriostatic effect on bacterial growth by binding to
subunits of the ribosome and inhibiting protein synthesis (Kohanski et al., 2010).
As with erythromycin, resistance is acquired through the horizontal transfer of
genes from other pneumococci or streptococcal species. The tet and cat genes
are responsible for tetrycline and chloramphenicol resistance respectively and the
majority of them are found on integrative conjugative elements (ICEs); tet is
associated with Tn972 and cat is usually found on Tn5252 (Croucher et al.,
2009a, Wyres et al., 2013). Asymmetrical co-transfer of tet and cat resistance
genes has been identified with tetracycline resistance almost always found with
chloramphenicol resistance but the reverse, chloramphenicol resistance with
associated tetracycline resistance, is found to a lesser extent (Shoemaker et al.,
1979).

Resistance has been reported for every class of antimicrobial used to treat
pneumococcal infection (Klugman, 1990). A newer antibiotic, vancomycin was
first used in 1981 (Garau et al., 1981) and is considered a last resort, therefore
its use is protected. However a number of cases of vancomycin tolerance have

been reported both in vitro and in clinical isolates (Moscoso et al., 2010).

In the late 1970’s and early 1980’s, pneumococci displaying resistance to several
antibiotics were observed (Jacobs et al., 1978, Radetsky et al., 1981). The
Pneumococcal Molecular Epidemiology Network (PMEN) was set up in 1997 to
undertake global surveillance of pneumococcal clones with resistance to multiple
antibiotics (Klugman, 1998). The first three PMEN clones were thought to
originate in Spain and were typed as: 23F, 6B and 9V. More recently the network
has decided to include some antibiotic susceptible clones that have high

invasiveness and a wide global spread (PMEN website, 2014).

Recognition of the extent of pneumococcal antibiotic resistance led to renewed
interest in pneumococcal typing and the development of vaccines to target strains
observed to be clinically relevant either due to their level of invasiveness or to
association with antibiotic resistance (Austrian, 1980).
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1.4.2 Pneumococcal vaccines

In 1911, while attempting to limit disease in South African gold miners, Sir
Almroth Wright began development of a vaccine made from heat killed
pneumococci. A reduction in infection rates was seen in the months following
immunisation, however, the overall morbidity rates remained unchanged (Butler
et al., 1999). In the decades that followed, the composition and variability of the
pneumococcal capsule was further scrutinised leading to the development of

more targeted vaccines.

The widespread use of penicillin in the 1940s heralded a change in the control of
pneumococcal disease. Daily administration of benzylpenicillin saw a huge
decrease in the incidence of disease cases making vaccination seemingly
unnecessary (Tillett et al., 1944). This was later re-evaluated when the mortality
rates of high risk populations were observed to be increasing (Austrian and Gold,
1964).

In the decades that followed attention turned back to vaccine development
however this time with an increased understanding of both pneumococcal

heterogeneity and host immunology.

1.4.2.1 Polysaccharide vaccines

Polyvalent polysaccharide vaccines were proven to be successful in lowering
morbidity and mortality in numerous trials. The introduction first of a 14-valent,
then a 23-valent vaccine to the US saw a decline in disease rates, however, due to
the large number of component parts of a 23-valent vaccine, the aggregate
efficacy is less than those of vaccines targeting a smaller number of infections
(Austrian, 1999). This slight lowering of efficacy means that repeated exposure to
a variety of serotypes puts the vaccine recipient at a statistical risk of developing
disease. Additionally, the use of polyvalent polysaccharide vaccines, whilst
displaying favourable results in adult populations, was observed to be less
effective for infants (Sloyer et al., 1981). As mentioned previously, the thymus-
independent polysaccharide capsule does not provoke a sufficient immune

response from immature immune systems.
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1.4.2.2 Conjugate vaccines

When a protein is chemically linked to a pneumococcal polysaccharide capsule
the resultant conjugate vaccine is proven to elicit a far greater immune response

than polysaccharide alone (Goebel et al., 1932).

In 2000, Prevenar™, a heptavalent conjugate vaccine developed by Wyeth (now
part of Pfizer) was licensed for use in Europe and the US. It was added to the UK’s
national immunisation programme in 2006. The vaccine contains capsular
antigens of seven of the most prevalent serotypes found in disease: Serotypes 4,
6B, 9V, 14, 18C, 19F and 23F. These are conjugated to a highly immunogenic
protein, the non-toxic diphtheria toxin variant carrier protein, CRM _ which
increases the efficacy of the vaccine by eliciting a T-cell dependent immune

response (Pletz et al., 2008).

In 2010 following surveillance of circulating serotypes post-PCV7, a tridecavalent
pneumococcal conjugate vaccine, PCV13, superseded PCV7 in the UK PCV13
contains antigens from the original seven serotypes included in PCV7 plus an
additional six serotypes: 1, 3, 5, 6A, 7F and 19A.

An alternative ten-valent vaccine, PCV10 made by GlaxoSmithKline (GSK, 2017)
was licensed at a similar time to PCV13. Its formulation includes antigens from
ten serotypes, eight of which: 4, 6B, 9V, 14, 23F, 1, 5 and 7F are conjugated to
non-typeable Haemophilus influenzae protein D. Of the remaining two serotypes,
19F is conjugated to a diphtheria toxoid while 18C is conjugated to a tetanus
toxoid (Vesikari et al., 2009). The composition of each of the vaccines is shown in
Table 2.

By 2016, 135 countries had introduced PCV into routine immunisation
programmes (IVAC report, 2016). Of these, 93 countries (69%), including the UK,
were using PCV13, 30 countries (22%) were using PCV10 and 11 countries (8%)
were using both. Studies comparing the impact of PCV10 and PCV13 on IPD rates
have found no significant difference between the overall efficiay of each vaccine
(IVAC report, 2016).

There is some variation in the scheduling of vaccine doses. Of the 135 countries
using PCV, 108 (80%) currently have a 3 dose schedule. Of these, 50 countries
offer a 2 + 1 schedule meaning 2 primary doses are given and one booster when
the infant is aged 12 - 15 months, and 48 countries offer a 3 + 0 schedule

meaning 3 primary doses are given, usually when an infant is aged 2, 3 and 6
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months with no booster (Whitney et al., 2014, IVAC report, 2016). Scheduling of

PCV doses is an area of constant review. In October 2017 the Joint Committee on

Vaccination and Immunisation (JCVI) recommended that the UK switchtoa 1l + 1

schedule however, at the time of writing this schedule was still being discussed

within the scientific community (O'Brien, 2017).

Table 2 PCV vaccination schedule, UK

Recommended age

Vaccine

8 weeks

First dose PCV

16 weeks

Second dose PCV

12 to 13 months

Booster dose PCV

Recommended schedule at time of writing (June 2018).
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Figure 2 Pneumococcal vaccine composition
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1.4.2.3 Serotype replacement

PCV7 was licensed for use in 2000. The seven serotypes selected for the vaccine’s
formulation were not only highly burdensome in disease but also in carriage.
Removal of seven prevalent serotypes would leave a large ecological niche and it
was unknown how other serotypes or other bacterial species would respond to
this. It was predicted that the niche would be filled by other serotypes not
covered by the vaccine (Lipsitch, 1997) and/or that vaccine type (VT) serotypes
would undergo genomic changes in order to evade removal (Spratt and
Greenwood, 2000).

Following the widespread usage of PCV7 there was an observed decline in the
incidence of both disease and carriage featuring any of the included serotypes
(Tocheva et al., 2011a, Gladstone et al., 2015, Devine et al., 2017, Waight et al.,
2015). Surveillance studies indicated that this decline was echoed in unvaccinated
populations which demonstrated the herd immunity effect conferred by the
widespread implementation of PCVs (Miller et al., 2011, Davis et al., 2013).
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Whilst the rate of vaccine type (VT) serotypes decreased significantly following
vaccine introduction, an increase was seen in non-vaccine type (NVT) serotypes
(Gladstone et al., 2015). The six additional serotypes included in PCV13 were
responsible for 69% of IPD cases post-PCV7 and this formed the basis of their
inclusion in the updated PCV13 (Ladhani et al., 2013).

Since PCV13’s introduction in 2010, Public Health England (PHE) has reported a
32% decrease in IPD caused by VT serotypes compared to a pre-PCV13 baseline
(Ladhani et al., 2013). The overall decrease has however been offset by serotype
replacement with NVT serotypes (Waight et al., 2015). A report from PHE for the
epidemiological year 2013/14 showed that NVT serotypes were the most
common cause of IPD. Serotype 8 was the most prevalent in two age groups: 5-
64 years and 65 years and over and serotypes 24F, 15B/C and 22F were the most

prevalent in children aged under 5 years.

NVT serotypes were also observed to dominate post-PCV carriage. Prevalence of
serotypes 19A, 11A, 15B, 21, 22F, 6C and 23B were reported following PCV7
introduction (Tocheva et al., 2011b, Flasche et al., 2011) and all of these
continued to dominate carriage in children following PCV13 introduction (Devine
et al., 2017, van Hoek et al., 2014) with the exception of 19A which was included
in the updated vaccine. Serotype 15A was observed to increase in children aged
four and under in the three years post PCV13 (Devine et al., 2017) while
serotypes 24F and 6C were the most prevalent serotypes found in children and
young adults aged 5 to 20 years in the two years post PCV13 (van Hoek et al.,
2014). Fluctuations in serotype prevalence have been observed (Devine et al.,
2017, Gladstone et al., 2015) therefore the long-term impact post PCV13
serotype distribution requires continued surveillance of pneumococcal carriage to

compare with serotype-specific disease incidence.

1.5 Pneumococcal genomics

Recognition of the pneumococci’s underlying genetic material can be dated from
Griffiths’ famous experiment in 1928. Using live rough (unencapsulated)
pneumococci and heatkilled smooth (encapsulated) pneumococci, to inoculate
mice, Griffiths was able to demonstrate the ‘transforming principle’ by recovering
live smooth bacteria from the mice thus demonstrating that information is
exchanged between strains (Griffith, 1928). In 1944, Avery, MacLeod and
McCarty took this further when their experiments established that it was

deoxyribonucleic acid, DNA that is exchanged (Avery et al., 1944).
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Interest in DNA has continued ever since and led to such landmark moments as
Watson and Crick’s discovery of DNA structure (Watson and Crick, 1953) and
Sanger’s advancements in genomic sequencing (Sanger et al., 1977b). Recently
the development of computational tools with which to analyse genomic

sequences have opened up new avenues for researchers to explore.

1.5.1 First generation sequencing technologies

Nucleic acid sequencing is the process for determining the exact sequence of the
nucleic acids bases, Adenine, Thymine (in DNA only, Uracil in RNA only), Cytosine
and Guanine within a molecular target. The earliest attempts at sequencing were
primarily focussed on short RNA fragments which involved the separation of
radiolabelled nucleotides. These early attempts were able to reveal the
composition of nucleotides within a protein gene but not their order (Holley et al.,
1961).

Adaptations to these methods led to the whole DNA genome of the bacteriophage
®X174 being sequenced in 1977 (Sanger et al., 1977a). Sanger used radiolabelled
nucleotides which attached to a primer using DNA polymerase. DNA synthesis
occurred from a primer template and continued until the labelled terminator was
incorporated into a strand. Fragments from each reaction could then be
separated using electrophoresis and the resultant bands indicated the sequence
of each of the bases (Heather and Chain, 2016).

This was the beginnings of ‘first generation sequencing technology’ which was
spurred on by another breakthrough of Sanger; the use of dideoxynucleotides
(ddNTPs). ddNTPs are monomers of a DNA strand that lack a 3’ hydroxyl group
therefore incorporation of one into an extending DNA chain terminates the
process (Chidgeavadze et al., 1984). The method became known as the dideoxy
chain-termination method (often referred to as Sanger sequencing) and it
originally used four parallel reactions each with a different ddNTP base to infer a
nucleotide sequence. Later developments involving the use of fluorolabelling
instead of radiolabelling, reduced the need for four parallel reactions and allowed
the process to take place in one vessel (Ansorge et al., 1986). This allowed the
process to become automated which opened up sequencing possibilities to other

researchers (Hunkapiller et al., 1991).
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Further developments such as the use of shotgun sequencing (Anderson, 1981)
allowed longer fragments to be sequenced while the use of polymerase chain

reaction (PCR) (Saiki et al., 1988) made DNA targets more easily available.

1.5.2 Second generation sequencing technologies

Second generation sequencing technologies (SGSTs) moved away from the first
generation by using light emissions to indicate the sequence of nucleotides and
by scaling up the number of sequences they were able to produce in parallel. A
number of different automated sequencing methods were developed which

differed in terms of cost, speed and accuracy.

Pyrosequencing (Margulies et al., 2005), sequencing-by-ligation (McKernan et al.,
2009) and ion semiconductiong sequencing (Rothberg et al., 2011) are three
methods that have been harnessed by companies to develop sequencing
platforms each with their own strengths and drawbacks. Pyrosequencing is used
in 454 sequencing™ (now owned by Roche) which was the first high throughput
sequencing machine. Sequencing-by-ligation was utilised in the SOLIiD™
(Sequencing by Oligonucleotide Ligation and Determination) sequencer, and the
ion semiconducting sequencing was performed on the lon Torrent™ .A brief

overview of each of these platforms is given in Table 3.
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Sequencing Platform

Method

454 sequencing™

Life Sciences (Roche)

DNA fragments are captured on beads and
amplified via emulsion PCR. Beads are then washed
over a plate that contains wells designed to fit one
bead per well. dNTPs and the enzyme luciferase are
washed over the beads and light is emitted by the

luciferase when a dNTP is incorporated.

SOLID sequencing™
Applied Biosystems

(Life technologies)

DNA fragments are captured on beads and
amplified via emulsion PCR. Beads are then bound
to a glass slide before fluorescently-labelled probes
and DNA ligase are added. Synthesis occurs via a
series of ligation steps and the assignation of a

nucleotide is based upon which probe ligated.

lon Torrent™ sequencing

(Life technologies)

A DNA template is added to a microwell. A single
type of nucleotide is added and, if incorporated,
releases a detectable amount of hydrogen ions. The
more nucleotides incorporated, the greater the

number of ions released.

Table 3: Overview of some SGSTs

1.5.2.1 lllumina sequencing

[llumina sequencing has dominated the SGST era and become the most widely

used sequencing technology in genomic research (Quail et al., 2012). A number

of platforms are available from benchtop sequencers such as the Miseq and the

Nextseq series to production-scale sequencers such as the Hiseq and the

Novaseq series. Whilst there are differences in how the platforms are applied they

each share the same basic process.

[llumina sequencing uses a bridge amplification method whereby fragments of

purified DNA are ligated to adaptors and loaded onto a solid surface flow cell.

The surface of the cell is covered in complementary oligonucleotides for the

adaptors to bind to. The addition of nucleotides and polymerisation enzymes

leads to amplification of the ligated strands. Each cycle of denaturation separates
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the strands and creates more templates for amplification. This process results in

clusters of clonally amplified DNA strands which can then be sequenced.

Primers, polymerase and four labelled dNTP terminators are added to the
templates on the flow cell. Identification of bases occurs once a laser identifies
fluorescence emitted from the labelled dNTP. This process is repeated for each of

the bases on the DNA fragment.

llumina is a sequencing-by-synthesis approach that has a number of advantages
over competitors. The paired-end data it produces is read first from one end of
cell-bound DNA then, following an extension cycle and reversal of the DNA
strand relative to the flow-cell, it performs a second read from the opposite end
of the first read. This assists with assembling the reads post-sequencing. The
read length and depth of each of the lllumina platforms varies for example the
HiSeq 2500 is capable of 4 billion reads per run and produces paired end reads of
around 125bp whereas the MiSeq has a lower throughput at 25 million

sequencing reads per run however it produces longer read lengths (2x250bp).

1.5.3 Third generation sequencing technologies

The use of the term third generation sequencing technologies is contentious as
there is not yet a clear definition of what constitutes the third generation.
However a number of advancements have been made which separate newer

sequencing methods from their predecessors.

The PacBio series (Pacific Biosciences) are single molecule real time (SMRT)
platforms able to produce extremely long reads (~10kb) in real time (van Dijk et
al., 2014). The process uses tiny holes called zero-mode waveguides (ZMWs) in
which DNA polymerisation occurs (Levene et al., 2003). Light passes through the
ZMWs to illuminate the bottom of a well and detect DNA polymerase molecules.
DNA chains are extended by washing over the DNA library with fluorescent
dNTPs. The long reads produced are particularly useful for de novo assembly of

genomes.

Nanopore sequencing has been utilised by Oxford Nanopore Technologies (ONT)
who offer a number of platforms including the GridlON and the PromethION for
larger scale projects and the highly portable, pocket-sized, MinlON. It is the
portability of the MinlON sequencer that has captured many researchers’ interests
and it has been successfully used in extreme environments such as Antarctica

(Johnson et al., 2017) and even aboard the International Space Station (Castro-
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Wallace et al., 2016). ONT’s newest sequencer, in development at the time of
writing, the SmidglON promises to increase portability further by utilising

smartphone technology.

Nanopore DNA sequencing occurs when molecules are driven through a nano-
scale hole (a nanopore) which is set in an electrically resistant membrane. A
voltage is run through the membrane and an ionic current passes through the
nanopore. Nucleotides that pass through the pore interrupt the current in a way
that is characteristic of the specific nucleotide (Haque et al., 2013). Accuracy has
improved since the MinlONs launch in 2014 due to the availability of updates to

the sequencer, the flow cells and the sequencing kits (Jain et al., 2017)

1.54 The genome of the pneumococcus

The genome of the pneumococcus didn’t become publically available until 2001
when three genomes were published within a few months of each other. The first
was a draft genome of G54, a serotype 19F clinical isolate (Dopazo et al., 2001).
The other two were the complete genomes of TIGR4, a virulent serotype 4 isolate
(Tettelin et al., 2001b) and R6, an avirulent laboratory strain with a 7,504 bp
deletion that removes the cps locus from the genomic sequence (Hoskins et al.,
2001). The R6 was a descendant of the rough strain used in Avery’s experiments
of the 1940s labelled D39, and this was sequenced six years after R6 (Lanie et al.,
2007). The genome of D39 contains the cps locus that is deleted in R6 (serotype
2) as well as the plasmid pDP1.

Analyses of TIGR4 and R6 revealed that these pneumococcal genomes are over
2Mb long, contain over 2,000 protein coding sequences (CDSs) and have a
relatively low GC content of 39.7% (Tettelin and Hollingshead, 2004). TIGR4, R6
and a further 13 pneumococcal genomes surveyed by Tettelin and Hollingshead
revealed that pneumococci possess a variety of insertion sequences (IS) which
provides evidence of considerable genomic plasticity and adaption to a variety of
ecological niches. Most of the repeated sequences can be divided into BOX and
RUP (Repeat Unit of Pneumococcus) elements although further analyses on one of
the PMEN clones (ATCC 700669) have revealed another repeat family which has
been named SPRITE (Streptococcus pneumoniae Rho-Independent Terminator-like
Elements) (Croucher et al., 2011b).

BOX elements are variable arrangements of repeat sequences named boxA, boxB

and boxC. Their presence can either stimulate or inhibit the expression of
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downstream genes depending on their genomic position (Knutsen et al., 2006).
RUP elements are simple 107bp repeat units that are frequently found inserted
into or near insertion (IS) elements. It has been hypothesized that their presence

limits the functionality of transposase genes within the genome (Delihas, 2008).

Pneumococcal genomes also contain a relatively high proportion of genes
dedicated to the catabolism of sugars. Reliance on sugar transport to provide the
organism’s energy has led to a large number of transporters mostly of the ATP-
binding cassette (ABC) or phosphoenolpyruvate (PEP)-dependent
phosphotransferase system (PTS) types. This system of ATP and PEP generation
while inefficient allows an advantage over other respiratory tract colonizers such
as H.influenzae and N.meningitidis which generally have a far more limited variety

of transporters.

A number of methods have been employed to deduce the function of genes found
within the pneumococcal genome including the development of microarrays.
Although microarrays had been available in some form since the 1970s
(Grunstein and Hogness, 1975) the availability of whole genome sequences and
oligonucleotides allowed the development of oligo arrays which increased the
specificity of genomic target regions (Bumgarner, 2013). Microarrays have been
particularly useful in the study of gene expression and have uncovered a number
of genes associated with virulence such as those coding for the major autolysin
(lytA), pneumolysin (ply) and the pyruvate oxidase (spxB) (Orihuela et al., 2004).
The use of microarray-based comparative genomic hybridization (CGH) has
further revealed the pathogenicity island psrP which has been shown to increase
the invasiveness of different pneumococcal serotypes (Obert et al., 2006,
Blomberg et al., 2009).

Whilst microarrays have been useful in eliciting information from genomic data,
the improved cost-effectiveness of whole genome sequencing has led to an
increase in using large-scale sequencing of multiple isolates to compare bacterial
populations. This approach can be used to identify genetic determinants of
colonisation or disease (Li et al., 2015); investigate diversity within a species
(Croucher et al., 2014); and infer evolutionary relationships (Chewapreecha et al.,
2014).

The genomic content of all isolates within a given population has been termed
the pan-genome which comprises of a core genome, i.e. those genes shared by

all isolates of a population, and an accessory (or dispensable) genome, i.e. genes
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that vary between isolates. A model to estimate the size of the pneumococcal
pan-genome predicted that it would continue to grow as more genomes are
sequenced because novel genes would continue to be revealed (Donati et al.,
2010).

A study to identify the core genome of the pneumococcus predicted that 397
genes were essential for fitness (Van Opijnen et al., 2009) however further work
which examined over 3000 isolates collected from four locations: Southampton
(UK); Boston (USA); Maela (Thailand) and Reykjavik (Iceland) revealed that only
127 of these genes were found in all isolates (van Tonder et al., 2017). This study

highlighted the heterogeneity of pneumococci from different global regions.

Whilst extensive variation has been reported in the gene content of different
bacterial populations (Baumdicker et al., 2012, Collins and Higgs, 2012), a recent
analysis of pneumococcal accessory genomes has found a surprising similarity in
the frequency at which accessory genes are distributed (Corander et al., 2017).
Furthermore the pattern of distribution appeared to be irrespective of specific
lineages and unaffected by clinical interventions such as the widespread use of

conjugate vaccines.

1.5.5 Mechanisms for gene exchange

Bacteria use three main mechanisms to transfer DNA: transformation;

transduction and conjugation.

Transformation is the uptake of exogenous DNA and the pneumococcus has a
dedicated competence system for this process. Exogenous DNA is taken into the
pneumococcal cell via a pseudopilus before it is degraded and incorporated into
the pneumococcal genome (Pestova and Morrison, 1998). Competence is initiated
by an extracellular signal (Tomasz and Mosser, 1966) which activates a
Competence Stimulating Peptide (CSP). CSP detection alters the physiology of the
pneumococcal cell and this change is referred to as the X-state (Claverys et al.,
2006). Whilst in the X-state, pneumococci are able to lyse nearby cells to release
DNA (Claverys et al., 2007). As levels of amino acids (aa) increase, the X-state

becomes repressed (Claverys et al., 2000).

Whilst fragments of incorporated DNA are generally around 4.4kb, much larger
fragments have been observed with one study reporting transformation involving

an entire ¢ps locus along with its flanking PBP genes (Brueggemann et al., 2007).
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Transduction is the phage-mediated transfer of DNA and a number of
pneumophages have been identified (Ramirez et al., 1999, Romero et al., 2009).
Choline binding proteins (CBP) are thought to act as phage receptors and
therefore expression of a capsule can be inhibitory (Bernheimer and Tiraby,
1976). A correlation between prophage acquisition and adherence to eukaryotic
cells has been reported (Loeffler and Fischetti, 2006) so it is possible that their

presence increases the chance of pneumococcal colonisation.

Conjugation occurs when two cells are in direct contact with each other and are
able to transfer mobile elements such as plasmids or integrative and conjugative
elements (ICEs). The pneumococcus has been associated with two types of
plasmid: pDP1 (Smith and Guild, 1979) and pSpnP1 (Romero et al., 2007).

ICEs include conjugative transposons and integrative plasmids which are both
transferred in a circular form before integrating via site-specific recombination
(Burrus et al., 2002). They are frequently associated with antibiotic resistance.
The WGS of S.pneumoniae ATCC 700699, a serotype 23F, ST81 clone with
observed resistance to multiple antibiotics, revealed an ICE which included a
Tn9]6-like element inserted into a Tn5252-like transposon. This arrangement is
common to streptococcal species and is important as it confers resistance to both

tetracycline and chloramphenicol (Croucher et al., 2009b).

1.5.6 Bioinformatic analyses

Numerous methods for performing genomic analyses exist with a wide variety of
tools for performing similar tasks. Despite this a general consensus is emerging
with many studies following a similar approach. Generally, for epidemiological
investigations, isolates that have undergone whole genome sequencing are
aligned and mapped against a reference to identify single nucleotide
polymorphisms (SNPs). A statistical method may then be applied to the alignment
to infer phylogeny. As the pneumococcus has been shown to be highly
recombinogenic (Croucher et al., 2011a), many studies first attempt to limit the
confounding effect of recombination by distinguishing regions of dense
polymorphisms and removing them from the phylogeny thus leaving an

evolutionary tree based upon vertical inheritance.

Phylogenomic investigations have been used to examine the emergence and
diversification of pneumococcal lineages following PCV introduction. This is a
particularly useful approach for understanding changes in antibiotic resistance.
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Whilst PCV usage has led to an overall reduction of antibiotic resistant
pneumococcal disease, the incidence of disease caused by antibiotic resistant
NVT strains has increased (Gertz Jr et al., 2010). Several studies have traced the
evolution of such strains and found that they existed prior to vaccine introduction
and their increased prevalence was likely to fill the niche left when VT strains
were reduced by PCVs (Andam et al., 2017, Croucher et al., 2011a).
Understanding how pneumococci evolve in response to vaccine intervention
through examination of populations prior and post PCV may help to predict
future changes and assess the impact of further clinical interventions (Gladstone
etal., 2017).

In addition to phylogenomic analyses, the pneumococcal genome can be
interrogated to identify non-capsular genes of interest. This is particularly useful
for investigating non-capsulated pneumococci. Associated more frequently with
carriage than disease, non-capsulated pneumococci have been observed to have
an extensive array of accessory genes and may act as a reservoir of virulent genes

that can be shared with capsulated pneumococci (Chewapreecha et al., 2014).

Comparisons between invasive and non-invasive pneumococci can further our
understanding of genetic determinants of disease; may help to explain the
success of some pneumococcal strains over others and; provide useful

information regarding future vaccine design (Li et al., 2015, Cleary et al., 2016).

Whilst this is undoubtedly an area of increasing value, it is still a developing
discipline with no single approach able to be applied. Pipelines do exist, and
generalised algorithms are relatively simple to apply, however these are not
always fully understood or used to their most advantageous. For the majority of
researchers the full potential of what bioinformatics can reveal is yet to be

discovered.

1.6 Pneumococcal transmission

Pneumococcal survival is dependant not only on successful colonisation but also
on transmission from host to host in order to proliferate. The ecological niche in
which the organism abides is an ideal base as it provides opportunity for spread

via aerosolised droplets.

The rate of pneumococcal colonisation differs with age with young children
having the highest rates of pneumococcal carriage (Gray et al., 1980a, Smith et

al., 1993). It is thought that the nasopharynx of young children is the major
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reservoir for pneumococci going on to cause serious invasive disease in older
adults (Hussain et al., 2005, Melegaro et al., 2004) and that different serotypes
and clonal types have different transmission characteristics (Melegaro et al.,
2007).

Evidence of pneumococcal transmission from children to older adults has been
provided through studies within familial settings (Dowling et al., 1971, Owen
Hendley et al., 1975) and from seasonal disease rates (Walter et al., 2009).
However, not all studies have shown proof of transmission from children to older
adults (Regev-Yochay et al., 2004) which demonstrates that the dynamics of this
process is likely to be complex being not only dependent upon the host’s age but

also on the capsular type of transmitted pneumococci (Weinberger et al., 2016).

The availability of WGS data has been useful in the investigation of transmission
due to the high resolution with which it can explore multiple genomes.
Exploration of transmission can be divided into three scales: direct host to host;

local transmission and; global transmission.

Investigation of host to host transmission is particularly useful for examining the
origin of outbreaks and to distinguish nosocomial infections from community
acquired infections. Bacteria are isolated from the dense sampling of a defined
host population so bacterial genomes may be compared to identify variance. The
number of SNPs that differ between isolates will indicate the likelihood of
transmission. The threshold, of how many single nucleotide polymorphisms
(SNPs) indicate transmission, is set according the bacteria of interest. This
method has been used to investigate Clostridium difficile in hospital patients
(Eyre et al., 2013) and Mycobacterium abscessus in cystic fibrosis patients (Bryant
et al., 2013).

Local transmission is carried out by sampling a subsection of a population to
identify transmission within a defined area which could be as small as a hospital
or as large as a country. Transmission is indirect with unsampled individuals
making up part of the chain Jombart et al., 2014). This approach clusters isolates
based on genomic similarities and can reveal genuine disease outbreaks as well
as patterns of cryptic transmission where the source is not immediately apparent.
Studies utilising this approach have been used to investigate the spread of
methicillin-resistant Staphylococcus aureus (MRSA) in a neonatal unit and the
surrounding community (Harris et al., 2013) as well as an outbreak of Escherichia
coli O104:H4 (Rasko et al., 2011).
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Global transmission is used to trace the spread of microorganisms across the
world. Methods for investigating global spread generally rely on the construction
of phylogenomic trees to infer transmission routes. This approach has been used
to investigate a foot and mouth disease outbreak (Ypma et al., 2013) . The use of
WGS to track bacterial pathogens has also been used to identify transmission
between populations of people for example the spread of Neisseria gonorrhoeae

from a homosexual population into a heterosexual population (Grad et al., 2014).
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1.7 Study rationale

The burden of disease caused by the pneumococcus led to the inclusion of PCV7
into the UK’s NIP in 2006. Studies published since have shown that while the
pneumococcal carriage rate has remained stable the incidence of pneumococcal
disease has decreased (Gladstone et al., 2015, Miller et al., 2011). Pneumococcal
carriage has undergone a rapid shift regarding serotype distribution caused by
the replacement of vaccine type (VT) serotypes with non-vaccine type (NVT)

serotypes.

In 2010, PCV7 was replaced by PCV13 which included six additional serotypes.
The effect of this replacement on carriage and disease requires ongoing
surveillance to ensure continued vaccine effectiveness against IPD. Whilst some
data has been published (Waight et al., 2015) it has been shown that the
pneumococcus is highly adaptable (Devine et al., 2017) and therefore unlikely to

reach equilibrium for a number of years following vaccine introduction.

The data presented within this thesis is derived from pneumococci isolated from
carriage and cases of IPD collected over 10 years. The carriage isolates are from
children aged 4 years and under and were collected each winter from 2006/07 to
2015/16. The IPD isolates and associated data are from the same timeframe and
were collected from the Public Health England (PHE) laboratory located at

University Hospital Southampton NHS Foundation Trust.

The analysis of pneumococcal data collected over 10 years during which time
PCV13 was introduced provides an opportunity to study vaccine impact on both
carriage and disease. Further by comparing data from two populations (carriage
and disease) during a time when the bacterial population is under selective
pressure from PCV13, insights may be gained regarding herd immunity and

pneumococcal transmission.

The availability of whole genome sequencing has provided an opportunity to
study molecular changes that occur within a population of isolates and compare
them with another population. Application of these methods will be utilised to
assess if any changes occurring in carriage are also occurring in IPD. Through
understanding similarities and differences between the two populations it is
hoped that the impact of PCV13 will be more fully understood.
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1.8 Hypothesis

Population changes seen in pneumococci isolated from asymptomatic carriage
during the implementation of PCV13 will also be seen in pneumococci isolated

from invasive pneumococcal disease matched for location and time.

1.8.1 Aims

e To define how the introduction of PCV13 has impacted the population of
carriage isolates between 2006 and 2016

e To define how the introduction of PCV13 has impacted the population of
IPD isolates between 2006 and 2016

e To examine if changes in the carriage population are also observed in the

IPD population.

1.8.2 Objectives

e To characterise the population of pneumococci isolated from paediatric
carriage over a 10 year period through evaluation of carriage rates and
serotype distribution.

e To characterise the population of pneumococci isolated from cases of IPD
over a 10 year period in terms of incidence rates, serotype distribution and
age specific differences.

e To describe and compare the molecular epidemiology of carriage and
disease isolates.

e To compare the impact of PCV13 on carriage and IPD.
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Chapter 2 Methods

2.1 Study statement and contributors

The paediatric pneumococcal carriage study is an on-going study that began in
winter 2006/07. Three former PhD students Dr Anna Tocheva; Dr Rebecca
Gladstone and Dr Vanessa Devine were responsible for serotype and MLST results
prior to 2013/14. Their contributions are listed as part of my declaration at the
beginning of this thesis. A summary of their analysis methods is provided in
Table 1.

2.1.1 Ethics

Ethical approval for this study was granted by Southampton and South West
Hampshire Committee ‘B’ (REC numbers 05/Q1704/105 and 14/NS/1064).

Written and verbal information relating to the study was provided to the
parent/guardian of each study participant to ensure informed consent. Written

consent was obtained before study participation.

2.1.2 Study outline

The paediatric pneumococcal carriage study commenced in 2006, its main aim
was to assess epidemiological changes to the pneumococcal population following
the introduction of a seven-valent pneumococcal conjugate vaccine (PCV7) to the
UK’s national immunisation programme (NIP). The study takes nasopharyngeal
swabs from children aged four years and under attending the outpatients
department of Southampton General Hospital. Participants were excluded if
outside the age criteria or if they were participating in other medical studies. Only

one member per family was swabbed to reduce bias.

In study years one to seven, nasopharyngeal swabbing was performed by trained
medical students. In years eight to ten, research nurses from the Clinical

Research Facility (CRF) performed all nasopharyngeal swabbing.

In study year five (winter 2010/11), a questionnaire was introduced for the
parent/guardian to complete. This provided information relating to the
participants: age; vaccine status; recent respiratory health and antibiotic usage.

The questionnaire was updated in 2013/14 to include influenza and meningitis B
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vaccination status. After obtaining a research passport, | was able to accompany

the research nurses and assist in the recruitment of study participants.

2.1.3 Study samples

Nasopharyngeal samples were obtained using a rayon tipped, pernasal, medical
wire (TRANSWAB®, Medical Wire & Equipment, Corsham, UK.) and inserted into
Amies media with charcoal. For the first six years of the study, swabs were sent
to the on-site laboratory of the Health Protection Agency, HPA, (now Public Health
England) for processing as per their standard operating protocol. From year seven
(2012/13), swabs were processed within the laboratory of the research group and

overseen by a registered Biomedical Scientist (BMS).

As a BMS registered with the Health and Care Professions Council (HCPC)
(Registration number: BS66664), | was competent to carry out the processing of

NP swabs received in years eight to ten.

2.14 Sample size

For the first eight years of the study, the sample size was set at 100
pneumococcal isolates per swabbing period. The number of isolates was
determined by using a power analysis to estimate the number of isolates that
would need to be collected in order to detect a change in carriage. The lowest
expected carriage rate was estimated to be 10%. In order to detect a 50% change
in this estimated carriage rate, a sample size of =100 pneumococcal positive

isolates would allow us a 5% significance level with 80% power.

From the ninth study year, following REC approval, swabbing continued until the
end of the swabbing period (March) taking the number of pneumococcal isolates

beyond the 100 collected in previous years.

2.2 Microbiological processing

For years one to six, microbiological processing occurred in the laboratory of the
HPA (now PHE). Swabs were processed within nine hours of collection and plated
onto Columbia Colistin Naladixic Acid agar (CNA, Oxoid, Basingstoke, UK) and
incubated for 18hrs at 37°C in 5% CO,. Presumptive pneumococci were streaked
onto Columbia Blood agar (CBA, Oxoid) with an optochin disc (Oxoid). Isolates
that displayed optochin sensitivity were recorded as positive and ten individual

colonies were sub-cultured then stored at -80 °“C on cryogenic beads
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(Microbank™, Pro-Lab Diagnostics, UK). For the first two study years, only
presumptive pneumococci underwent further investigation and storage. From
year three, other selective media were utilised in order to detect the presence of
additional bacterial species. Table 4 details the inclusion of additional species,

and the year that they were included in the study.

From year seven, swabs were processed in our own laboratory within six hours of
collection. Selective media were used in order to detect species of interest. For
pneumococcal detection, all nasopharyngeal swabs were streaked onto CNA
media and an optochin disc was placed onto the agar to check for optochin
susceptibility. Plates were then placed in a 5% CO, incubator and grown overnight
at 37°C. Colonies that displayed pneumococcal morphology with a >14mm
inhibition zone surrounding the optochin disc were recorded as positive and
purity plated in preparation for storage. Swabs of pure pneumococcal isolates
were inserted into 1mL of a liquid medium containing skim milk, tryptone,

glucose and glycerine (STGGC) and stored at -80°C.
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Study Year Winter Presence of bacteria cultured for in study samples!

1 2006/07 S.pn

2 2007/08 S.pn

3 2008/09 S.pn; H.inf; MSSA; MRSA; AHS; N.men

4 2009/10 S.pn; H.inf; MSSA; MRSA; AHS; N.men; M.cat
5 2010/11 S.pn; H.inf; MSSA; MRSA; AHS; N.men; M.cat
6 2011/12 S.pn; H.inf; MSSA; MRSA; AHS; N.men; M.cat
7 2012/13 S.pn; H.inf; MSSA; MRSA; AHS; N.men; M.cat
8 2013/14 S.pn; H.inf; MSSA; MRSA;AHS; N.men; M.cat
9 2014/15 S.pn; H.inf; MSSA; MRSA; AHS; N.men; M.cat
10 2015/16 S.pn; H.inf; MSSA; MRSA; AHS; N.men; M.cat

The pneumococcus is the focus of the study however isolates of other species have been identified and collected from the same

nasopharyngeal swab. Many isolates form the basis of other people’s research.

! S.pn= Streptococcus pneumoniae; H.inf= Haemophilus influenzae; MSSA = methicillin sensitive Staphylococcus aureus; MRSA= methicillin resistant
Staphylococcus aureus; AHS= alpha-haemolytic streptococcus, N.men= Neisseria meningitides, M.cat= Moraxella catarrhalis
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2.2.1 IPD isolate collection

Pneumococci isolated from laboratory confirmed cases of IPD were stored on
microbeads (Microbank™, Pro-Lab Diagnostics, U.K) and kept at -80°C until
samples were ready for DNA extraction. Pneumococci isolated from blood, CSF
and normally sterile sites were deemed causative of an invasive infection.
Metadata relating to all IPD isolates were sent each month to a facilitator within

our research group. Isolates were matched to the metadata in 2014/15.

2.3 DNA extraction

DNA was extracted from pneumococcal isolates in preparation for whole genome
sequencing which was undertaken by staff at the Wellcome Trust Sanger Institute
(WTSI).

23.1 Growth of pneumococcal cultures

Isolates were plated from the stored STGG samples onto CBA (Oxoid) plates and
incubated overnight at 37°C in 5% CO,. A single colony was then sub-cultured
onto half a CBA plate and incubated under the same conditions overnight.
Providing the resultant growth appeared pure, a sweep of colonies would then be
used to inoculate 3mL of Brain Heart Infusion (BHI) broth. The same swab would
be used to streak half a plate of CBA as a purity check before commencement of
DNA extraction. If purity plates showed mixed growth the corresponding BHI
broth would be deemed contaminated and the process would be repeated from
the original stored STGG.

2.3.2 Pre-lysis and DNA extraction

Approximately 1.2mL of the prepared BHI broths was aliquoted into sterile
eppendorf tubes and centrifuged at 12,500 rpm for 3 minutes. Supernatant could

then be poured off to leave a pellet of cells in the bottom of each eppendorf.

Presence of the pneumococcal capsule makes it necessary to perform a pre-lysis
step to ensure successful DNA extraction and this was achieved by using freshly
prepared lysozyme (10mg/mL of lysozyme was added to nuclease-free water).
200pL of lysozyme was used to resuspend the bacterial pellet before being
incubated at 37°C for one hour.
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Following pre-lysis of pneumococcal isolates, DNA extraction was performed
using the QlAamp DNA Mini Kit (Qiagen, Hilden, Germany. Cat no. 51306). 50uL
of the Qiagen AL lysis buffer and 20pL of Proteinase K was added to each sample.
Each tube was then inverted to mix the suspension and incubated at 56°C for one
hour. A further 150pL of lysis buffer AL was added to each sample and the tubes
were mixed by inversion and left at room temperature for ten minutes. Finally,
250pL of 100% molecular grade ethanol was added to each sample and mixed by
inversion before transferring the entire suspension to a Qiagen spin column ready

for DNA washing and elution.

Qiagen columns were placed in collection tubes and spun twice at 8000rpm for
one minute; the first spin with the transferred suspension and the second spin
with 500pL of buffer AW1. New collection tubes were used for each spin. 500pL
of buffer AW2 was added to each column and spun at 14,000rpm for three
minutes before the columns were transferred to elution tubes. | used an elution
buffer that fulfilled the recommendations of The Sanger Institute, a Tris pH8
EDTA buffer (TE Buffer, Thermo Fisher Scientific). 60pL of pre-warmed (56°C)
buffer was added to each column, incubated at room temperature for five
minutes and spun at 12,000rpm for two minutes. Finally the columns were

discarded and the eppendorf tubes, with 60puL of eluted DNA, were retained.

2.3.3 DNA quantification

The Qubit® fluorometer (Thermo Fisher Scientific, Waltham, US) was used with a
dsDNA broad range (BR) assay kit (Thermo Fisher Scientific) which is capable of
measuring concentrations of 2 - 1000ng. A working solution was prepared at
room temperature using a 199uL of BR buffer to 1pL of light sensitive BR reagent
for each sample to be tested. The Qubit® was calibrated using two standards by
adding 10pL of each standard to separate qubit tubes containing 190uL of the
prepared working solution. The two standards were then measured prior to the
extracted DNA samples. For the DNA samples, 195uL of the working solution was
aliquoted into a qubit tube and 5pL of extracted DNA was added. The Qubit®
fluorometer could then read the concentrations after the correct sample volume
was selected via an on-screen prompt. The Sanger Institute request a minimum

sample DNA concentration of 20ng/pL in a total volume of 50pL.
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2.3.4 Storage and shipment

Samples were stored at -20° C until ready for overnight shipment on dry ice to
the WTSI. Samples were aliquoted into a 96 well plate (ABgene AB-0800, Thermo
Fisher Scientific) with the last well (H12) left empty. Each plate was marked with
clear identifiers and sealed with a foil sealer. An accompanying metadata sheet

was included in the shipment and e-mailed to the WTSI ahead of shipment.

2.4 Whole genome sequencing

Whole genome sequencing (WGS) was performed entirely by the WTSI using
[llumina HiSeq 2000 AND 2500 instruments. Approximately 100 S. pneumoniae
isolates from every year of study were sequenced, quality checked, assembled
and annotated. This resulted in multiple files per isolate: FASTQ files containing
raw sequencing data; FASTA files containing the assembled genomes and General
Feature Format (GFF) files containing annotations of each genome. All files were
then compressed into GNU zip files and sent via File Transfer Protocol (FTP) to be
stored and analysed on the University of Southampton’s High Performance

Computing facility, Iridis.

WGS data pertaining to study years 1 - 5 were received and analysed by Dr
Rebecca Gladstone as part of her PhD. Years 6 and 7 were received and analysed
by Dr Vanessa Devine as part of her PhD and years 8 to 10 were received and

analysed by myself.

FASTQ files of all carriage isolates from all years were stored in the European
Nucleotide Archive (www.ebi.ac.uk) which is publically accessible. WGS analysis
for which | required genomic files for years prior to 2013/14 was achieved

following retrieval of files via the ENA.

24.1 Assembly

Whole genomes were assembled at the WTSI via their HPC facility. Velvet
(European Bioinformatics Institute, UK) was used for the de novo assembly of
short sequences to produce FASTA files. Files were then compressed and sent via

FTP where they were stored, unzipped and analysed on Iridis.
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2.4.2 Quality control

The Sanger Institute performed post assembly quality checks on each
pneumococcal isolate. Results of these checks were contained within a comma-
separated values (csv) file and sent via FTP. This automated process compares the
sequencing data to a reference genome, in this case S. pneumoniae ATCC
700669, and a percentage of the genome that is identically mapped is produced.
The csv file also contains information such as: depth of coverage; number of
contigs; total length and N50 (a statistical measurement of length). An overview

of what these quality measurements relate to is listed in Table 5.

Quality checks were also carried out on receipt of FASTQ files using the online,
publically available software FASTQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) which generates a report following submission
of paired FASTQ files.
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Table 5 Description of sequencing statistics

Sequencing Statistic Description

The average read length is divided by the expected
length of the genome (ref genome is ATCC700669
Depth of coverage
with a length of 2,221,315bp) multiplied by the

number of reads.

Contigs are contiguous sequences of data
Number of contigs assembled from shorter reads. A smaller number of

contigs indicates a less fragmented assembly.

Total length is an indication of quality as the length
Total length of the assembly shouldn’t be too dissimilar from

the reference genome.

All isolates were mapped against the reference
% mapped genome, ATCC700669 to see what percentage was

able to align.

A statistical measurement that is roughly similar to
the median of the length of the genome. It
represents the length that all contigs of >=length
N50
contain at least half of the size of all contig lengths

that make up the assembly. A smaller N50

indicates increased fragmentation.
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2.5 Pneumococcal typing

Several methods were employed to characterise the pneumococcal isolates.
Methods used in earlier study years have been described elsewhere (Tocheva et
al., 2011a, Gladstone et al., 2015, Devine et al., 2017). In study years 8 to 10 and
for all IPD isolates, determination of the pneumococcal capsular type was
deduced using whole genome data as well as traditional phenotyping methods.

Whole genome sequences were also used to determine sequence type (MLST).

2.5.1 Slide agglutination

A Neufeld antisera kit was purchased from The Statens Serum Institut
(Copenhagen, Denmark) and used to determine capsular type via slide
agglutination. | followed the standard operating procedure (SOP) that is used by
Public Health England. Pneumococcal isolates stored in STGG at -80°C were
briefly thawed and a sterile loop was used to inoculate half of a CBA plate. After
overnight growth at 37°C in a 5% CO, incubator, a single colony was purity
picked, spread onto another half CBA plate and re-incubated overnight. After
inspecting the plates for signs of mixed growth, a single loopful of pure growth

pneumococci was transferred to 5mL of Todd Hewittt Broth and re-incubated.

After 12 hours of incubation, the broths were spun at 1500rpm for 30 minutes to
form a bacterial pellet at the bottom. Supernatant was poured off until~200pl

remained in the tube. The samples were then vortexed to re-suspend the pellet.

10pl of suspension was pipetted onto a glass slide and a loop of selected antisera
was added and mixed into the suspension. The slide could then be rocked for up
to 30 seconds and observed for signs of agglutination. If agglutination was
observed, a positive result was recorded. If no agglutination was observed, a
fresh 10pl of suspension was tested against another antisera. Antisera could be
classified as pool, group or type. Pool antisera contain different serogroups and
form the first level of agglutination investigations (Table 6). Through a process of
elimination, a positive result obtained from pool antisera will direct the analysis
to the set of group antisera that constitute the second level of investigation
(Table 7). Once a positive result is obtained from one of the group antisera, type
specific antisera can then be used until an ultimate identification of a serotype is

reached.

If no agglutination was achieved with any of the pool antisera, then an

omniserum containing antibodies to 91 serotypes was used to test for capsular
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presence. If a negative result was achieved with the omniserum, then further

testing of the isolate was carried out using WGS data.

Table 6 Pool antisera and associated groups

Pool Anitsera Serogroups

Pool A 1,2,4,5, 18

Pool B 3,6,8,19

Pool C 7,20, 24,31, 40
Pool D 9, 11, 16, 36, 37
Pool E 10, 12, 21, 33, 39
Pool F 17, 22,27,32,41
Pool G 29, 34, 35, 42, 47
Pool H 13, 14, 15, 23, 28
Pool | 25, 38, 43, 44, 45, 46, 48
Pool P 1,7, 14, 19

Pool Q 6, 18, 23

Pool R 3,4,9, 12

Pool S 5,8, 10, 15, 17
Pool T 2,11, 20, 22, 33
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Group Antisera Serotype Pool
6 6A, 6B, 6C,6D B, Q
7 7F, 7A, 7B, 7C CP
9 9A, 9L, 9N, 9V D,R
10 10F, 10A, 108, 10C E,S
11 11F, 11A, 11B, 11C, 11D D, T
12 12F, 12A, 12B E, R
15 15F, 15A, 158, 15C H, S
16 16F, 16A D
17 17F, 17A F, S
18 18F, 18A, 18B, 18C A Q
19 19F, 19A, 198B, 19C B, P
22 22F, 22A F, T
23 23F, 23A, 23B H, Q
24 24F, 24A, 24B C
25 25F, 25A I

28 28F, 28A H
32 32F, 32A F

33 33F, 33A, 33B, 33C, 33D E,T
35 35F, 35A, 35B, 35C G
a1 41F, 41A F
47 47F, 47A G
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2.5.2 In silico capsular typing

Two methods of in silico capsular typing were used to characterise the

pneumococcal isolates from study years 8 and 9.

SRST2 (Inouye et al., 2014) was used by mapping the FASTQ files of each
pneumococcal isolate against a file that contained the concatenated sequences of
91 pneumococcal serotypes. 90 of the pneumococcal serotypes were published
by Dr Stephen Bentley (Bentley et al., 2006) and serotype 6C was also included in
my analysis (Elberse et al., 2011). Reads that mapped >90% were reported. If
more than one serotype was reported then the isolate would undergo further
investigation. This included a more detailed look at the capsular sequence and/or

follow up with slide agglutination analysis.

An in silico simulation of a PCR was also used to identify capsular type. Ipcress
(Slater and Birney, 2005) uses an input file containing pairs of primers to identify
different capsular types. WGS in FASTA format is used and sequences that are
found within the specified primers are searched for. The primer files used were
recommended by the Centre for Disease Control and Prevention, Atlanta, Georgia,
USA (CDC) and are shown in Table 8.

Table 8 Primers for investigation of capsular type

Serotype Gene Primer Sequence (5’ - 3’) Size (bp)

Fwd CTCTATAGAATGGAGTATATAAACTATGGTTA
1 wzy 280

Rv CCAAAGAAAATACTAACATTATCACAATATTGGC

Fwd TATCCCAGTTCAATATTTCTCCACTACACC
2 wzy 290

Rv ACACAAAATATAGGCAGAGAGAGACTACT

Fwd ATGGTGTGATTTCTCCTAGATTGGAAAGTAG
3 galu 371

Rv CTTCTCCAATTGCTTACCAAGTGCAATAACG

Fwd CTGTTACTTCGTTCTGGACTCTCGATAATTGG
4 wzy 430

Rv GCCCACTCCTGTTAAAATCCTACCCGCATTG

Fwd ATACCTACACAACTTCTGATTATGCCTTTGTG

5 wzy 362
Rv GCTCGATAAACATAATCAATATTTGAAAAAGTATG

6A/6B/6C/ weiP Fwd AATTTGTATTTTATTCATGCCTATATCTGG 250

6D Rv TTAGCGGAGATAATTTAAAATGATGACTA

6C/6D weiND Fwd CATTTTAGTGAAGTTGGCGGTGGAGTT 227

Rv AGCTTCCGAAGCCCATACTCTTCAATTA
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7C/78/40 wewl Fwd CTATCTCAGTCATCTATTGTTAAAGTTTACGACGGGA 260
Rv GAACATACATCGTTGAGACATCTTTTGTAATTTC
7F/7A wzy Fwd TCCAAACTATTACAGTGGGAATTACGG 599
Rv ATAGGAATTGAGATTGCCAAAGCGAC
Fwd GAAGAAACGAAACTGTCAGAGCATTTACAT
8 wzy 201
Rv CTATAGCATACTAGTAGAGCTGTTCTAGTCT
9N/9L WX Fwd GAACTGAATAAGTCAGATTTAATCAGC 516
Rv ACCAAGATCTGACGGGCTAATCAAT
9V/9A wzy Fwd GGGTTCAAAGTCAGCACAGTGAATCTTAA 816
Rv CCATGAATGAAATCAACATTGTCAGTAGC
10A werG Fwd GGTGTAGATTTACCATTAGTGTCGGCAGAC 628
Rv GAATTTCTTCTTTAAGATTCGGATATTTCTC
10F/10C/33C — Fwd GGAGTTTATCGGTAGTGCTCATTTTAGCA 248
Rv CTAACAAATTCGCAACACGAGGCAACA
11A/11D wzy Fwd GGACATGTTCAGGTGATTTCCCAATATAGTG 463
Rv GATTATGAGTGTAATTTATTCCAACTTCTCCC
12F/12A/44/ Fwd GCAACAAACGCGCGTGAAAGTAGTTG
wzx 376
46 Rv CAAGATCGAATATCACTACCAATAACAAAAC
13 Fwd TACTAAGGTAATCTCTGGAAATCGAAAGG
wzx 655
Rv CTCATGCATTTTATTAACCGCTTTTTGTTC
14 Fwd GAAATGTTACTTGGCGCAGGTGTCAGAATT
wzy 189
Rv GCCAATACTTCTTAGTCTCTCAGATGAAT
15A/15F Fwd ATTAGTACAGCTGCTGGAATATCTCTTC
wzy 434
Rv GATCTAGTGAACGTACTATTCCAAAC
15B/15C Fwd TTGGAATTTTTTAATTAGTGGCTTACCTA
wzy 496
Rv CATCCGCTTATTAATTGAAGTAATCTGAACC
16F Fwd GAATTTTTCAGGCGTGGGTGTTAAAAG
wzy 717
Rv CAGCATATAGCACCGCTAAGCAAATA
17F . Fwd TTCGTGATGATAATTCCAATGATCAAACAAGAG
wciP 693
Rv GATGTAACAAATTTGTAGCGACTAAGGTCTGC
18A/18B/18C/ wzy Fwd CTTAATAGCTCTCATTATTCTTTTTTTAAGCC 573
18F Rv TTATCTGTAAACCATATCAGCATCTGAAAC
19A Fwd GAGAGATTCATAATCTTGCACTTAGCCA
wzy 566
Rv CATAATAGCTACAAATGACTCATCGCC
19F Fwd GTTAAGATTGCTCATCGATTAATTGATATCC
wzy 304
Rv GTAATATGTCTTTAGGGCGTTTATGGCGATAG
20 weil Fwd GAGCAAGAGTTTTTCACCTGACAGCGAGAAG 514
Rv CTAAATTCCTGTAATTTAGCTAAAACTCTTATC
21 Fwd CTATGGTTATTTCAACTCAATCGTCACC
wzx 192
Rv GGCAAACTCAGACATAGTATAGCATAG
22F/22A Fwd GAGTATAGCCAGCATTATGGCAGTTTTATTGTC
wewV 643
Rv CTCCAGCACTTGCGCTGGAAACAACAGACAAC
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23A wzy Fwd TATTCTAGCAAGTGACGAAGATGCG 292
Rv CCAACATGCTTAAAAACGCTGCTTTAC
23B Fwd CCACAATTAGCGCTATATTCATTCAATCG
wzx 199
Rv GTCCACGCTGAATAAAATGAAGCTCCG
23F Fwd GTAACAGTTGCTGTAGAGGGAATTGGCTTTTC
wzy 384
Rv CACAACACCTAACACTCGATGGCTATATGATTC
24A/24B/24F wzy Fwd GCTCCCTGCTATTGTAATCTTTAAAGAG 99
Rv GTGTCTTTTATTGACTTTATCATAGGTCGG
31 Fwd GGAAGTTTTCAAGGATATGATAGTGGTGGTGC
wzy 701
Rv CCCAATAATATATTCAATATATTCCTACTC
33F/33A/37 wzy Fwd GAAGGCAATCAATCGTGATTGTGTCGCG 338
Rv CTTCAAAATGAAGATTATAGTACCCTTCTAC
34 Fwd GCTTTTGTAACAGGAGATTATTTTCACCCAAC
wzy 408
Rv CAATCCGACTAAGTCTTCAGTAAAAAACTTTAC
35A/35C/42 Fwd ATTACGACTCCTTATGTGACGCGCATA
wzx 280
Rv CCAATCCCAACATATATGCAACTAGGTT
35B Fwd GATAAGTCTGTTGTGCAGACTTAAAAAGAATG
werH 677
Rv CTTTCCACATAATTACAGGTATTCCTGAAGCAAG
35F/47F wzy Fwd GAACATAGTCGCTATTGTATTTTATTTAAAGCAA 517
Rv GACTAGCAGCATTATTCCTAGAGCGAGTAAACC
38/25F/25A wzy Fwd CGTTCTTTTATCTCACTGTATAGTATCTTTATG 574
Rv ATGTTTGAATTAAAGCTAACGTAACAATCC
39 wzy Fwd TCATTGTATTAACCCTATGCTTTATTGGTG 98
Rv GAGTATCTCCATTGTATTGAAATCTACCAA
Capsular Fwd GCAGTACAGCAGTTTGTTGGACTGACC
CpsA 160
Polysaccharide A Rv GAATATTTTCATTATCAGTCCCAGTC

2.5.3 Differentiating serotypes

In silico methods of capsular typing can result in multiple serotype possibilities.
In order to differentiate between possible serotypes, slide agglutination was

performed to confirm the definitive serotype.

2.5.4 Differentiating serotypes 11A/D and 15B/C

Serotypes 11A/D, and 15B/C featured frequently in initial analyses. Availability of
WGS data allowed for quick and robust identification of the definitive serotype by
using ipcress (In silico PCR experiment Simulation System) to retrieve genes

associated with serotype differentiation.

For identification of 11A and 11D, the wcrL gene was retrieved using ipcress and

published primers (Oliver et al., 2013a) and translated to an amino acid sequence
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using an online translation tool from
http://www.bioinformatics.org/sms2/translate.html, set to reading frame 1 and
translation table 11. Clustal Omega (Sievers et al., 2011) was then used to align
the amino acid sequences with 11A and 11D sequences deposited in the National
Centre for Biotechnology Information (NCBI) database (GenBank JX102570 and
JX102571, respectively).

Differentiation of serotypes 15B and 15C was achieved by using ipcress to
retrieve the O-acetlytransferase genes with primers published by van Selm et alet
al (van Selm et al., 2003b). The number of TA repeats within the gene indicates
the serotype and functionality of the isolate. 15B has eight TA repeats and 15C

has either seven or nine repeats which results in a loss of functionality.

Table 9 Primers used to differentiate 11A/D and 15B/C

Gene Primer Sequence (5’ - 3') Reference

wcerlL Fwd Oliver et al, 2013
ATCATACCTAAAAAGATTCATTATTG

Rv TCATCTAGTTTTCCCCTTTAATA

O-acetyl Fwd ATTTTGTTAAATAGGTAGGAAAG |van Selm et al, 2003b
transferase |Rv TTCTTCTTTATCCGAACAGGC

2.5.1 Serotyping of year 10 and IPD isolates

The length of this study meant that developments in serotyping methods were
able to be utilised when they became available. In 2015/16 | switched serotyping
methods and used PneumoCaT (Pneumococcal Capsular Typing) (Kapatai et al.,
2016) for all of the year 10 and IPD isolates. PneumoCaT is an in silico tool that
designates serotype by comparing capsular sequences with reference serotypes.
Its advantage over similar tools is that it can distinguish molecular variations

which can be applied to an algorithm to differentiate closely matched capsular

types.

The change in in silico methods was validated by performing retrospective
analyses on previously serotyped isolates. The emergence of genetic variants

within serogroups prompted the re-typing of more than 100 pneumococci from
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study years 1 to 9. PneumoCaT results were 100% concordant with previous

methods.

2.5.2 MLST

Sequence typing was performed using SRST2 (Inouye et al., 2014) which mapped
the FASTQ files against an MLST database which held sequences of seven
pneumococcal ‘housekeeping’ genes: arokE; gdh; gki; recP; spi; xpt and ddl|.
Sequence type (ST) designation is predefined and held on a curated public

database (pubmlst.org/spneumoniae/).

2.5.3 Clonal complex

Sequence types were uploaded to eBURST (Feil et al., 2004) an on-line tool that
displays a set of STs in a graphical format. Clonal complexes (CC), defined as a
set of STS with six out of seven identical alleles were identified and predictions
were made regarding founding and sub-founding STs, i.e. those STs that
displayed the most number of shared alleles with other STS. CCs were visualized

using Phyloviz, http://www.phyloviz.net (Francisco et al., 2012).

2.5.4 Genomic analysis

Production of core genome SNP trees were produced using parSNP, a tool of the
Harvest suite (Treangen et al., 2014). It aligns the core genomes of selected
isolates, identifies single nucleotide polymorphisms (SNPs) and uses that to build
a phylogenetic tree. An output of the Harvest suite is a file that can be used by a

companion tool, Gingr, to interrogate the analysed genomes.

The core genome trees are in a newick format which can then be used as an input
for visualisation tools. For this thesis | used Microreact (Argimén et al., 2016)
which uses the newick tree and corresponding data uploaded as a csv file to

produce a range of visuals.

2.6 Strain exclusion

Five isolates failed the WGS quality checks carried out by the WTSI and were
excluded from any further analysis. Two of these isolates: 9174 and 9227
displayed optochin resistance and altered morphology when re-cultured and were

permanently removed from the dataset.
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The assembly quality was checked for all isolates. Six carriage isolates had a high
number of contigs and were therefore excluded from any analysis that required
assembly data. The total genome length was too high in one carriage isolate form
year 8 and one from year 9 and these too were removed from genomic analyses.
All the remaining isolates had acceptable read lengths, number of contigs and
N50.

2.7 Statistical analyses

This study uses descriptive data to assess frequencies of events. The number of
frequencies has been used to determine percentages with all confidence intervals

(Cl) calculated at 95% confidence.

To compare one measure with another, the Fisher’s exact test was used to
produce a two-tailed p-value. To compare a series of measurements the chi
square test for trend was used. All statistical tests set a p-value of <0.05 as the

level of significance.

Odds ratios (OR) used to calculate the invasive potential of serotypes followed the
methods laid out by Brueggemann et alet al (Brueggemann et al., 2003) in that
OR= (ad)/(bc) where a = number of IPD isolates of serotype X; b= nhumber of
carriage isolates of serotype X; c= number of IPD isolates not serotype X and d =

number of carriage isolates not serotype X.

Serotype and sequence type diversity (D) was measured using the Simpson’s
Diversity Index (SDI) 1-D, using D= Zn(n-1)/N(N-1) where n= total number of a
particular subset of a population and N= the total number of the population.
Results fall between 0 and 1 and the higher the value the greater the diversity. To
estimate if a range of values fell within expected levels of normal variation the

D’Agostino and Pearson omnibus normality test was used.

All statistical analyses were undertaken using GraphPad Prism v7.03 (GraphPad

Software, La Jolla California USA, www.graphpad.com).

IPD incidence was calculated using population data using Hampshire County
Council census data 2011
(http://www3.hants.gov.uk/factsandfigures/population-
statistics/census_pages/census_2011.htm). Southampton General Hospital serves
the people of Southampton and South Hampshire therefore population data for

Southampton and the New Forest area was estimated to be representative.
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Census data are broken into age categories which formed the basis for the
selection of ages in this study. Incidence rates were calculated per 100,000 to

allow comparison with other studies and PHE data for England and Wales.

Calculations involving serotype specific IPD incidence had to be adjusted to allow
for missing data. The method chosen was utilised by PHE and based upon
assumptions that missing data matched known data. All adjustments were made
by age group and by year to ensure results were as accurate as possible. Previous
studies published by PHE have used this method when only 48% of data were
available. As this study had available data for 71.5% of isolates it was deemed an

acceptable method.
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Chapter 3 Streptococcus pneumoniae isolated
from carriage: 2006 - 2016

3.1 Introduction

Bacterial carriage studies provide information to ascertain the risk of disease and
evaluate vaccine efficacy. This is especially important for the organism
Streptococcus pneumoniae as not only is it responsible for a huge burden of
morbidity and mortality, but also clinical interventions such as the
implementation of pneumococcal conjugate vaccines (PCVs) have been shown to

cause a rapid shift in circulating bacterial populations (Croucher et al., 2011a).

Pneumococcal carriage studies conventionally focus on the colonisation of young
children as this is where carriage has been observed to be greatest (Bogaert et al.,
2004a), however, while this has been well studied, the differences that exist
within this important age group are often neglected. Identifying where
pneumococcal carriage prevalence is greatest can contribute to our

understanding of epidemiology and aid evaluation of vaccine impact.

Further, the implementation of PCV13 occurred in 2010 therefore studies
conducted prior to 2015 that utilise data from the O to 4 years age group may
have captured recipients of PCV13’s predecessor PCV7. Stratification of this age
group allows the impact of PCV13 to be measured with greater accuracy in

participants of different ages or vaccine status.

Examination of pneumococcal carriage over a ten year period that encompasses
the introduction of PCV13 provides an opportunity to deepen our knowledge of

the impact of vaccine intervention.

3.1.1 Main aims

In order to understand how carriage contributes to disease, the population of
isolates found in pneumococcal carriage must first be accurately characterised.
The introduction of PCV13 must be examined due to the potential impact it is
likely to have on the pneumococcal population. This is further complicated by the
mixed age of carriage study participants as different ages will hold a different
vaccine status. This chapter seeks to examine the impact of PCV13 on
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pneumococcal carriage over a ten year period. The following points will be

investigated.

e Changes in pneumococcal carriage rate over ten years

e Age stratification of pneumococcal carriers and comparison of age groups
e Vaccine status and pneumococcal carriage

e Serotype distribution of pneumococcal carriage over 10 years

e Examination of serotype distribution differences between age groups

3.2 Methods

The Southampton paediatric pneumococcal carriage study began in the winter of
2006 and has collected pneumococci carried by participants aged 0 to 4 years
every winter since the study began. See Table 1 for my contribution to the study
and methods 2.1.2 for the study design. Methods for study years 1 to 7 (winter
2006/07 to winter 2012/13) have been previously published (Tocheva et al.,
2011a, Gladstone et al., 2015, Devine et al., 2017).

Serotyping for years 8 to 10 has been carried out using four methods: three in
silico methods, SRST2 and iPCRess (study years 8 and 9) and PneumoCaT (year
10) and one phenotypic method, latex agglutination. All isolates in years 8 and 9
underwent latex agglutination and in year 10 this method was employed only for

ambiguous results. See methods 2.5 for description.

Age of participants was calculated for the first four years of the study using dates
of birth given on the consent forms. For years five to ten participant ages were
recorded from questionnaire data and relied on approximations from participant

guardians.
3.3 Results: Carriage

3.3.1 Carriage study participants

For the ten years from winter 2006/07 to winter 2015/16 a total of 3446 children
aged four years and under participated in the carriage study. The age was
recorded for 3412 of the children. The age of 34 participants was unknown and
therefore excluded from analyses requiring age stratification. Figure 3 shows the

age distribution of all study participants (blue bars).
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The lowest number of study participants was in year 7 (winter 2012/13) when
218 children were recruited. The highest number of participants was recorded in
year 10 (2015/16) where 521 children were recruited. An average number of 341

participants were recruited for each study year.

Microbiological testing of all isolates was conducted and the age distribution of

participants from which pneumococci were isolated is given in Figure 3 (red bars).

The average age of study participants (from all 10 years) was 20.1 months
(median= 17 months) and the average age of pneumococcal carriers was 21.5
months (median= 18 months).
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Figure 3 Age distribution of study participants and pneumococcal carriers
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Age of every study participant from winter 2006/07 to winter 2015/16 is represented by the blue bars. Age of every participant from which

pneumococci were isolated is represented by the red bars.
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3.3.2 Pneumococcal carriage

Pneumococcal carriage was calculated for each year of study and is represented

in Figure 4.

In the first study year (winter 2006/07) 32% (26.9% to 37.1%) of participants were
found to be carrying pneumococci and in year 10 pneumococci were isolated
from 36.5% (32.4% to 40.6%) of participants. Chi square test for trend showed

that carriage increased significantly over the ten years of the study (p= 0.001).

The lowest carriage rate was seen in study year 4 (winter 2009/10) when 27.8%
(23.4% to 32.2%) of participants were found to be carrying pneumococci. The
highest carriage rate was seen in year 9 (winter 2014/15) when 38.5% (33.4% to

43.6%) of participants carried pneumococci.

Figure 4 Pneumococcal carriage rate per study year
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Figure 4 shows the carriage rate for each year of study. Pneumococcal carriage
increased over the period of the study (X? test for trend p = 0.001).
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Age stratification.
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Study participants were separated into strata according to ages 0 to 11 months;

12 to 23 months; 24 to 35 months and 36 to 59 months. Those aged more than

36 months were merged into one stratum to compensate for the lower number of

older participants and add power to statistical analyses. The numbers for each

age strata are shown in Table 10.

Table 10 Number of participants in each age strata

Total participants (n)

Study year 0 to 11 mths 12 to 23 mths |24 to 35 mths [36 to 59 mths
2006/07 118 77 70 57
2007/08 89 112 66 105
2008/09 79 87 63 90
2009/10 194 114 57 30
2010/11 107 72 43 60
2011/12 119 87 48 73
2012/13 87 73 42 16
2013/14 103 81 62 59
2014/15 138 83 61 69
2015/16 210 131 82 98
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3.34 Carriage rate by age

The pneumococcal carriage rate for each age strata was calculated and shown in
Figure 5 (a-d).

Pneumococcal carriage in participants aged 0 to 11 months remained statistically
stable over the 10 year study period (p = 0.9). As PCV13 was introduced in April
2010, participants aged 0 to 11 months would have received PCV7 in the first
four years of the study (winter 2006/07 to 2009/10). The winter of 2010/11 is
considered a transition year as some participants will have received PCV7 while
others will have received PCV13 depending on month of birth. For study year 6
(winter 2011/12) onwards, all participants aged 0 to 11 months would’ve
received PCV13 if they were up to date with their vaccination schedule. Table 11

details the study years that constitute pre and post PCV13 for this age group.

Pneumococcal carriage in participants aged 12 to 23 months increased
significantly (p= 0.02) over the 10 year study period. The lowest carriage rate was
in study year 6 (winter 2011/12) where 26.4% (17.1% - 35.7%) of participants
were found to be carrying pneumococci and the highest carriage rate was in year
9 (winter 2014/15) where 47% (36.3% - 57.7%) of participants carried
pneumococci. Participants of this age group would’ve been recipients of PCV7 if
they received their vaccinations at the age recommended by the National
Immunisation Programme (NIP) which in the UK is 8 weeks, 16 weeks and a
booster at one year. Therefore post-PCV13 analysis of this age group would not
be possible until after study year 7 (winter 2012/13). Study year 6 was considered
a transition year where participants may have received either PCV7 or PCV13
depending on when they were born. Table 11 details the pre and post PCV13
study years for this age group.

For participants aged 24 to 35 months pneumococcal carriage increased
significantly over the 10 study years (p= 0.0005). Carriage was lowest in study
year 2 (winter 2007/08) with 16.7% (7.7% - 25.7%) of participants found to be
carrying pneumococci. Carriage was highest in study year 9 (winter 2014/15) with
45.9% (33.4% - 58.4%) of participants carrying pneumococci. Pre PCV13 study
years for this age group is defined as study years 1 to 6 (winter 2006/07 to
2011/12) as all participants of this age group would’ve been recipients of PCV7 if
their vaccinations were given at the recommended time-points. Study year 7 was

considered a transition year as participants may have received either PCV7 or
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PCV13 depending on their month of birth. Post PCV13 analysis could be

calculated from year 8 (winter 2013/14) onwards.

Participants of the age group 35 to 59 months were found to have a statistically
stable rate of pneumococcal carriage over the study period (p= 0.5). The pre-
PCV13 period could be defined as study years 1 to 7 (winters 2006/07 to winter
2012/13) as participants of this age group would’ve received PCV7 if vaccination
was given at the recommended time-points. Due to the merging of older
participants into one age strata, the transition period between pre and post
PCV13 eras encompassed two study years, 8 and 9. Only study year 10 (winter
2015/16) could be used to analyse post PCV13 in this age group. Table 11 details
the pre and post PCV13 study periods.
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Figure 5 (a-d) Pneumococcal carriage per age strata
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Figure 5 a-d show the pneumococcal carriage rate per age group. PCV7 or PCV13 administration is dependent on participant age and

indicated by coloured arrows.
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Table 11 pre and post PCV13 study years by age group
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Age Group

Pre PCV13

Post PCV13

0 to 11 months

Years 1 to 4
(2006/07 to 2009/10)

Years 6 to 10
(2011/12 to 2015/16)

12 to 23 months

Years 1 to 5
(2006/07 to 2010/11)

Years 7 to 10
(2012/13 to 2015/16)

24 to 35 months

Years 1 to 6
(2006/07 to 2011/12)

Years 8 to 10
2013/14 to 2015/16

36 to 59 months

Years 1 to 7
(2006/07 to 2012/13)

Year 10
2015/16

To investigate the impact of PCV13 in participants aged 0 to 59 months, different

study years would need to be investigated dependent on participant age. Study
years 1 to 4 (2006/07 to 2009/10) are the only years that capture the pre PCV13
pneumococcal population in all participants. Study year 10 (2015/16) is the only

year which can be used for post PCV13 analysis if all participants aged 0 to 59

months are used.
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3.3.5 PCV13 impact on pneumococcal carriage

In order to examine the impact of PCV13 on pneumococcal carriage the pre and

post PCV13 carriage rate was calculated for each age group.

A comparison of different methods for measurement is made in Figure 6 (a-c).
The first method uses pre and post PCV13 eras as defined by age group. For
participants aged 0 to 11 months, pre PCV13 is represented by study years 1 to
4, year 5 is excluded and post PCV13 uses years 6 to 10. For the 12 to 23 month
age group, study years 1 to 5 are included, year 6 is excluded and years 7 to 10
is considered post PCV13. For participants aged 24 to 35 months, years 1 to 6
represents the pre-PCV13 era, year 7 is excluded and years 8 tol0 represents
post PCV13. Finally for the 36 to 59 month age group, Years 1 to 7 can be
included as pre PCV13, years 8 and 9 are excluded and year 10 is used to

measure post PCV13 carriage.

Using this method, pneumococcal carriage increased in all age groups from pre
PCV13 to post PCV13. The largest change was seen in the 24 to 35 month age
group which increased from a pre PCV13 carriage rate of 30% to a post PCV13
carriage rate of 42.9% (p= 0.002). The 12 to 23 month age group also saw a
significant increase from 34.2% pre PCV13 to 41.8% post PCV13 (p= 0.03). Whilst
an increase in carriage was seen for both age groups, 0 to 11 months and 36 to
59 months, this was statistically non-significant with p-values of 0.4 and 0.3,

respectively.

The analysis was repeated however the same study years were used for each of
the age groups. In study years 1 to 4 all of the participants, regardless of age
would have been recipients of PCV7 and therefore these years were used to
measure pre PCV13 pneumococcal carriage. For post PCV13, only year 10 could
be included in the analysis as this is the only year where all study participants

would have received PCV13.

Using the same study years to compare carriage in all age groups, only the 24 to
35 month group showed a significant increase in carriage from a pre PCV13 rate
of 26.6% and a post PCV13 rate of 41.5% (p= 0.01). An increase in carriage was
seen in all other age groups however they did not appear to be statistically
significant. For 0 to 11 months, p= 0.6, 12 to 23 months p= 0.07 and for 36 to
59 months p= 0.2).
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Finally, PCV13 impact was examined again using study years 1 to 4 for all age
groups and study years 7 to 10 for post PCV13 in all age groups. Whilst this
method captures recipients of PCV7 in the post PCV13 group it serves as a
comparison to other pneumococcal studies that use similar years to examine the
impact of PCV13.

This method revealed smaller increases in pneumococcal carriage from the pre
PCV13 era to the post PCV13 era. Only the 24 to 35 month group showed a
statistically significant increase from 26.6% to 41% (p= 0.0004). The 12 to 23
month group had a non-significant increase from 33.6% to 38.7% (p= 0.1) as did
the 0 to 11 month group (p= 0.4) and the 36 to 59 month group (p= 0.1).
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Figure 6 (a-c) pre and post PCV13 carriage by age group using three methods for measurement
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Figure 6 (a-c) shows the results of analyses using three different methods for measuring the impact of PCV13 on pneumococcal carriage. In

Figure 6a pre PCV13 is defined as the study years during which participants of each age group would have received PCV7 and post PCV13

uses only those study years where participants would have received PCV13. Figure 6b uses matched study years (pre PCV13 = study years 1

to 4 and post PCV13= study year 10) and Figure 6c¢ also uses matched study years however it does not take into account whether older

participants were recipients of PCV7 or PCV13. An increase in post PCV13 pneumococcal carriage was seen in all age groups however in

Figure 6a two age groups; 12 to 23 months and 24 to 35 months show a statistically significant increase following PCV13 introduction. Only

the 24 to 35 month age group showed a statistically significant increase in carriage in every analysis.
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3.3.6 Vaccine status

The vaccine status of study participants was elicited from age and questionnaire
data. From study year 5 (2010/11) questionnaires that were completed for every
participant provided information on vaccine status. For study years 1 to 4,

vaccine status was inferred from participant age.

Study participants aged less than 2 months were categorized as having no dose
of PCV. From study year 5 this status was confirmed using questionnaire data. To
analyse pneumococcal carriage after one dose PCV, participants aged 3 months
who were recorded as being up to date with their vaccinations were used and for
2 doses participants aged 5 months and up to date with routine vaccinations were
used. For the booster category participants aged 13 months and up to date with
their vaccinations were used in the analysis. Table 12 shows the number of

participants in each group category.

Table 12 Vaccine status of study participants

Vaccine status Total number (all years) Pneumococcal carriage (all
years)

No dose (<2 months) 143 16

1 dose (3 months) 99 18

2 doses (5 months) 120 27

Booster (13 months) 82 40
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Figure 7 Carriage rate by PCV vaccine status
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The lowest carriage rate was found in participants that hadn’t received any doses
of PCV (11.2% +5.2). Carriage increased to 18% + 7.6 (p= 0.1) in participants that
had received one dose of PCV and then increased to 22% = 7.6 (p= 0.5) in
participants that had received 2 doses. The carriage rate increased significantly
(p= 0.0001) to its highest rate of 48.8% = 10.8 in participants that had received
the PCV booster.

To assess the impact of PCV13 on groups of different vaccine status, the pre and
post PCV13 carriage rate was calculated for each category and is shown in Figure
8.

A post PCV13 increase in carriage was observed in all categories. In participants
that had never received a dose of PCV, carriage increased from 8.8% to 12.7%
(p= 0.6), for participants that had received 1 dose PCV there was a small increase
in carriage from 18.4% to 20.6% (p= 1). Participants who had received two doses
had a pre PCV13 carriage rate of 18.2% and a post PCV13 rate of 22.4% (p= 0.8)
and finally carriage in participants who had received the PCV booster had an

increase in carriage from 45% to 51.7% (p= 0.6).
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Figure 8 pre and post PCV13 carriage per vaccine status
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3.3.7 Live Attenuated Influenza Vaccine Status and Pneumococcal

Carriage

Questionnaire data allowed examination of the effects that other vaccines might
have on pneumococcal carriage. In 2013, the UK began a phased introduction of
a live, attenuated influenza vaccine (LAIV) called Fluenz Tetra® which is
administered to children aged between two and four years of age in an effort to
lessen the burden of seasonal flu. LAIV is a nasal spray containing live, weakened
forms of the influenza virus. Once administered, LAIV mimics a natural viral
infection by replicating within the nasopharynx promoting an immunological

response in the recipient (Hoft et al., 2017).

The study questionnaire was updated in 2014 to identify participants that had
received this vaccine. To reduce the confounding effect of differing carriage rates
by age, only participants aged between two and four years were used in the
analysis. Of the 872 study participants that provided questionnaires in the
winters of 2014/15 and 2015/16 (years 9 and 10 of study) 310 of them were
aged between 2 and 4 years. Of these 134 had received Fluenz Tetra®, 157 had
not and 19 were unsure of their status. Pneumococcal carriage was higher (47%)
in those that had received LAIV than those that had not (36.9%), (p= 0.09).

Figure 9 LAIV status and pneumococcal carriage
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Figure 9 shows that for each of the winters (2014/15 and 2015/16)

pneumococcal carriage was higher in LAIV recipients than in non-recipients.
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3.3.8

Serotype distribution

Chapter 3

For each year of the study approximately 100 pneumococcal isolates were

serotyped. Table 13 shows the exact number that were analysed each year.

Table 13 Pneumococcal isolates available for serotype analysis

Known serotype

Total S.pn ) Number .
Year . Exclusions and participant age
isolates serotyped
(n)
2006/07 (104 1 excluded by QC. 103 102
2007/08 |104 104 104
2008/09 |102 102 100
2009/10 |111 111 110
2010/11 |102 4 failed to re-grow 98 97
105 7 failed extraction/ 98 98
2011/12 )
sequencing
2012/13 |78 76 76
2013/14 |101 101 101
2014/15 |135 35 to be sequenced 100 100
2015/16 189 89 to be sequenced 100 100
136 (124/136 to be
Totals 1131 993 988

sequenced)
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3.3.9 Serotype distribution by study year

A total of forty-five different serotypes were identified from 993 pneumococcal
isolates. Eight of these serotypes constituted >50% of the pneumococcal
population: 15B/C (n= 99), 11A (n= 89), 23B (n= 66), 6C (n= 61), 21 (n=55), 35F
(n= 49), 22F (n= 49) and 15A (nh= 47). Eight serotypes were observed in every
year of the study which included seven of the above; 15B/C, 11A, 23B, 35F, 21,
22F and 6C plus serotype 23A. Due to frequent phase variation between
serotypes 15B and 15C they are grouped together underneath the designation
15B/C, serotype 21A and 21B are grouped within serogroup 21 and genotype
23B1 is grouped within serotype 23B.

The impact of PCV13 on serotype distribution was examined by comparing the
prevalence of individual serotypes in the study years before PCV13 introduction
with serotype prevalence post PCV13. As participants of all ages were included,
the pre PCV13 era was represented by study years 1 to 4 (winter 2006/07 to
winter 2009/10) and study year 10 (winter 2015/16) was used to capture post
PCV13 serotype distribution. Study years 5 to 9 (winter 2010/11 to winter
2014/15) were excluded to ensure all participants had received the same valency

vaccine.

Examination of individual serotype frequency over time revealed that ten
serotypes had a statistically significant change in prevalence. Five serotypes: 6B,
23F (included in PCV7/13), 6A, 19A (included in PCV13) and 6C were observed to
decrease while five serotypes: 11A, 15B/C, 10A, 23B and 35B (all non-vaccine
serotypes), showed an increase and are presented in Table 14. All serotypes
found in study years 1 to 4 are compared to the serotypes observed in study year

10 and presented in Figure 10.
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Table 14 Serotypes with significant changes in prevalence

PCV7/PCV13 Pre PCV132 Post PCV133
Serotype Change 95% ClI 95% CI p-value4
NVT (%) (%)
6B PCV7/13 ' 10.7 + 3 0 - <0.0001
23F PCV7/13 v 6 +2.3 0 - 0.007
6A PCV13 v 8.6 +2.7 0 - 0.0006
19A PCV13 4 6.2 +2.3 0 - 0.005
11A NVT ) 7.1 + 2.5 17 +7.4 0.006
15B/C NVT 1 6.7 + 2.4 13 + 6.6 0.04
10A NVT 0 1 + 0.9 9 +5.6 <0.0001
23B NVT 1 3.3 +1.7 9 +5.6 0.03
35B NVT 0 3.3 +1.7 5 +4.3 <0.0001
6C NVT N\ 8.3 + 2.6 2 + 2.7 0.03

> Pre PCV13 data derived from study years 1 to 4 (2006/07 to 2009/10)
> Post PCV13 derived from study year 10 (2015/16) to ensure capture of PCV13 recipients only (not PCV7)

* P-values calculated using Fisher’s exact test
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Figure 10 Serotype prevalence pre PCV13° and post PCV13°
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3.3.10 Serotype diversity

In order to assess the degree of serotype diversity within the pneumococcal
population, the Simpson diversity index (1-D) was used to quantify diversity
according to the number of serotypes present and their relative abundance. The
Simpson Index gives a value (D) between 0 and 1, which in this case represents
the probability that two randomly selected isolates will belong to the same
serotype. A D value of 0.95 was determined for the ten year study period
indicating that this population has a high degree of diversity. D value calculations
for each study year showed the least amount of diversity in study year 1 (0.91)
and the most amount of diversity in study year 3 (0.95). The D values for each

study year is shown in Figure 11.

Figure 11 Serotype diversity per study year
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3.3.11 PCV7 serotypes in carriage

Carriage of PCV7 vaccine-type (VT) serotypes (4, 6B, 9V, 14, 18C, 19F and 23F) in
study year 1 were: 4 (1%), 6B (23%), 9V (2.9%), 14 (4.9%), 18C (0%), 19F (11.8%),
and 23F (8.8%). In total this constituted 52% (95% Cl 42.3% - 61.7%) of all

pneumococcal carriage.

By study year 10, carriage of PCV7 serotypes had significantly decreased
(p=<0.0001) to 1% (0.97% - 2.97%) of the pneumococcal population with one
isolate of 19F being recorded at this time-point. Error! Reference source not

ound. shows the carriage of PCV7 VT serotypes over the ten year study period.

Serotype 19F was the only PCV7 VT observed in carriage after 2010/11. It was
isolated in 2012/13 (n= 1), 2013/14 (n= 2), 2014/15 (h= 1) and 2015/16 (n=1).

Figure 12 Carriage of PCV7 serotypes in children aged four years and under:
2006/07 to 2015/16
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3.3.12 PCV13 serotypes in carriage

In 2010, the PCV7 vaccine was updated to include an additional six serotypes: 1,
3, 5, 6A, 7F, and 19A. The combined carriage rate of these six serotypes was
16.5% (9.3% - 23.7%) in the winter of 2006/07 and rose to 21.4% (13.5% - 29.3%)
in the fourth year of the study (p= 0.5) which was the winter that preceded the
introduction of PCV13.

Following the implementation of PCV13, a decrease in carriage rate was observed
for the six additional serotypes. By year 10 (2015/16), none of the additional six
serotypes in PCV13 were observed in pneumococcal carriage. The carriage of

PCV13 serotypes over 10 years is shown in Figure 13.

The decrease in carriage was measured from both the first study year (p= 0.002)
and from study year 4 (p= <0.0001) which was the winter prior to PCV13
introduction. The decrease in PCV13 serotypes was accompanied by a

concomitant increase in non-PCV13 serotypes which is shown in Figure 14.

Three PCV13 VTs were observed in years eight and nine of the study: serotype 3
(n=1), 19A (n=3) and 7F (n=1). An increase in 19A carriage was observed
(p=0.07) before the introduction of PCV13 which then decreased to a lower rate
of carriage in subsequent years. In the ninth year of study, 19A represented 2%
(95% ClI -0.8% - 4.8%) of the pneumococcal population which was a statistically
significant decrease (p=0.01) from its peak in 2009/10.
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Figure 13 Carriage of PCV13 serotypes in children aged four years and under:

2006/07 to 2015/16
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Figure 14 Carriage of vaccine type (VT) and non-vaccine type (NVT) serotypes in children aged four years and under: 2006/07 to 2015/16
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Figure 14 shows the decrease of PCV7 and PCV137 VT serotypes over the study period. A concomitant increase in NVT serotypes was
observed over the same time period. PCV7 NVTs constitute all serotypes not included in PCV7. PCV13 NVTs constitute all serotypes not
included in PCV13.

7 PCV13 VT serotypes are the additional six serotypes included in PCV13 but not in PCV7 (1, 3, 5, 6A, 7F and 19A).
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3.3.1 Non-vaccine serotypes in carriage

The decrease in VT serotypes was accompanied by a concomitant increase in
non-PCV7 serotypes which is shown in Figure 14. The carriage rate for non-PCV7
serotypes in year 1 was calculated at 48% (38.3% - 57.5%) and this increased to
99% (93% - 100%) in year 10 (p=<0.0001).

The largest increase in carriage was seen in NVT serotypes 11A, 15B/C, 10A, 23B
and 35B. Carriage of these serotypes equated to 9.7% (4% - 15.6%) in year 1 and
rose to 56% (46.3% - 65.7%) of carriage in year 10 (p=<0.0001). Figure 15 shows

the carriage of these serotypes over 10 years.

Temporal fluctuations of individual serotypes were observed over the study
period. An increase in serotype 6C was previously reported (Tocheva et al., 2010,
Loman et al., 2013) however 6C decreased from 13.7% of carriage in year 3 to
3.6% of carriage in year 4 (p= 0.01) before increasing again in study year 4
(9.2%). 6C then decreased and was observed in 2% of the carriage isolates in

study year 10 (Figure 16)

An increase in serotype 15A was also previously reported (Devine et al., 2017)
after it was observed to significantly increase from 1% of pneumococcal carriage
in study year 1 to 12.8% of carriage in year 6. Since then, carriage of 15A has
decreased and was observed to make up 3% of pneumococcal carriage in study

year 10 (Figure 16).

Carriage of other individual serotypes was observed to fluctuate over the study
period. Serotypes 21, 22F and 33F have had periods of increase and decrease

over the 10 year study period and this observation is shown in Figure 17.
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Figure 15 NVT serotypes that have increased significantly in carriage
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Figure 15 shows the serotypes that have increased significantly in carriage over
the study period. They include 11A (p= 0.006), 15B/C (p= 0.04), 10A (p=

<0.0001), 23B (p= 0.03) and 35B (p= <0.0001).

Figure 16 Temporal fluctuations of previously reported serotypes 6C and 15A
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Increases in carriage of 6C and 15A have previously been reported however

further observations over time show that the increase was not maintained.
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Figure 17 Temporal fluctuations of NVT serotypes 21, 22F and 33F
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Whilst small fluctuations were observed for many NVT serotypes, 21, 22F and 33F
showed a number of significant increases and decreases over the 10 year study

period.
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3.3.2 Age and serotype prevalence

Prevalence of individual serotypes was analysed for each age group, O to 11
months, 12 to 23 months, 24 to 35 months and 36 to 59 months.

In participants aged 0 to 11 months, a significant decrease was seen in VT
serotypes: 6B (p= <0.0001), 19F (p= 0.0001), 23F (p= 0.003), and 6A (p=
0.003). Whilst 6B was the VT serotype observed most overall (n= 18), serotype
19A was the VT serotype observed in the most study years (7/10 years).

Two NVT serotypes were observed to increase significantly, 35B (p= 0.003) and
33F (p= 0.003). Prevalence of non-typeable (NT) pneumococci was also observed
to increase (p= 0.04) in this age group. Serotypes 35B and 33F were the most
frequently isolated serotypes in the 0 to 11 month olds in study year 10
(2015/16). Serotype distribution in participants aged 0 to 11 months is shown in
Figure 18.

Observations of serotype prevalence in participants aged 12 to 23 months
showed that six VT serotypes decreased significantly over the ten years: 14 (p=
0.03), 23F (p= 0.0007), 19A (p= 0.005), 6B (p= 0.0002), 19F (p= 0.008) and 6A
(p= 0.002). A decrease was also observed in NVT 6C (p= 0.01) and 17F (p=
0.002). Five NVT serotypes were seen to increase significantly over ten years: 10A
(p= 0.004), 23B (0.0007), 35B (p= 0.02), 16F (0.02) and 24F (p= 0.02) (Figure
19).

Over ten years, participants aged 24 to 35 months displayed a significant
decrease in VT serotypes 6B (p= 0.0002), 14 (p= 0.002), 23F (p= 0.002) and 6A
(p= 0.002) and NVT 6C also decreased (p= 0.007). Increases were observed in
NVT serotypes 23B (p= 0.04) and 15A (p= 0.05) (Figure 20).

In participants aged 36 to 59 months, a significant decrease was seen in VT
serotypes 6B (p= <0.0001), 14 (p= 0.04), 23F (p= 0.002) and 6A (p= 0.001).
Significant increases were observed in NVT serotypes 10A (p= 0.04), 24F (p=
0.006) and 15A (p= 0.004) (Figure 21).
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Figure 18 Serotype prevalence over ten years in participants aged 0 to 11 months
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In participants aged 0 to 11 months, carriage was dominated by VT serotypes in study year 1 (78%). Serotype 19A was the VT that persisted
the longest and was last isolated in study year 8 (2013/14). The most frequently isolated serotypes in year 10 were 35B and 33F, both of

which have shown a significant increase in carriage by 0 to 11 month olds over the 10 year study period. Overall, serotypes 11A and 15B/C

have been observed most frequently and they have been isolated in every year of the study.
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Figure 19 Serotype prevalence over ten years in participants aged 12 to 23 months
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In participants aged 12 to 23 months carriage was dominated by VT serotypes in study year 1 (72%). Serotype 19F was the most recent VT
serotype found in carriage amongst this age group (isolated in 2015/16). The most frequently isolated serotypes in year 10 were 11A, 15B/C
and 10A. Overall, serotypes 11A and 15B/C have been observed most frequently and 15B/C has been isolated in every year of the study.
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Figure 20 Serotype prevalence over ten years in participants aged 24 to 35 months

160 - . .
Participants aged 24 to 35 months
140 -
120 1 m 2015/16
 2014/15
100 -
m2013/14
80 - 2012/13
m2011/12
60 -
m2010/11
40 - I 2009/10
m 2008/09
20 1 N I I 2007/08
. = . B u N 2006/07
- T T T T T T = s = = = =~ g U & M Mo L 00 L o L = g b O w uw
55505553333 THEgER/R/ITIIYIRN=AITSIY
=% o =% o o a o (@] (@) (@] O (@) O —
- — = —- = —- — a4 4o 4a 4o a o
S8 3 38 & 8 o m o o< o<
— — © N~ o
—

In participants aged 24 to 35 months carriage was dominated by VT serotypes in study year 1 (69.6%). Serotype 19A was the most recent VT
serotype found in carriage amongst this age group (isolated in 2014/15). The most frequently isolated serotypes in year 10 were 11A, 15B/C
and 23B. Serotypes 11A and 15B/C have been observed most frequently overall although they were not observed in this age group until year

3 (2008/09).
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Figure 21 Serotype prevalence over ten years in participants aged 36 to 59 months
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In participants aged 36 to 59 months carriage of VT serotypes in study year 1 was observed in just over half of isolates (54%). Serotypes 19F
and 7F were the most recent VT serotypes found in carriage amongst this age group (isolated in 2014/15). The most frequently isolated

serotypes in year 10 were 11A, 15B/C and 10A and these made up over 50% of all isolates.
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3.4 Discussion

It was widely believed that the introduction of the pneumococcal conjugate
vaccination into the national immunisation programme would lower the overall
carriage rate via the removal of prevalent serotypes. Surveillance studies,
published over the last decade have reported no such decrease in the carriage
rate and have attributed serotype replacement as the reason for continued

pneumococcal pervasiveness (Miller et al., 2011, Hanage et al., 2010).

The carriage study reported here shows that not only did the pneumococcal
carriage rate not decrease following the routine use of PCVs but increased

significantly (p= 0.001) over the 10 year study period.

There are a number of factors that need to be considered in order to understand
this result. The introduction of PCVs led to a decrease in VT serotypes which were
replaced by NVT serotypes. Eight NVT serotypes were found in every year of the
carriage study: 11A, 15B/C, 23B, 35F, 21, 22F, 6C and 23A. Overall these
serotypes constituted 50% of all pneumococcal carriage. These serotypes were
already circulating in the population when PCV13 was introduced and were
therefore already established as successful colonisers. Their presence in the pre
PCV13 population ensured they were in a good position to fill the niche following
the removal of VT serotypes. However, if these serotypes were only replacements
for VT serotypes then the overall carriage rate would be expected to remain

stable, not increase as we have observed.

Other studies have shown that the pneumococcal capsular type is a major
determinant for colonisation duration (Sleeman et al., 2006) and colonisation
density (Rodrigues et al., 2016). Examination of serotype-specific colonisation
density has shown that serotype 35B, which increased significantly over the 10
year study period, has a greater carriage density relative to other serotypes.
However these studies give no indication that serotypes such as 11A and 15B/C
have increased colonisation periods or are carried at greater density relative to
other serotypes. Further studies, focussed on serotype-specific carriage duration
and density, are necessary to fully understand whether the significant increase of
serotypes 11A, 15B/C, 10A, 23B and 35B are due to colonisation characteristics
or because of increased acquisition. It is also important to continue surveillance
on these serotypes to examine if this trend continues and to assess the impact of

this on disease.
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An update to the study questionnaire in 2014 provided an opportunity to
examine how vaccines other than PCV may impact pneumococcal carriage. The
introduction of the live attenuated influenza vaccine (LAIV) during the course of
the study prompted an analysis of its impact on pneumococcal carriage. The LAIV
is administered pernasally and induces an immune response stimulated by the
live virus replicating within the nasopharynx. Preliminary findings have found an
increase in pneumococcal carriage amongst recipients of the LAIV. Data collected
in 2016/17 (not included in this thesis) has shown that pneumococcal carriage in
LAIV recipients has continued to be higher than in non-recipients. Overall the
three years for which data are available, pneumococcal carriage is significantly
higher (p= 0.03) than in non-recipients. Other studies have shown an increase in
pneumococcal density as well as prolonged pneumococcal carriage following
administration of LAIV (Mina et al., 2014, Mina et al., 2015, Thors et al., 2016b).
As the swabbing period of the carriage study coincides with the time-point at
which LAIV is administered, it is possible that this is contributing to the increased
carriage rate although it is undetermined whether this is due to changes in

acquisition rates or prolonged carriage.

Age stratification of study participants has shown that the increase in
pneumococcal carriage was not statistically significant in all age groups. Whilst
carriage remained at a stable rate in the 0 to 11 month and 36 to 59 month age
groups, carriage in the 12 to 23 month and the 24 to 35 month groups was
observed to increase. Serotypes 11A, 15B/C, 10A and 23B which were observed
to significantly increase in carriage overall were the most prevalent serotypes in
these age groups. However this leaves us with a ‘chicken and egg’ scenario,
where it is difficult to understand if the increase in carriage amongst these two
age groups led to the increase in these serotypes or whether these serotypes

caused an increase in specific age groups.

Understanding the differences in carriage rates between individual age groups is
important to assess vaccine impact. Studies that use pre and post PCV13 time-
points that do not take into consideration the true vaccine status of individual
participants risk capturing mixed populations of vaccine recipients. Comparison
of pre and post PCV13 carriage found that a significant increase in carriage was
seen in two age groups (12 to 23 months and 24 to 35 months) when the pre and
post PCV13 periods were defined by the participants’ age. Repeated analysis
using the PCV13 introduction date to divide the pre and post PCV13 periods
altered the outcome and a significant increase was seen in only one age category
(24 to 35 months).
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Age of participant is also important to record when evaluating vaccine escape
serotypes. In many studies, post PCV13 analyses are dated from the year
following PCV13 introduction. If the analyses include participants aged O to 4
years then there is a risk of recording PCV13 vaccine escape from non-PCV13
recipients. In this study 21 VT serotypes were observed in all participants
between study year 6 (one year after PCV13 introduction) and year 10. Of these,
16/21 represented serotypes covered by PCV13. Analysis of participant age
showed that 9/16 participants were from older age categories and therefore

unlikely to have received PCV13.

The extent to which study design and choice of analytical methods has affected
findings is unknown. Changes that have been implemented over the 10 study
years have the possibility of affecting the carriage rate. For the first six years of
the study, participant swabs were processed in a diagnostic laboratory by
technicians outside of the research group. From the seventh year, swabs were
processed within the laboratory of the research group and while both diagnostic
and research technicians followed the same procedure, it must be acknowledged
that this change could have affected observations. Discussions surrounding
future vaccine development and/or changes to the vaccination schedule are
reliant on accurate data derived from carriage studies. In order to provide this,
age and vaccine status of participants must be scrutinised in order to capture as

true a representation of pneumococcal carriage as possible.
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Chapter 4 Streptococcus pneumoniae isolated
from cases of Invasive pneumococcal
disease: 2006 - 2016

4.1 Introduction

The extent to which pneumococcal carriage in young children influences disease
in the wider population is the focus for a number of epidemiology studies.
Studies have shown a decrease in invasive pneumococcal disease (IPD) incidence
rates following PCV7 introduction (Miller et al., 2011) however the degree to

which PCV13 has affected IPD remains a subject of interest.

Whilst national surveillance data relating to IPD is available, examination of IPD
from a smaller area in which carriage data are also available can provide valuable

insights into the pneumococcal transmission.

Understanding pneumococcal epidemiology relies on identifying where
pneumococcal carriage is most prevalent, where the burden of disease lies and
how these two populations relate to one another. To continue this process the
IPD incidence rate will be examined and the serotype distribution of both carriage

and IPD populations will be compared.

4.1.1 Main aims

In order to investigate the influence of pneumococcal carriage on IPD, the
incidence of IPD over the same 10 years for which the carriage isolates were
collected must be examined. As IPD data are not limited to one age group, it will
also be useful to compare disease in younger age groups who are likely to be PCV

recipients with older age groups.

This chapter seeks to examine IPD incidence in Southampton from 2006 to 2016
and characterise the pneumococcal isolates responsible for cases of IPD. Findings
may then be compared to the pneumococcal carriage population that was
characterised in the previous chapter. To this end, the following points will be

investigated:
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e |IPD incidence rate over 10 years (2006 to 2016)
e the burden of disease in different age groups

e serotype-specific IPD cases over 10 years

e a comparison of carriage and IPD

e serotype-specific disease potential

4.2 Methods

IPD isolates were collected from the Public Health England (PHE) laboratory at
Southampton General Hospital. The laboratory runs a diagnostic service for
patients of the hospital and therefore identification and storage of the isolates
was carried out by PHE staff. Stored isolates and patient metadata relating to the

isolates have been made available to our research group from 2006 to present.

Stored IPD isolates that were originally isolated between July 2006 and June 2016
were included in this analysis. The stored isolates were re-grown for DNA
extraction and sent to the Wellcome Trust Sanger Institute (WTSI) for sequencing.
For serotyping, PneumoCaT was used in the first instance and latex agglutination
employed for ambiguous results (see methods 2.5). Not all IPD isolates were
saved or were able to be regrown. Table 15 outlines the number collected by PHE
and the number that have been successfully sequenced. Duplicate isolates were
defined as belonging to the same patient within 30 days. In total 33 isolates were

identified as duplicates and removed from the analysis.

IPD isolates with missing serotype results were corrected using the methods
employed by PHE in their national surveillance publications (Waight et al., 2015,
Ladhani et al., 2018) whereby serotype distribution is assumed to be the same as
those with complete data.. Each epidemiological year was analysed separately and
patient data was used to ascertain age of host. Known serotypes for the same age
groups were matched to cases with unknown serotypes, for example, if eight
patients aged over 65 years were found to have serotypes 10A (n = 6) and 22F
(n= 2), and one patient had an unknown serotype, the number for that year
would be serotype 10A (n= 6.75) and 22F (n= 2.25).

IPD incidence rates were estimated using Office of National Statistics 2011 census
data using population data for the Southampton and South Hampshire (New
Forest) that covers the area served by University Hospital Southampton NHS
Foundation trust (methods 2.7).
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Table 15 IPD isolates collected 2006 - 2016

o Isolates collected by PHE | Isolates with WGS data
(n) available (n)

2006/07 56 34
2007/08 43 37
2008/09 51 45
2009/10 44 38
2010/11 35 31
2011/12 32 7

2012/13 40 30
2013/14 24 6

2014/15 29 24
2015/16 50 34
Total 404 286

The total isolates collected by PHE in 10 years does not include the 33 isolates
identified as being duplicates. Serotype data for 118 isolates was unavailable
either due to non-storage of original isolate, failure to re-grow or unsuccessful
QC checks.
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4.3 Results: IPD

4.3.1 IPD incidence rate

IPD isolates were separated into 10 epidemiological years each running from July
to June. The first year comprised of isolates collected between July 2006 and June
2007 and the last were collected between July 2015 and June 2016. A total of 404

isolates were collected by PHE during that time.

The incidence rate per year was calculated using population data from the Office
of National Statistics 2011 census. A total population of 413344 was used to
calculate IPD incidence rates. Figure 22 represents the IPD incidence rate for the
Southampton and South Hants area over 10 years. Incidence rates were calculated
per 100,000 to allow comparison with other studies and PHE data for England and
Wales.

Overall, incidence of IPD was observed to decrease over the study period (p=
0.008) however a year by year analysis shows that IPD began to increase from its
lowest incidence rate of 5.8 cases per 100,000 in the epidemiological year
2013/14 to 12.1 cases per 100,000 in 2015/16 (p= 0.003).

Figure 22 IPD incidence rates 2006 - 2016
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4.3.2 Age distribution of IPD patients

Age data were available in 401/404 (99%) of IPD cases that were recorded
between 2006 and 2016. The youngest patients had laboratory confirmed cases
of IPD within 1 day of birth and the oldest was aged 99 years. The age
distribution of all IPD patients is shown in Figure 23. A total of 286 IPD isolates
were available for whole genome sequencing. The age distribution of these

isolates is also included in Figure 23.

Patients were grouped into the age categories, 0 to 4 years, 5 to 14 years, 15 to
44 years, 45 to 64 years and 65+ years. Age groups were chosen to match the

constructs of the 2011 census data to allow more robust incidence estimates.

Over 10 years, IPD incidence was highest in the 65+ age category (21 cases per
100,000) and the O to 4 years category (18.5 cases per 100,000). IPD incidence
was lowest in the 5 to 14 and 15 to 44 years categories. For all ages IPD was
estimated to occur in 9.8 per 100,000 people. Table 16 shows these rates and

the population data used to calculate them.

Table 16 IPD incidence rate per age category

No. of (raw) IPD incidence rate
Person-years of
Age category corrected® IPD ) per 100,000
observations (10 years)
cases person-years
Oto 4 (44) 44.3 239990 18.5
5to 14 (17)17.1 415790 4.1
15 to 44 (77)77.6 1726000 4.5
45 to 64 (107) 107.8 1002480 10.8
65 + (156) 157.2 749180 21
All ages (401) 404 4133440 9.8

¢ Corrected for missing age data (n= 3).
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Figure 23 Age distribution of IPD patients
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4.3.3 IPD incidence per age category over time

The incidence rate was calculated for each age group for every epidemiological

year. The results are presented in Figure 24.

IPD incidence in patients aged O to 4 years significantly decreased over the 10
years (p= 0.0004). The highest incidence rate was observed in the first year
(2006/07) when 42.9 cases per 100,000, was recorded. The lowest incidence rate
was seen in 2010/11 when no case of IPD in this age group was recorded. An
increase in the IPD incidence rate has been observed in the years following
2012/13.1n 2015/16 the IPD incidence rate was 16.7 cases per 100,000.

For the age categories 5 to 14 years, 15 to 44 years and 45 to 64 years the IPD
incidence rate remained statistically stable over the 10 years. Of these three
categories, IPD incidence was highest in the 45 to 64 year olds. In the
epidemiological years 2010/11 and 2012/13, IPD incidence was higher in this
age group than in the 0 to 4 year category.

For patients aged 65+ years, IPD incidence remained statistically stable over the
10 years (p= 0.1). In the first three epidemiological years and in 2011/12, IPD
incidence was higher in the 0 to 4 year old than in patients aged 65+. The
highest incidence rate was observed in 2015/16 which was recorded to be 28
cases per 100,000.
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Figure 24 IPD incidence per age category over time
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4.3.4 IPD caused by VT serotypes

IPD caused by PCV7 VTs decreased over the 10 years (p= <0.0001). In 2006/07
the incidence rate was 4.4 cases per 100,000 and similar rates were seen in the
following two years. PCV7 VT incidence decreased and was not observed at all
between 2011/12 and 2014/15. In 2015/16, serotypes 4, 9V and 14 were
isolated from cases of IPD. The serotype 4 isolate came from the blood of a 43
year old male who presented in the emergency department of SGH, the 9V was
found in the blood of a 68 year old male cancer patient and the serotype 14 was

isolated from a 29 year old male emergency department patient.

IPD caused by PCV13 serotypes was also observed to decrease overall (p= 0.02).
The highest incidence rate was recorded in 2009/10 and the lowest in 2013/14.
Analysis of individual PCV13 serotypes revealed that only serotypes 1 and 7F had
a statistically significant incidence decrease over 10 years, p= 0.004 and p=

0.02, respectively. Serotype 7F was also found to have the highest rate of
incidence of all serotypes over 10 years (10.7 cases per 100,000). Serotypes 3, 6A
and 19A remained at a stable rate over the same time period. Serotype 5 was the
only VT serotype to not be isolated in the 10 years. Figure 25 shows the IPD
incidence caused by VT and NVT serotypes.
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Figure 25 Trends in IPD incidence caused by VT and NVT serotypes
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IPD caused by PCV7 VT decreased overall (p=<0.0001 ) as did IPD caused by PCV13 VTs (p= 0.02 ). IPD caused by NVT serotypes increased
over 10 years (p= 0.004).
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4.3.5 IPD caused by NVT serotypes

A total of 22 NVT serotypes were identified over the 10 years and overall IPD
caused by NVT serotypes increased during this time (p= 0.004). Serotypes 8, 22F
and 12F were the NVTs with the highest rate of IPD cases overall. The overall

incidence trend for IPD caused by NVT serotypes is shown in Figure 25.

The highest NVT incidence rate was observed in 2015/16 when they made up
68.7% of the IPD isolates. In the first study year (2006/07) NVT serotypes made
up 35.6% of all IPD isolates.

Of the 11 NVT serotypes isolated in 2015/16, four of them, serotypes 8, 22F,
11A and 38 were also observed in the first study year. Serotype 8 is the only
serotype that has featured in every year of the study. Four NVT serotypes
increased significantly over the 10 years, 23A (p= 0.05), 24F (p= 0.02), 16F (p=
0.04) and 12F (p= <0.0001). 23A was first observed in 2010/11, 24F in
2009/10, 16F in 2013/13 and 12F in 2007/08.

A comparison of the first study year (2006/07) and the last (2015/16) is shown in
Figure 26.

123



Chapter 4

Figure 26 Comparison of IPD in first and last study years
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Figure 26 shows the serotype distribution of IPD cases in 2006/07 and 2015/16. NVT serotypes 12F and 8 and PCV13 VT 19A were
responsible for the highest incidence rates in 2015/16. Serotypes 8 and 19A were present in the first study year (2006/07) and serotype 12F

was first observed in the epidemiological year 2007/08.
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4.3.6 Serotypes causing IPD in children O to 4 years old

A total of 44.3 (adjusted for missing age data; raw number = 44) children aged 0
to 4 years had confirmed cases of IPD between July 2006 and June 2016.

A total of 18 distinct serotypes were identified from this age group. Of the 13
serotypes covered by PCV13, 11 were found in IPD cases (6B and 5 were not
observed). A significant decrease in IPD caused by PCV7 and PCV13 VT serotypes
occurred over 10 years with chi squared test for trend results of p= 0.002 and p=
0.04, respectively. The most prevalent VT was serotype 3 which was identified in
three epidemiological years; 2006/07, 2007/08 and 2012/13. The latest VT
responsible for IPD was 19A which was isolated from a 6 week old male infant in
2014/15.

IPD caused by NVTs remained statistically stable (p= 0.5) over the 10 years. A
total of 7 NVT serotypes were observed: 15A, 22F, 15B/C, 23A, 10A, 12F and 8.
The most prevalent of these was serotype 22F (n = 7.1 adjusted for missing data,
raw number = 6). No NVT were observed to either increase or decrease over the
10 years. Two NVTs were responsible for IPD in 2015/16, 23A and 12F.

Figure 27 shows the distribution of VT and NVT serotypes in the 0 to 4 age group

over 10 years.

Figure 27 VT:NVT distribution in the O to 4 age group
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4.3.7 Serotypes causing IPD in older adult patients

From July 2006 to June 2016 a total of 157.2 (adjusted for missing age data; raw
number = 156) older adults aged 65 years and over had IPD.

Of the 13 serotypes in PCV13, 11 were identified from IPD cases with only VTs
18C and 5 unobserved during this time. IPD caused by PC7 VTs decreased
significantly (p= <0.0001) while IPD caused by PCV13 VTs remained stable (p=
0.3). The most prevalent PCV13 VT was 19A which was seen in 7 of the 10
epidemiological years. In 2015/16, four VTs were isolated from cases of IPD in
older adults; PCV7 VT 9V and PCV13 VTs 3, 6A and 19A.

IPD caused by NVTs increased significantly over 10 years (p= 0.004). A total of 18
serotypes were observed over time and the most prevalent were NVTs 8, 23A and
11A. A significant increase was seen in serotype 12F (p= 0.007) although this
was only observed in 2015/16 (n= 2.8 adjusted for missing data, raw number =
2). A significant decrease was seen for 6C (p= 0.02) which was not observed after

the epidemiological year 2008/09.

Figure 28 shows the distribution of VT and NVT serotypes in older adults aged 65

years and over.

Figure 28 VT:NVT distribution in the over 65 age group
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4.3.8 Invasive potential of individual serotypes

The size of the carriage and the IPD data sets have allowed a broad analysis into
the potential impact each serotype may have on disease. Carriage rates were
compared to incidence rates to gain an understanding of serotype-specific
prevalence and this is shown in Figure 29 and Figure 30. Both the carriage and
the IPD data cover the 10 years 2006 to 2016.

Of the VT serotypes, 7F had the highest incidence rate (10.7 cases per 100,000)
and a low carriage rate (0.7% over 10 years) relative to other serotypes. VTs 6A
and 6B were isolated more frequently from carriage isolates than from IPD cases

and serotype 19A was prevalent in both datasets.

Of the NVTs shown in Figure 30, serotype 8 is shown to have a high IPD incidence
rate relative to other NVTs and a low carriage rate. Serotypes 15B/C and 11A were

more prevalent in the carriage dataset and 22F featured in both IPD and carriage.

Additional to serotype-specific prevalence in carriage and disease, it is useful to
examine the potential that each serotype has for invasive disease. This may be
presented in the form of odds ratios (OR) which are calculated by comparing the
odds of a given serotype appearing in invasive disease to the odds of that
serotype being observed in carriage. An OR of >1 would indicate that there is an
increased potential of that serotype featuring in disease while an OR of <1

denotes decreased disease potential.

The ORs of each VT serotype were calculated and are shown in Table 17. Of the
VTs, serotype 4 had the highest OR (16.21) although other serotypes were more
prevalent in IPD. Serotype 7F had a high OR (15.95) and had a higher incidence
rate relative to other VTs. In total, 10 out of the 13 VTs had a statistically
significant OR. Eight of these had greater odds of featuring in IPD: 4, 14, 9V, 18C,
1, 3, 7F and 19A. Two had greater odds of appearing in carriage, 6B and 6A.

Of the NVTs, serotype 8 had the highest OR (36.43), followed by 12F (17.61).
Both serotypes also had high incidence rates relative to other serotypes. A total of
22 NVT serotypes plus non-typeable (NT) pneumococci were observed in both
carriage and disease. 11 serotypes were found to have statistically significant
ORs, eight of these had greater odds of featuring in carriage than disease; 11A,
6C, 23B, 15B/C, 21, 15A, 35B and 10A. Three serotypes had greater odds of
appearing in IPD than carriage; 9N, 12F and 8.
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Figure 29 Comparison of carriage rate and incidence rate of VT serotypes
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Figure 30 Comparison of carriage rate and incidence rate of NVT serotypes
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Table 17 Odds ratios to calculate IPD potential of VT serotypes

Chapter 4

Serotype IPD (n) Carriage (n) | Odds ratio 95% CI p-value
4 (PCV7) 7 1 16.21 2t0132.2 0.009
6B (PCV7) 6 46 0.29 0.1t00.7 0.004
9V (PCV7) 16 4 9.45 3.1t028.4 0.0001
14 (PCV7) 18 8 5.32 2.3to12.3 0.0001
18C (PCV7) 4 1 9.19 1t082.5 0.05
19F (PCV7) 15 25 1.38 0.7to 2.6 0.3
23F (PCV7) 8 25 0.72 0.3to 1.6 0.4
1 (PCV13) 20 3 15.93 4.7 to 53.9 <0.0001
3 (PCV13) 25 14 4.27 2.2t0 8.3 <0.0001
5 (PCV13) 0 2 0.45 0.02to0 9.5 0.6
6A (PCV13) 9 42 0.48 0.2to1 0.05
7F (PCV13) 44 7 15.95 7.1to 35.7 <0.0001
19A (PCV13) 34 35 2.32 1.4t03.8 0.0007
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Serotype IPD (n) Carriage (n) | Odds ratio 95% ClI p-value
11A 7 89 0.16 0.08 to 0.4 <0.0001
6C 4 61 0.14 0.05t0 0.4 0.0002
23B 8 66 0.26 0.1t0 0.5 0.0004
15B/C 5 99 0.10 0.04to0 0.3 <0.0001
21 1 55 0.04 0.005t0 0.3 0.001
15A 6 47 0.28 0.1t0 0.7 0.004
22F 25 49 1.17 0.7t0 1.9 0.5
23A 10 31 0.73 0.4t01.5 0.4
35B 3 35 0.19 0.06 to 0.6 0.006
33F 11 30 0.83 0.4t01.7 0.6
10A 3 32 0.21 0.06to0 0.7 0.01
24F 11 19 1.33 0.6t0 2.8 0.5
16F 5 20 0.56 0.2to 1.5 0.3
38 4 18 0.50 0.2to 1.5 0.2
31 6 13 1.05 0.4t02.8 0.9
NT 4 15 0.60 0.2t01.8 0.4
34 1 8 0.28 0.04to 2.3 0.2
9N 12 7 3.99 1.6 t0 10.2 0.004
20 3 4 1.71 0.4t07.7 0.5
12F 22 3 17.61 5.2t059.2 <0.0001
8 43 3 36.43 11.2t0118.2 <0.0001
7C 1 1 2.28 0.1to 36.6 0.6
6E 2 0 11.40 0.5to 238.8 0.1
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4.4 Discussion

Overall IPD has decreased in the 10 years between 2006 and 2016 although
examination of annual data has shown that this decrease is only true for the first
seven years. In 2013/14 the incidence rate was the lowest recorded for this study

period and incidence has risen in the years following.

IPD surveillance data for England and Wales collated by PHE has also reported an
overall decrease in IPD incidence. For 2008/10 the incidence rate for England and
Wales was recorded as 10.13 cases per 100,000 (Ladhani et al., 2018). In the
Southampton area for the same time period, incidence was recorded as 12.3
cases per 100,000 in 2008/09 and 10.6 cases per 100,000 in 2009/10.

For the epidemiological year 2013/14 PHE reported that IPD in England and Wales
had decreased to 6.85 cases per 100,000 (Waight et al., 2015) and a similar
decrease was observed in the Southampton data where IPD incidence had fallen
to 5.8 cases per 100,000.

A rise in IPD cases was observed both nationally and locally in the period
following 2013/14. The latest PHE data has reported an incidence rate of 9.87 for
England and Wales. A higher incidence rate was found for the Southampton area
with 12 cases per 100,000 observed in 2015/16. A follow-up analysis has shown
that this increase has continued and IPD incidence was 14 cases per 100,000 in
the Southampton area in 2016/17 (data for 2016/17 not shown in this thesis).
This is a higher incidence rate than the first study year of 2006/07.

Contrary to the PHE data which shows that IPD incidence has only increased in the
65 and over age category, the Southampton data shows that IPD has also
increased in children aged O to 4 years from 4.2 cases per 100,000 in 2013/14 to
16.7 cases per 100,000 in 2015/16.

The serotypes responsible for the overall increase since 2013/14 are primarily
NVTs which made up 69.8% of IPD isolates. PCV7 VTs made up 3.2% of IPD cases
in the same three years and the additional six VTs found in PCV13 were
responsible for 27% of IPD cases. In 2015/16 NVTs made up 69.2% of IPD cases,
PCV7 VTs made up 9.2% of IPD cases and the additional six VTs in PCV13
constituted 21.7% of IPD.

The reappearance of PCV7 VTs in 2015/16 is of concern. They were last seen in
2010/11 and went unobserved in IPD for four years. Three serotypes were
isolated in 2015/16, two of them, VTs 4 and 14, were found in patients of the 15
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to 44 age category and one, VT 9V was isolated from a patient aged over 65
years. PCV7 VTs have not appeared in IPD in the O to 4 age group since 2008/09.

PCV13 VTs decreased over the period of the study. The serotypes responsible for
this overall decrease were 1 and 7F, other serotypes, 3, 6A and 19A remained
statistically stable. A significant decrease in PCV13 VTs was only observed in one
age group, 0 to 4 years. In all other age groups IPD caused by the additional six
PCV13 VTs remained statistically stable.

The PHE IPD data has previously been used to examine the impact of PCV usage
in young children on IPD in non-PCV recipients (Miller et al., 2011, Waight et al.,
2015, Ladhani et al., 2018). The Southampton data supports the reduction in
PCV7 VTs in non-recipients however the effect of PCV13 on older adults has not
been seen to the same extent. Whilst the overall incidence rate was similar for the
65 years and over age group (28.9 per 100,000 from PHE’s 2016/17 data and 28
per 100,000 in the Southampton area 2015/16) the distribution of VTs and NVTs
were different. For England and Wales PCV13 VTs were responsible for 5.5 cases
per 100,000 in people age 65 years and over and in Southampton PCV13 VTs

were responsible for 7.5 cases per 100,000 in the same age group.

Three NVT serotypes were found to have significant odds of appearing in IPD, 8,
12F and 9N. Serotypes 8 and 9N have remained stable over the 10 years however
there has been a significant increase in serotype 12F. An increase in IPD caused
by 12F was seen in every age group except the 5 to 14 year olds. By 2015/16 it
was responsible for 20.1% of IPD cases in the Southampton area and had an
incidence rate of 2.5 cases per 100,000. It is rarely carried and has only been

isolated three times in the 10 years of the carriage study.

Examination of IPD data in a variety of regions is important for public health.
Regional trends caused by demographic differences may not appear in larger data

sets such as the one compiled by PHE.
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Chapter 5 Molecular epidemiology of
pneumococcal carriage and disease: 2006 -
2016

5.1 Introduction

The availability of both carriage and IPD data that is matched for location and
time provides a valuable opportunity to examine pneumococcal epidemiology.
Whilst examination of serotype distribution is useful for assessing disease
potential and vaccine impact it does not provide information pertaining to the
relatedness of carriage and disease or explain how the pneumococcus adapts to

the impact of clinical interventions such as vaccines.

A lack of community wide surveillance studies mean that little is known about
pneumococcal transmission. Evidence that pneumococcal carriage in children is
related to disease in older adults has been presented in studies within familial
settings (Dowling et al., 1971, Owen Hendley et al., 1975) and from seasonal
disease rates (Walter et al., 2009). However, other studies have been unable to
find evidence of transmission from children to older adults (Regev-Yochay et al.,
2004).

The availability of WGS data has provided an opportunity to characterise the
pneumococcal isolates at a molecular level. Targeted identification of specific
genomic regions allows examination of pneumococcal clonality through the
application MLST. Whilst the capsule remains the key determinant in disease
potential, much remains unknown regarding the influence that clonal types have
on disease. An understanding of clonal distribution and how selective pressure
from vaccines has affected this may provide an insight into the impact that

pneumococcal clones have on disease.

Genomic data also allows the evolutionary relationships between isolates to be
examined. By identifying single nucleotide polymorphisms (SNPs) in genomic
sequences the phylogeny of pneumococcal isolates in carriage and disease may
be compiled and investigated for genetic relatedness.
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5.1.1 Main aims

e To characterise both the carriage and the IPD pneumococcal populations in
terms of clonal type.

e To identify any changes to ST associations with serotype.

e To examine molecular relatedness of pneumococcal carriage and disease
isolates

e To explore the impact that PCV13 has had on pneumococcal clones.

e To study the phylogeny of carriage and disease isolates

5.2 Methods

Multi locus sequence type (MLST) work was carried out with SRST2 to map FASTQ
files against an MLST database which held sequences of seven pneumococcal
‘housekeeping’ genes: aroE; gdh; gki; recP; spi; xpt and ddl (see methods 2.5.2).
Clonal complexes were defined as sharing six out of the seven allelic sequences

and were calculated and visualised using eBURST and Phylovz (methods 2.5.3).

Identification of SNPs was performed using parSNP which is part of the Harvest

suite. Resultant trees were then visualised using Microreact (methods 2.5.4).

Statistical analyses were conducted using Graphpad Prism v7.03 (GraphPad

Software, La Jolla California USA, www.graphpad.com).

5.3 Results

5.3.1 Pneumococcal sequence types

A total of 978 carriage isolates were successfully sequence typed over 10 years.
177 distinct sequence types (STs) were identified and 97 of these appeared only
once. 14 STs constituted 50% of all carriage isolates, the most prevalent being
ST62 (n= 79) which is associated with serotype 11A and ST199 (n= 70) which was
associated with three serotypes, 19A (n= 26), 15B/C (n= 43) and 22F (n= 1).
Three STs were observed in every year of the study: ST199, ST62 and ST439.

A total of 286 IPD isolates were successfully sequence typed and 82 distinct STs
were identified. Of these 39 STs appeared only once in 10 years. 11 STs
constituted 53.5% of all IPD isolates and the most prevalent of these were ST53
(n= 26) which was associated with serotype 8, ST191 (n= 26) associated with 7F
and ST162 (n= 19) which was associated with three serotypes, 9V (n=9), 19F (n=
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5) and 24F (n= 5). ST191 had a higher overall incidence rate when the dataset

was adjusted for missing data per age and year.

A comparison of carriage and IPD isolates found that 51 STs appeared in both
datasets. The majority of IPD isolates (83.3%) had a ST that was also found in
carriage. The most prevalent STs in carriage and IPD are displayed on Figure 31.
Five STs were observed to feature more than eight times in both carriage and IPD;
199, 162, 433, 180 and 191. Of the 31 STs that featured in IPD but not carriage,
ST218 was the most prevalent and was observed in 4 isolates over 10 years.

ST218 was associated with serotype 12F.

Figure 31 Prevalent STs in carriage and IPD
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5.3.2 ST prevalence in carriage and IPD

The 51 STs that appeared in carriage and IPD were examined. Figure 32 compares
the carriage rate of the most prevalent STs in carriage with the incidence rate of
the most prevalent STs in IPD. ST62 was observed to have a high carriage rate
relative to other STs and a lower IPD incidence rate. In both carriage and IPD ST62
has been associated only with serotype 11A which was found to have an OR of
0.16.

ST191 which had a relatively higher incidence rate than carriage rate has been
primarily associated with serotype 7F although a single carriage isolate was typed
as serotype 15A ST191 in 2011/12.

STs 199 and 162 were prevalent in both carriage and IPD and found to be
associated with multiple serotypes. ST199 was isolated 70 times in carriage and
associated with serotypes 19A (n= 26), 15B/C (n= 43) and 22F (n= 1). In IPD
ST199 was only associated with serotype 19A. ST162 was isolated 30 times in
carriage and associated with serotypes 9V (n= 3), 19A (n= 1), 19F (n=9), 15B/C
(n=5), 24F (n= 10), 24B (n= 1) and a non-typeable pneumococci (h= 1). In IPD it
was associated with serotypes 9V (n= 3) and 19F (n= 4) and 24F (n= 2).

Figure 32 Comparison of IPD and Carriage STs
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5.3.3 ST prevalence over time

Carriage isolates were examined for changes in prevalence between 2006/07 and
2015/16. A chi square test for trend revealed seven STs that had decreased
significantly over the 10 years. Six of the STs were primarily associated with VT
serotypes and one ST (§T1692) was associated with NVT 6C. They are shown in
Figure 33. Only ST62 which is associated with serotype 11A was shown to

increase significantly in carriage over the 10 years (p= 0.02).

The smaller number of IPD STs each year meant that statistical analysis had less
power. Overall decreases were noted in four STs which are shown in Figure 34.
ST191 which was primarily associated with VT serotype 7F peaked in incidence in
2011/12 however it has not been isolated from IPD cases since 2012/13.
Increases of individual STs in IPD were noted for ST8060 which is associated with
12F and ST438 which is the primary ST of serotype 23A.

Figure 33 STs observed to decrease in carriage

151

® 36
* 65

101

¥ 124

Carriage (%)

<% 138

@ 176

& 311

'/

2015/16T

& 1692

2009/10[l

2006/07
2007/08 A
2008/09
2010/11
2011/12
2012/13
2013/14
2014/15

137



Chapter 5

Figure 34 STs observed to decrease in IPD
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5.3.4 Clonal diversity

The number of STs associated with each serotype found in carriage and IPD was
calculated. Amongst the carriage isolates, serotype 15B/C had the highest degree
of clonal diversity being observed with 15 distinct STs. Serotypes 22F and 19F
had the highest number of associated STs amongst the IPD isolates. Both were

observed six times each over the 10 years.

Figure 35 shows each serotype found in carriage and IPD and the number of STs

associated with each of them.

Figure 35 Number of STs associated with individual serotypes in carriage and IPD
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5.3.5 Changes in clonal diversity

The number of STs observed in each of the 10 years was recorded and the
Simpson diversity index (1-D) was used to quantify the number of STs observed
and their relative abundance over time. Figure 36 shows 1-D values for each of
the years. For this analysis only the observed STs were used for each year and the

IPD numbers were not adjusted for missing data.

The diversity values for carriage and IPD were analysed with the D’Agostino and
Pearson omnibus normality test which estimates if a range of values fall within

expected levels of normal variation. The carriage isolates produced a K? value of
0.4 (p= 0.8) and the IPD isolates had a K? value of 1.1 (p= 0.6) meaning that the

diversity values in both datasets did not deviate from a statistically normal range.

Figure 36 ST diversity over 10years
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5.3.6 Clonal distribution of carriage and IPD isolates

A comparative analysis of the IPD and carriage isolates was performed. MLST
profiles from 1265 isolates (979 from paediatric carriage and 286 isolates from
IPD) were used in an eBURST analysis. 208 distinct STs were identified and these
were separated into 39 clonal complexes (CC) and 74 singleton STs, i.e. those
isolates with five or fewer identical allelic profiles. Figure 37 shows a snapshot of
the 39 CCs.

The CCs with greatest number of isolates were CC42 and CC199. CC42 had a
predicted founder of ST42 and comprised of 11 STs and a total of 103 isolates.
Three of the STs, 311, 438 and 439 were found in both IPD and carriage isolates.
One ST, 11191 was observed in IPD only. CC199 had a predicted founder of
ST199 and comprised of 104 isolates separated in 10 distinct STs.
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Figure 37 Clonal complexes identified in IPD and carriage
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5.3.7 Analysis of invasive and carried isolates of ST199

The prevalence of ST199 in carriage and disease plus its inclusion in one of the
larger CCs singled it out for further investigation.

The genomes of ST199 isolates were investigated by combining isolates from IPD
and carriage to form a core genome SNP tree. Figure 38 shows the resultant tree.
The tree topology showed no distinct clustering that would indicate a separation

of evolutionary paths. Instead isolates from both IPD and carriage were well
dispersed across the tree.

Figure 38 Core genome SNP tree of ST199 isolates
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CC199 was further assessed to identify any changes to serotype associations over
the 10 years. Analysis using phyloviz showed that ST199 was observed with both
VT and NVT serotypes over the 10 years. The distribution of VT and NVT

serotypes is shown in Figure 39.

Figure 39 VT and NVT associations of CC199
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VT and NVT associations of carried ST199 isolates over time was investigated and
is shown in Figure 40. For the earlier years of the carriage study ST199 was
primarily associated with VT serotypes however a possible capsular switch event
occurred and the later study period shows that ST199 was primarily associated

with NVT serotypes.

In IPD, ST199 is primarily associated with VT serotypes for the entire study period
and there is no evidence of capsular switch occurring. Figure 41 shows the VT
and NVT associations of ST199 in IPD over 10 years.
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5.3.8 Analysis of invasive and carried isolates of ST162

The prevalence of ST162 and its association with multiple serotypes in carriage

and IPD led to further investigations.

Amongst the carriage isolates, ST162 was found in a CC with only one other ST
(ST156). ST156 has only been observed in VT serotypes and ST162 has been
associated with both VT and NVT serotypes in carriage and IPD

Figure 42 VT and NVT associations of ST162
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The genomes of ST162 isolates were investigated by combining isolates from IPD
and carriage to form a core genome SNP tree. Figure 43shows the resultant tree.
Isolates formed clades according to serotype and the carriage and IPD isolates
were dispersed within those clades. Four serotypes were found in the carriage

isolates and three in the IPD isolates

VT and NVT serotypes associated with ST162 carriage isolates were investigated
to see if distribution altered over time. The results are shown in Figure 44. For
the earlier years of the carriage study ST162 was primarily associated with VT
serotypes and for the later study period ST162 was primarily associated with NVT

serotypes.

The ST162 isolates in the IPD dataset displayed a similar shift from VT
associations in the earlier study period to NVT in the later IPD. The primary VT
serotypes found in both carriage and IPD were 9V and 19F and the NVT was 24F.
The ST162 VT and NVT associations for the IPD data are shown in Figure 45.
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Figure 43 Core genome SNP tree of ST162 isolates
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Figure 44 VT and NVT associations of carried isolates of ST162 over time
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5.3.9 Molecular analysis of serotype 23B

During the course of the study a molecular subtype of serotype 23B was
identified (Kapatai et al., 2017b). Carriage and IPD isolates that had previously
been serotyped as 23B were re-evaluated to ascertain when the subtype emerged

and if its emergence was observed in both carriage and IPD.

A total of 66 23B carriage isolates and 3 IPD isolates were investigated.18/66
carriage isolates were subtyped as 23B1. All of the IPD isolates were found to be
23B. Figure 46 shows the trend of 23B/23B1 carriage over time. 23B1 emerged in
the carriage isolates in the fourth study year (2009/10) and has increased
significantly since then (p= <0.0001).

Figure 46 Carriage of 23B/23B1 serotypes over 10 years
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A core genome SNP tree was produced using 23B and 23B1 isolates found in
carriage and IPD in years 9 and 10 (2014/15 and 2015/16). It is shown in Figure

47. The 23B1 isolates were seen to branch separately and this corresponded with
different STs, 2372, 1373 and 11167.

Figure 47 Core genome SNP tree of serotype 23B/23B1 isolates
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The core alignments of 23B and 23B1 isolates from study years 2014/15 and

2015/16 were interrogated for differences using Gingr (harvest citation here). A
genomic region that corresponds to the pbpX gene (a penicillin binding protein)
displayed variation between all 23B1 isolates and 23B isolates. Other regions of
differences were observed however the pbpX gene was noted as the differences

here were common to all of the subtype 23B1 isolates irrespective of ST. The
output is displayed in Figure 48.
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Figure 48 Genomic variation in 23B and 23B1 isolates
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The upper 11 isolates were subtyped as 23B1 and the lower 11 isolates were typed as 23B. Variation between the two can be seen in the

pbpX gene. The 23B1 isolates shown here include two different STs. Reference strain is ATCC700699 (serotype 23F).
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5.3.10 Genomic data

The sequencing statistics that accompanied each pneumococcal WGS included the

number of coding DNA sequences (CDS) in each genome.

For this analysis only sequences from study years 8, 9 and 10 were used. The
number of CDS in each IPD isolate, was compared with those in the carriage

isolates. The results are shown in Figure 49.

The number of CDS per genome had a slightly lower mean value in the IPD
isolates than in the carriage isolates at 2039 and 2062 respectively. Observation

of serotype and number of CDS per genome found no obvious correlation.

Figure 49 Coding sequences in carriage and IPD isolates
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The core genomes of pneumococci isolated from carriage and IPD in 2015/16
were aligned and a phylogeny was inferred based upon SNP variations. The

resultant tree is presented in Figure 50.

Isolates were observed to cluster by ST rather than serotype however some STs
appeared to display earlier divergence than others. Serotype 11A was observed to
have two associated STs; 62 and 9137 and both STs inhabited the same clade
within the tree. Examination of MLST data found that both STs are found within
the same CC and the predicted founder of ST9137 is ST62. Serotype 11A
appeared in IPD five times over the 10 study years each time associated with
ST62.

Serotype 35B is observed to have three associated STs; 558, 198 and 452. Whilst
ST198 and ST452 are clustered within the same clade, ST558 is located within a
separate clade indicating earlier divergence. ST558 and ST452 have not formed a
CC with any other ST observed over the 10 years and ST198 formed a complex
with a novel ST. The novel ST was observed twice in carriage in 2011/12 and

serotyped as 35B both times.

Serotype 15B/C was separated into 15B and 15C after examination of a TA
repeater sequence within the O-acetyltransferase gene (van Selm et al., 2003a).
Eight TA repeats are found in isolates designated 15B while seven or nine repeats
are found in 15C isolates. This serotype was separated into two serotypes for the
molecular examination in order to examine the possibility of further genomic
variations. One clade which comprised entirely of 15B and 15C serotypes showed
associations with two STs; ST1262 and ST8711. Examination of MLST data
revealed ST1262 and ST8711 form a CC with only variation of the gdh allelic
fragment to separate them. ST1262 appeared in carriage 29 times over the 10
years associated with 15B/C each time. It was not observed in IPD during this
time. ST8711 was observed in both carriage and IPD each time associated with
15B/C.
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Figure 50 Phylogeny of pneumococci isolated in 2015/16
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5.4 Discussion

The majority of pneumococci isolated from cases of IPD had either identical STs
to those found in paediatric carriage or belonged to the same clonal complexes.
A number of studies have provided evidence to suggest pneumococcal carriage in
children acts as a reservoir for pneumococcal clones that go on to cause IPD in
the wider community (Dowling et al., 1971, Walter et al., 2009) however
examination of molecular epidemiology shows that this connection is not
straightforward. This study finds that while there are a number of similarities
between carriage and IPD there are also a number of molecular variations that

exist in one population but not the other.

Comparison of carriage rates and IPD incidence rates of individual STs showed
that ST191 had a high incidence rate relative to other STs and a lower carriage
rate. An overall decrease in ST191 was seen over the study period and this
corresponds with its associated serotype, 7F which is one of the VTs included in
PCV13. Evidence of the impact of PCV13 on IPD is further demonstrated by the

decrease of other STs that are primarily associated with VT serotypes.

Not all STs associated with VT serotypes have decreased. Observations of ST199
over ten years have shown its continued prevalence in carriage and IPD, however
within the carriage dataset the serotypes that are associated with ST199 have
altered. From 2006/07 to 2011/12, ST199 was primarily associated with VT
serotype 19A. From 2011/12 onwards ST199 has been associated with serotype
15B/C suggesting a possible capsular switch event at around the time of PCV13
introduction. This change has not been observed in IPD to the same extent. A
single isolate of serotype 15B/C ST199 was observed pre-PCV13 (in 2008/09)
however since then ST199 pneumococci have been isolated in four separate
years, each time associated with VT 19A. The prevalence of NVT ST199 in
carriage and VT ST199 in IPD demonstrates that the pneumococcal serotype is

the prime determinant of invasive disease.

Observations of ST162 over 10 years have revealed another possible capsular
switch event. ST162 was primarily associated with VT serotypes 9V and 19F in
both carriage and IPD. Unlike ST199, the switch of association from VT serotypes
to NVT was seen in both carriage and IPD. Serotype 24F which has increased in
prevalence in carriage and disease was primarily associated with ST72 in earlier
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study years however at around the time of PCV13 introduction it was more
frequently found to be ST162.

The emergence of 23B1, a subtype of serotype 23B provided an opportunity to
examine if the same molecular changes occurring in pneumococcal carriage were
also occurring in IPD. 23B1 emerged in the fourth year of the carriage study
(2009/10) and has continued to increase in numbers each year. By 2015/16 it
outnumbered the 23B serotypes found in carriage. Three IPD isolates have been
typed as 23B, the last one was isolated in 2015/16. To date no 23B1 isolates

have been found in this IPD dataset.

The identification of SNPs within the core genome of isolates demonstrated that
pneumococci generally cluster according to ST. The 23B1 isolates from 2014/15
and 2015/16 were found to be associated with three STs, 2372, 1373 and 11167.
Interrogation of the core genomes of 23B and 23B1 isolates showed genetic

variation common to all 23B1 isolates examined regardless of ST.

Molecular comparison of carriage and disease isolates have shown that while
similarities exist regarding clonal types, a number of molecular adaptions have
occurred in carriage that have not been seen in IPD. Whilst the introduction of
PCV13 has altered the molecular epidemiology of both carriage and IPD the
clinical implications of these changes require ongoing surveillance and further

genomic investigations of both populations.
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Chapter 6 Discussion

This thesis set out to test the hypothesis that population changes seen in
pneumococci isolated from asymptomatic carriage during the implementation of
PCV13 will also be seen in pneumococci isolated from invasive pneumococcal

disease matched for location and time.

To test this hypothesis the population of pneumococci isolated from paediatric
carriage was first characterised to identify changes to the carriage rate and the
serotype distribution over 10 years. This was then followed by an examination of
the population of pneumococci isolated from cases of IPD over the samel0 years.
Finally the two populations (carriage and disease) were compared to determine if
underlying molecular variations could be used to identify similarities between
carriage and disease and therefore infer that IPD is caused by the same
population of pneumococci that is found carried asymptomatically by young

children.

6.1 Key findings

Investigations involving pneumococcal carriage generally focus on children aged
under 5 years. Whilst this is logical due to the higher carriage rate amongst this
age group and their status as vaccine recipients, this study has shown that post-
PCV13 analysis using the whole of this age group would best be performed on
data collected after 2015/16. Data used prior to this date should be stratified by
age to ensure only PCV13 recipients are captured in analyses that aim to measure
the effect of PCV13. Knowledge of which PCV vaccine participants have received is
especially important when discussing vaccine escape to ensure accuracy of data

that could influence public health policies.

This study found that when analysed for trend over 10 years, pneumococcal
carriage has increased. This increase has not been seen in all age groups.
Carriage has remained statistically stable in infants aged 0 to 11 months and this
is the group in which the impact of PCV13 can be measured over the longest
time. A small increase was observed in the years that followed PCV13
introduction however from 2013/14 to 2015/16 the carriage rate has been lower.
Carriage was also stable in the oldest age group 35 months to 59 months. This is
the age group in which the impact of PCV13 can be measured for the least
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amount of time as participants could have been recipients of PCV7 at the time

that they were sampled.

There are a number of possibilities that could affect the increase in carriage seen
in the middle two age groups. It is possible that the period shortly after PCV13
administration causes a temporary increase in carriage as NVT serotypes vie to fill
the niche that is left when VT serotypes are targeted by a vaccine. The youngest
age group and the older age group would arrive at equilibrium earlier or later
than the middle age groups and the carriage data presented in this thesis may
have captured the transition period. Continued surveillance will be able to provide

evidence if this is the case.

The influence of participant age on the overall carriage rate should be considered
alongside the study findings. Age stratification revealed differences in
pneumococcal carriage between age groups. If study years were disproportionally
represented by a particular age group then the overall carriage rate could be
affected.

The middle age ranges, 12 to 23 months and 24 to 35 months have the highest
carriage rate of the four age categories although they are only slightly higher
than the oldest group. It has been shown that the administration of LAIV to the
older study participants may have influenced this increase in carriage. This
finding serves to highlight the importance of studying vaccine impact beyond the
target of the vaccine. Other residents of the respiratory tract are affected when
one member of a microbiome is altered (Bogaert et al., 2011) and little is known

at present on what clinical implications this might have.

Serotype distribution was found to be different in differing age categories. In
2015/16 serotypes 35B and 33F were the most prevalent in infants aged O to 11
months. In older children serotypes 11A and 15B/C were the most prevalent.
Invasive disease has a higher incidence rate in the 0 to 2 year olds than children
aged 2 to 4 years (Ladhani et al., 2018) so an understanding of differences in
serotype distribution in these age groups could be of importance. Comparisons
with findings from other carriage studies could provide information needed to see
if this is a local fluctuation or a general difference that warrants further

investigation.

Analysis of local IPD cases has shown that IPD incidence has increased in recent
years. This trend has been found in national IPD incidence too and reported by

PHE using data derived from England and Wales which includes the data
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presented within this thesis. PHE has attributed the increase in incidence to the
number of cases in people aged 65 years and over caused by NVT serotypes.
Analyses of national IPD data however have not found an increase in IPD in the O
to 4 years age group as has been found in the Southampton data. Whilst IPD data
local to the Southampton area lacks the statistical power of the larger national
data, the recent increase in IPD in children aged O to 4 years must be investigated
further. The increase has continued past the years of this study and may indicate

a trend that will be picked up in national data later.

Compilation of national disease statistics is an important part of public health
however sole reliance on these to inform public health policies could delay early
recognition of important trends. Whilst large datasets have the statistical power
to provide accurate assessments of disease trends their use may dilute the effects

seen at local levels.

6.1.1 The impact of PCV13 on carriage and IPD

The carriage and IPD data included in this thesis covers the epidemiological years
2006/07 to 2015/16 and therefore provides information that reflects both the
pre-PCV13 and the post-PCV13 eras.

Both carriage and disease caused by the additional six serotypes included in
PCV13 decreased in the post-PCV13 era. The pneumococcal carriage rate for the
additional VT serotypes in children aged 4 years and under was 19.8% in the year
prior to PCV13 introduction (2009/10) and this decreased to 0% in 2015/16. In
IPD (all ages) the incidence of disease caused by the additional VT serotypes was
4.9 cases per 100,000 in 2009/10 and this decreased to 2.7 cases per 100,000.
Analysis of IPD incidence by age group showed that this decrease was primarily
due to a reduction of incidence in children aged O to 4 years. IPD in this age
group reduced from 17.5 cases per 100,000 in 2009/10 to O cases in 2015/16.
Whilst these small numbers are difficult to statistically power, the observable
decrease provides evidence that PCV13 has reduced the burden of disease caused

by these serotypes in young children.

In older adults a decrease in IPD incidence caused by PCV13 VT serotype was also
observed however the decrease was smaller than the one seen in young children.
IPD caused by VT serotypes decreased from 9.6 cases per 100,000 in 2009/10 to
7.5 cases per 100,000 in 2015/16. Again the small numbers make statistical
analysis difficult however similar trends have been reported in national data
which adds credence to local findings. Ongoing surveillance of serotype-specific

159



Chapter 6

IPD incidence in this age group is necessary to see if this trend is ongoing or

fluctuation.

An increase in carriage and disease incidence caused by NVT serotypes was
observed. A serotype-specific comparison of the carriage population and the IPD
population was undertaken to investigate the possibility that the population of
pneumococci carried by young children acts as a reservoir for isolates that cause

disease in the wider community.

A total of 22 NVT serotypes were observed to occur in carriage and disease
however a comparison of serotype frequency in carriage with frequency in disease
found that 11 of these serotypes had statistically significant odds of featuring in
one population over the other. Three NVT serotypes had greater odds of causing
IPD than carriage: 12F, 8 and 9N. A recent PHE publication has reported an
increase in IPD caused by the same three serotypes (Ladhani et al., 2018) which
indicates that this is not just a local finding. Carriage of 12F, 8 and 9N has
occurred during the 10 study years however in few years and low numbers.
Community-wide carriage studies could provide valuable information regarding

the transmission of these serotypes.

A study into the molecular epidemiology of pneumococci was performed in order
to further investigate the relatedness of carriage and disease isolates. The current
number of MLST profiles held on the pubMLST database is 13,766 (as of
27/02/2018). A total of 177 STs were observed amongst the carriage isolates and
82 STs were seen in the IPD isolates. A comparison of ST distribution in both
populations (carriage and disease) revealed that 51 STs appeared in both. A total
of 83% of IPD isolates had a ST that was also found in carriage. A comparison with
ST-specific data from other regions is necessary to understand if this finding is
evidence of possible transmission between carriage and disease or whether these

STs are common to many regional populations.

During the 10 years of this study a number of molecular changes emerged
amongst some subsets of pneumococci. This provided an opportunity to
investigate if the same changes were occurring in carriage and invasive disease.
Two possible capsular switch events were found to occur within the carriage
population. ST199 and ST162 which were primarily associated with VT serotypes
in the early carriage period switched to NVT associations in the later study period.
Whilst the same change was seen in the IPD population for ST162 isolates, ST199
isolates did not show the same switch and continued to be associated with VT
serotypes throughout the 10 years.
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The emergence of 23B1 as a subtype of serotype 23B provided a further
opportunity to compare molecular changes in carriage and disease. 23B1 rapidly
became more prevalent in carriage than 23B however only 23B isolates have been
identified in IPD. The small number of 23B pneumococci that have been isolated
from local IPD cases make conclusions difficult and continued surveillance is

necessary to see what the clinical implications of these molecular changes are.

6.1.2 Limitations of the study

It is possible that pneumococcal carriage has been under represented in this
study. Microbiological techniques were used to isolate and identify pneumococci
however the use of PCR or microarray may have yielded not only greater numbers
of pneumococci but could have also shown whether multiple serotypes had

colonised individual study participants.

For the calculations of IPD incidence, population data from the 2011 census was
used. Estimates of annual changes to population were not known and therefore

could not be accounted for. Incidence rates were calculated per 100,000 despite
the population of individual age groups being below this number. This scale was

chosen for ease of comparison with PHE IPD data.

Calculations involving serotype specific IPD incidence had to be adjusted to allow
for missing data. The method chosen was utilised by PHE and based upon
assumptions that missing data matched known data. All adjustments were made
by age group and by year to ensure results were as accurate as possible. Previous
studies published by PHE have used this method when only 48% of data were
available. As this study had available data for 71.5% of isolates it was deemed an

acceptable method.

6.2 Future work

Collection of carriage and IPD isolates has continued past the timeframe of the
study presented within this thesis. Trends that have been observed for the 10
years between 2006/07 and 2015/16 can be tested through the examination of
data collected for the epidemiological year 2016/17.

Over the course of the study a huge amount of genomic data has been collected.
WGS for carriage and IPD isolates have already been generated and detailed
genomic analyses could yield important findings. Through comparisons of

genetic variations isolates can be examined for evolutionary paths, differences in
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virulence and antibiotic resistance. The ever increasing number of bioinformatic
tools that are publically available mean that such analyses could be performed
rapidly. Having isolates from carriage and disease that are matched for time and

location makes this type of analysis a logical next step.

A number of questions have arisen over the course of the study that would
require a change in methods to investigate. The possibility that carriage has been
under represented could be addressed with the use of PCR or microarray to
identify pneumococci. This would be particularly useful to identify multiple

serotypes within one host.

The issue of antibiotic resistance (AMR) is of ongoing concern to public health.
Carriage isolates collected since 2006/07 have recently been tested against a
panel of antibiotics used to treat pneumococcal infections. This data must now be
examined and resistant organisms identified for further investigation. Changes in
resistance can be correlated with the phenotypic and genotypic data to provide a

comprehensive report on AMR within the carriage population.

Differences in serotype distribution between carriage and IPD and between hosts
of different ages can be investigated further by examining data derived from
community wide carriage studies and from analysis of pneumococci derived from
cases of non-invasive pneumococcal disease. Little is known about pneumococci
in the wider community and examination of serotype distribution within different
cohorts may provide information relating to the transmission of serotypes

identified as having increased invasive potential.

Finally, the carriage study has provided an opportunity to examine other bacterial
species of interest. Isolates of Haemophilus influenzae, Moraxella catarrhalis, and
Staphylococcus aureus have been collected alongside pneumococcal isolates and
provide an opportunity to examine the effect of PCV13 on other residents of the

respiratory niche.

6.3 Concluding remarks

This study examined the impact of PCV13 on pneumococcal carriage and disease.
The data within this thesis has shown that the introduction of PCV13 has been
successful in terms of reducing carriage and disease caused by PCV13 VT

serotypes however the increase in NVT serotypes in both carriage and disease
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have almost negated this effect. IPD incidence in the Southampton area was
higher in 2015/16 than in the year prior to PCV13 introduction. This increase has

been driven by an increase in NVT IPD in adults aged 65 years and over.

IPD in children O to 4 years was lower in 2015/16 than in the year prior to PCV13
introduction however incidence in this age group has increased since 2013/14.
The small number of isolates has made this analysis difficult to power and

continued surveillance is needed to ascertain the accuracy of this trend.
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List of publications that has used data derived from the carriage study:

1. Gladstone, R.A., et al., Pre-vaccine serotype composition within a lineage
signposts its serotype replacement - a carriage study over 7 years following

pneumococcal conjugate vaccine use in the UK. Microbial Genomics, 2017. 3(6).

2. Devine, V.T., et al., The rise and fall of pneumococcal serotypes carried in
the PCV era. Vaccine, 2017. 35(9): p. 1293-1298.

3. Gladstone, R.A., et al., Five winters of pneumococcal serotype replacement
in UK carriage following PCV introduction. Vaccine, 2015. 33(17): p. 2015-21.

4. Coughtrie, A.L., et al., Evaluation of swabbing methods for estimating the
prevalence of bacterial carriage in the upper respiratory tract: a cross sectional
study. BMJ Open, 2014. 4(10): p. e005341.

5. Loman, N.J., et al., Clonal expansion within pneumococcal serotype 6C after
use of seven-valent vaccine. PLoS One, 2013. 8(5): p. e64731.

6. Tocheva, A.S., et al., Declining serotype coverage of new pneumococcal
conjugate vaccines relating to the carriage of Streptococcus pneumoniae in young
children. Vaccine, 2011. 29(26): p. 4400-4.

7. Tocheva, A.S., et al., Distribution of carried pneumococcal clones in UK
children following the introduction of the 7-valent pneumococcal conjugate
vaccine: a 3-year cross—-sectional population based analysis. Vaccine, 2013.
31(31): p. 3187-90.

8. Tocheva, A.S,, et al., Increase in serotype 6C pneumococcal carriage, United
Kingdom. Emerg Infect Dis, 2010. 16(1): p. 154-5.
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