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Abstract

Of over 100 serotypes of Streptococcus pneumoniae, only 7 were included in the first pneumo-
coccal conjugate vaccine (PCV). While PCV reduced the disease incidence, in part because of
a herd immunity effect, a replacement effect was observed whereby disease was increasingly
caused by serotypes not included in the vaccine. Dynamic transmission models can account
for these effects to describe post-vaccination scenarios, whereas economic evaluations can
enable decision-makers to compare vaccines of increasing valency for implementation. This
thesis has four aims. First, to explore the limitations and assumptions of published pneu-
mococcal models and the implications for future vaccine formulation and policy. Second, to
conduct a trend analysis assembling all the available evidence for serotype replacement in
Europe, North America and Australia to characterise invasive pneumococcal disease (IPD)
caused by vaccine-type (VT) and non-vaccine-types (NVT) serotypes. The motivation behind
this is to assess the patterns of relative abundance in IPD cases pre- and post-vaccination,
to examine country-level differences in relation to the vaccines employed over time since
introduction, and to assess the growth of the replacement serotypes in comparison with the
serotypes targeted by the vaccine. The third aim is to use a Bayesian framework to estimate
serotype-specific invasiveness, i.e. the rate of invasive disease given carriage. This is useful
for dynamic transmission modelling, as transmission is through carriage but a majority of
serotype-specific pneumococcal data lies in active disease surveillance. This is also helpful to
address whether serotype replacement reflects serotypes that are more invasive or whether
serotypes in a specific location are equally more invasive than in other locations. Finally,
the last aim of this thesis is to estimate the epidemiological and economic impact of increas-
ing serotype coverage in PCVs using a dynamic transmission model. Together, the results
highlight that though there are key parameter uncertainties that merit further exploration,
divergence in serotype replacement and inconsistencies in invasiveness on a country-level

may make a universal PCV suboptimal.
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Chapter 1

Introduction

The aim of this chapter is to provide some essential background on S. pneumoniae regarding the
pathology, detection methods of pneumococcal infection, epidemiology as well as treatments
and control by various interventions to reduce disease induced by pneumococcal infection.
The chapter will conclude with an overview of the content of the thesis and the major aims of

the research.

Dissemination

A modified version of excerpts from this chapter are published as

Croucher NJ, Lochen A, Bentley SD. Pneumococcal Vaccines: Host Interactions, Population
Dynamics, and Design Principles. Annual Review of Microbiology 2018 72:1, 521-549 . https:

//doi.org/10.1146/annurev-micro—-090817-062338
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CHAPTER 1. INTRODUCTION

1.1 Background

The bacterium Streptococcus pneumoniae, or simply “pneumococcus”, was first discovered and
isolated in 1881 by Louis Pasteur [13] (France) and George Sternberg [14] (USA) independently.
Although previously observed [15-17], it was Pasteur and Sternberg who discovered its
virulence by injecting human saliva into a rabbit and observing the bacteria in the rabbit’s
blood. In 1974, it was renamed from Diplococcus pneumoniae (i.e. pairs of cocci), to its

present-day name Streptococcus pneumoniae, for its resemblance to streptococci (Figure 1.1).

Figure 1.1: Tllustration of Streptococcus pneumoniae. Reproduced from [5].

1.2 Pathology

The pneumococcus is a Gram-positive bacterial pathogen that grow in pairs and are commen-
sal and opportunistic. It generally colonises the upper respiratory tract of humans, detectable
by nasopharyngeal (NP) swabs. The bacteria are transmitted through direct respiratory
secretions (i.e. mucus or saliva) in person to person contact [18] and can colonise a person

for weeks to months, dependent on their age and serotype [19]. It is asymptomatic in the
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CHAPTER 1. INTRODUCTION

nasopharynx but can progress to cause a great proportion of otitis media cases [20-22].

1.2.1 Key surface antigens

Pneumococcus has three major surface layers: the plasma membrane, the cell wall, and the
capsule (Figure 1.2). The cell wall, which anchors the capsule, consists of proteins and cell
wall polysaccharide. This polysaccharide is a teichoic acid containing phosphoryl-choline,
which binds host receptors [23] and allows for the attachment of bacterial choline-binding
proteins to the cell surface [24]. Phosphoryl-choline is recognised by pentraxins, C-reactive
proteins (CRP) and natural immunoglobulin M (IgM), which are both inhibited by the
capsule, thereby allowing pneumococcus to evade both complement activation and, as a
result, phagocytosis [25]. The cell wall is found in all pneumococci, whereas the capsule
is serotype-specific. The capsule is the thickest and outermost layer that encapsulates the
entire bacteria, making it a physical barrier inhibiting the binding of high affinity antibodies
to subcapsular proteins [25]. It determines the serotype [26], something that was observed
by the reaction of serotype-specific antisera to the capsule [27, 28]. There are around 100
different serotypes of pneumococcus presently identified [29]. The capsule manipulates the
complement pathway;, resisting phagocytosis [25], and affecting the amount of complement
components deposited on its surface [30, 31], ultimately evading the immune system [32]. It
plays a key role in virulence and pathogenicity as unencapsulated bacteria were shown to be
considerably less pathogenic than their encapsulated counterparts [27, 33]. Non-encapsulated
pneumococci (i.e. non-typeable, NT) make up around 3% to 19% of asymptomatic carriage
isolates with increasing reports in non-invasive disease and occasional cases in invasive

disease patients, potentially due to the selection pressure from vaccines [34].

Of the surface proteins secreted by pneumococci, the most notable are major autolysin (LytA),
pneumococcal surface protein C (PspC), pneumococcal surface antigen A (PsaA), and pneu-
mococcal surface protein A (PspA), which show promise as future vaccine candidates [35].
LytA loosens and remodels the cell wall, which is necessary for growth and division, and

results in the release of pneumolysin (Ply), required to maintain long-term asymptomatic car-
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CHAPTER 1. INTRODUCTION

riage [36], as well as cell wall products [37], and thought to be the key in shedding to promote
transmission [38]. PspC, an adhesin, binds to certain receptors to disrupt the host immune
function, and can eventually enable invasion into the blood-brain barrier/cerebrospinal fluid
[39]. PsaA is a manganese transporter and an adhesin to host cells [40—42], but also serves
to resist the host innate immune response’s oxidative stress [43]. PspA inhibits complement

activation [44] by inhibiting binding of components that would lead to opsonization.

Cellular Humoral
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Figure 1.2: Summary of the major interactions between pneumococci and their host. Struc-
tures forming the pneumococcal cell surface are shown at the bottom, and host immune
recognition proteins at the top. Reproduced from [6].

1.2.2 Immune responses
Colonisation and disease are immunising events that can be mediated by anti-capsular
(serotype-specific) antibody immunity for some serotypes [45, 46]. The host’s immune re-

sponse involves two different pathways. First, there is the T-cell independent pathway
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(TT), in which the host reacts to the capsule molecule. This triggers the alternative comple-
ment pathway [47], which ultimately results in B cells proliferating and differentiating into
plasmablasts [48]. These secrete low affinity antibodies (IgM and immunoglobin A; IgA)
[48], which recognise a range of pneumococcal capsule polysaccharides, and as capsules are
serotype-specific, this pathway is therefore referred to as specific immunity. The low affinity
antibodies also recognise adhesins, degradative enzymes and cell wall synthases [24], which
are non-specific to serotypes. In the unvaccinated population in the United States, there was
an observed decline in carriage and IPD rates for all serotypes that was concurrent with
barely any increase in anti-capsular antibodies during the same (pre-vaccination) period [49].
This indicated that anti-capsular immunity was not the primary mechanism of protection
against disease, but that one or more other mechanisms may exist, which could be in the

form of non-specific immunity targeting proteins or other structures [49].

This non-specific immunity may be innate immune mechanisms (i.e. macrophages, dendritic
cells and neutrophils enabling phagocytosis), or T helper 17 (Th17) cells which can recognize
pneumococcus in the nasopharynx. There, Th17 cells secrete IL17A, which mobilizes phago-
cytic immune cells to clear the bacteria in a non-specific manner [50]. Th17 cells can then form
memory T cells [51]. As such, the non-specific immunity mechanisms may be responsible for

the age-associated decline in carriage and disease observed in unvaccinated populations [49].

The other pathway is the T-cell dependent pathway (TD), in which the host reacts to pneumo-
coccal proteins. Once encountered, these proteins are displayed by antigen-presenting cells to
B cells which then recruit CD4+ T cells. These T cells can differentiate into two notable forms.
T follicular helper (Tfh) cells trigger activation and differentiation of B cells [52]. B cells either
become plasmablasts and secrete low affinity antibodies [48], as in the TI pathway, or they
proliferate in germinal centres. There, they can undergo somatic hypermutation and isotype
switching, and thereafter secrete high affinity antibodies (IgG and IgA) [48, 52, 53]. These B

cells can then either become plasma cells secreting high affinity antibodies or memory cells.

The interplay between specific and non-specific immunity [46, 54-56] increases serotype
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diversity while maintaining their coexistence [57]. Although the consequences of these
immune responses have not yet been fully defined, particularly for the progression from
carriage to disease with or without immunity, immunodeficient individuals are particularly
susceptible to IPD [58, 59], indicating that immunity exists and is important. Even though
the body may build an immune response to infection, there is limited evidence for host
memory induced by NP carriage [60, 61]. While it was shown in one study that consecutive
colonisations, regardless of serotype, did not diminish the duration or re-acquisition in
infants, and that they could therefore be colonised repeatedly with multiple strains [55],
other studies showed that there was evidence that duration of carriage reduced with host
age [62, 63] and some serotypes elicited anti-capsular immunity against carriage in Israeli

toddlers [46].

1.2.3 Pneumococcal disease

Carriage is the precursor to disease, however, it is still unclear at what rate carriage progresses
to disease. This is made more complex because each serotype has a different invasive potential,
i.e. odds of invasive disease following colonisation compared to a reference serotype or all
other serotypes observed, that is potentially age-dependent [64-66]. The range of serotypes
in NP colonisation and IPD varies by geography, age, and socioeconomic conditions [67].
Some serotypes are the main cause of disease outbreaks but are rarely detected in carriage
due to short carriage episodes of these newly acquired serotypes or density of colonisation in
the nasopharynx [68, 69] and are therefore difficult to predict through colonisation patterns
[70]. For example, serotypes 1 and 5 are associated with more severe childhood pneumonia
and disease outbreaks in crowded adult settings, but are rarely detected in NP carriage
swabs [69], and are therefore considered to be epidemic serotypes. Others, considered the
pediatric serotypes, such as serotypes 6B, 19F and 23F, are frequent in carriage but are not
common in disease. This is unsurprising given that serotypes differ in their abilities to
evade and elicit immune responses, and it has also been suggested that some serotypes are

associated with certain clinical presentations (such as serotype 1 with severe pneumonia) [69].
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Additionally, while there are some similarities in IPD serotypes globally, serotypes 4 and 18C
were more common in Europe and North America pre-vaccination [10] whereas serotypes
1 and 5 were more prevalent in Africa and Asia [10, 71, 72], demonstrating the geographic
heterogeneity between serotypes in disease. In carriage isolates for example, serotype 13 was
more prevalent in India, Indonesia and Kenya, whereas this serotype was not common at all

in European and North American settings [67].

Pneumococcal disease is categorised as either non-invasive or invasive (Figure 1.3). Non-
invasive pneumococcal disease (NIPD) will manifest as acute otitis media (AOM), sinusitis,
or non-bacteraemic pneumonia (or community-acquired pneumonia, CAP). AOM occurs pri-
marily in children, likely due to their underdeveloped and therefore dysfunctional Eustachian-
tube, which is the port of entry for pathogens in the nasopharynx [73]. Invasive pneumococcal
disease (IPD) occurs when the bacteria are found in otherwise sterile locations, manifesting as

bacteraemic pneumonia (i.e. pneumonia leading to bacteraemia), bacteraemia, or meningitis

[74, 75].

Pneumococcal disease

Invasive Non-invasive
m Eumonia Acute otitis media Sinusitis

Figure 1.3: Pneumococcal disease classification as invasive or non-invasive. Reproduced
from [7].
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1.3 Diagnostic methods

Identification of pneumococci is typically culture-based, employing agar plating, optochin
susceptibility and bile solubility tests, although non-culture based identification methods
using polymerase chain reaction (PCR) have been increasingly developed in the last two
decades [1]. Antigen-based tests such as the serotype-specific urine antigen testing can also
be used as a rapid diagnostic immunoassay test based on immunochromatography detecting
the C-polysaccharide in urine and other body fluids. While it has been suggested to have
high sensitivity (77% - 88%) and specificity (67% - 100%) [76, 77], it has been noted to exhibit
false positivity especially in the paediatric population [78, 79], cross-reactivity with other

streptococci, and prolonged positivity after disease has resolved [80].

Once identified as pneumococci, isolates are serotyped. Current detection methods of pneu-
mococcal serotypes in the nasopharynx include traditional agar culture plating, colony blot
assay, PCR, red fluorescent protein (RFP), microarray, as well as quantitative or real-time PCR
(qPCR) (Table 1.1). Because of the low sensitivity to multi-serotype carriage among others,
the shortfalls of these methods have been pointed out [81-83]. Agar plating, for example, may
identify only the most abundant serotype, and additional serotypes with less than a certain
frequency will go undetected making it extremely time-consuming and cost-ineffective for
adequate detection of multiple carriage [1]. This made it difficult to distinguish between
post-vaccination serotype replacement and unmasking, in which only the most dominant
serotype of a multi-serotype carrier is detected and therefore minor serotypes become more
widely reported after the removal of dominant serotypes [84] and therefore confounded
how serotypes truly interacted with one another. The discordance between NP colonisation
and IPD serotype distribution observed in some studies may be due to the low sensitivity
of serotype-specific detection methods which may not detect minor serotypes in carriage

[70, 85].

The Quellung reaction, considered the golden standard for serotyping, is widely used and
involves a broth medium inoculated with NP swabs such that pneumococcal serotypes can

be detected using a capsular reaction test using a panel of diagnostic antisera [86]. This is
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labour intensive for detecting multiple carriage however, because of the lower frequency of

minor serotypes [82].

Latex agglutination, a modification of the Quellung reaction, mixes cell suspensions with
antibody-coated latex particles and has been shown to be most effective for sweep serotyping
in less developed countries as it does not require plating. Similar to the Quellung reaction

though, it may not detect low abundance serotypes [81].

PCR, qPCR and real-time PCR have been used extensively with various targets including the
autolysin gene (lytA) and an iron acquisition adenosine triphosphate-binding cassette (ABC)
transporter gene (piaB), which are both specific to pneumococcus but not always ubiquitous
[87], a limitation of this method. Its potential specificity to other types of streptococci as
well as lack of specificity to pneumococci by way of absence of target genes in certain

pneumococcal isolates, highlights the need to use multiple targets [88, 89].

On the other hand, microarray serotyping, which involves fluorescently labelling DNA
samples and hybridizing them to a microarray, is likely the gold standard for detection
of multiple carriage particularly of serotypes at low abundance, but is more expensive
[2, 81]. This method was made possible due to the sequencing of the capsular polysaccharide

synthesis (cps) locus [90].

The dot blot or immunoblot assay, a modification of the Western Blot assay, involves a
membrane previously incubated with a monoclonal antibody identifying pneumococcal
isolates which can then be re-plated to be probed with serogroup-specific antibodies [91, 92].
This can therefore lack specificity for serotypes or require more effort to distinguish each

serotype.

The use of genomic sequencing has been pivotal for defining strains of pneumococci, despite
its cost. Multilocus sequence typing (MLST) is a high resolution DNA fingerprint method
in which fragments of several housekeeping loci are determined, the combination of which

are referred to as a sequence type (ST) [93]. It is therefore highly specific, as it can also be
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Table 1.1: Description of common serotyping methods. Adapted from [1] and [2].

Method Positive Limitations Reference
predictive value
Quellung reaction 99.6% Costly; time-consuming; [1,2]

labour intensive; does not
detect minor serotypes as
well
Latex agglutination ~ 91.4% Costly; time-consuming; [1,2]
does not detect minor
serotypes as well

Real-time PCR 89.3% Does not distinguish [1,2]
closely related serotypes
well

Microarray 93.7% Costly; requires significant [1, 2]
technical expertise for
interpretation

Dot blot 82% [91] - 98.6% Lack of specificity; requires [1, 2, 91, 92]

[92] significant optimisation for

each serotype
Genome sequencing  98% [96] -99.3%  Costly; requires significant
[97] technical expertise

used to track evolutionary patterns of STs [94]. Whole genome sequencing, i.e. sequencing
the entire genetic material, has also been used increasingly, as it has the benefit of providing

more granular detail on pneumococcal antigens and their evolution [95].

1.4 Epidemiology

Pneumococcal disease accounted for 8-12% of all deaths in children between 1 and 59 months
in 2000 [98], and caused over 1.2 million deaths globally due to pneumococcal pneumonia in
2016 (Figure 1.4, top left) [99]. It was responsible for 73% of deaths due to lower respiratory
infections in children less than 5 years and over half the deaths due to lower respiratory
infections in people aged over 70 years in 2019 [100], and is the most common cause of
bacterial pneumonia [101]. Those most at risk for invasive pneumococcal disease (IPD)
are children (especially those under the age of 2), the elderly [102, 103], and the immuno-
compromised [104, 105], although adults are also at risk [106], albeit lower (Figure 1.4, bottom

row).
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While NIPD causes less mortality and is less costly per individual, it is much more frequent
than IPD [107]. Prior to the introduction of the pneumococcal conjugate vaccines, pneumo-
cocci were the most common cause of AOM [108] and CAP [20-22], with an estimated 30-40%
of diagnosed CAP due to pneumococci [109]. Although it is difficult to find a causative agent
for pneumonia in many cases due to diagnostic sensitivity unable to distinguish between
carriage and disease, prior to vaccination, pneumococci were thought to be responsible for
most of the undiagnosed pneumonia [110] and are therefore considered to be one of the most

common causes of bacterial pneumonia globally [101].

IPD incidence varies not only by age, but also by geography and socioeconomic status. The
incidence of IPD was around 10 fold higher in developing countries than developed countries
pre-vaccination [8] (Figure 1.5), although this is also in part due to immunocompromising
conditions such as HIV and sickle cell disease. Overall IPD incidence in children less than
6 years before vaccination was between 8 and 24 cases per 100,000 children per year in
European countries, between 20 and 56 cases per 100,000 children per year in Australia,
Chile, and New Zealand, and between 70 and 75 cases per 100,000 children per year in the
US [111]. The higher incidence in the US likely reflects the higher rates of blood culture in
outpatient bacteraemia, as incidence of meningitis in the same age group is similar between
the US and European countries, which have similar socioeconomic conditions: 3.6 cases per
100,000 people per year in the US vs around 4.6 cases per 100,000 people per year in European

countries [111].
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Figure 1.4: Reduction (top) and age distribution (bottom) of global mortality due to pneumo-
coccal pneumonia and pneumococcal meningitis. Reproduced from [6].
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Figure 1.5: Invasive pneumococcal disease incidence in children less than 2 years varies by
geographic location and demographic population. Reproduced from [8, 9].
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The prevalence of carriage is highest in children under 5 years, where it ranged between 25
and 50% in high income countries (HICs) [112] and 20 and 90% in low- and middle-income
countries (LMICs) [113] pre-vaccination. Similarly, the carriage prevalence in adults with
no children in the household was less than 10% in HICs [114-116] but between 25 and 50%
in LMICs [117-119]. Children are the main source of transmission and are the cause of its
introduction into households [19], therefore it is unsurprising that the highest rates of carriage
are seen in children attending daycare centres [67, 120]. The carriage prevalence in adults
increased with the presence of children at home in a study in the United States, from 6%
without to 29% with [114], and carriage rates were increased in school-aged children in Spain
with siblings less than two years old compared to those without [121]. Carriage prevalence

peaks in children less than 3 years old and steadily declines with age [67].

1.5 Treatments and public health interventions

Antibiotics have been widely used to treat S. pneumoniae, particularly AOM, since the use of
first sulfanilamide and then penicillin in the early 20" century. When pneumococci developed
resistance to these in the late 1970s [122], it resulted in other antibiotics being discovered
and employed. These include antibiotics such as erythromycin, penicillin, clindamycin,
cephalosporin, rifampicin, vancomycin and trimethoprim-sulfamethoxazole. Pneumococci
are competent for transformation and have the ability to pick up DNA for recombination,
resulting in the acquisition of resistance genes [123]. The deaths attributable to penicillin- and
macrolide-resistant pneumococci increased by 12-40% in European countries between 2007
and 2015 [124]. The degree of antibiotic pressure in a population influences the emergence
of newly resistant serotypes, in turn changing the serotype distribution [125, 126]. Using
MLST-derived data, the eBURST algorithm was applied to pneumococcal strains and found
that antibiotic-resistance appeared to have occurred within a rare allelic profile that then
increased greatly under strong selection [94]. Pneumococci are thought to be exposed to
antibiotic pressure when in the nasopharynx with prolonged carriage, particularly as this

is when they are also exposed to other species that can pass antibiotic resistance genes [69].

32



CHAPTER 1. INTRODUCTION

Emerging resistant strains and a persistent high mortality rate in vulnerable populations
prompted the development of a novel intervention to which immunity could be built and

mortality reduced; namely vaccines [127].

Initial pneumococcal vaccine development occurred as early as 1911 with a trial in South
African miners with whole-killed pneumococcus [128], followed by a series of trials suggest-
ing adult protection with capsular materials [129-132]. In 1945, this was proven by MacLeod
et al when they showed protection conferred by pneumococcal polysaccharides in military
barracks [133], and a hexavalent polysaccharide vaccine was thereafter licensed. Due to the
widespread use of antibiotics, particularly penicillin, and other treatments such as chemother-
apy, interest in vaccine development waned [122]. Increasing antibiotic resistance saw the
renewed interest of vaccines, culminating in the introduction of 14-valent polysaccharide
vaccines in the late 1970s and then later the 23-valent polysaccharide vaccine in the mid-1980s
which included serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C,
19F, 19A, 20, 22F, 23F, and 33F. As a result of the multitude of serotypes circulating in most
populations, only a fraction of these, based on the frequency and disease burden generated
by specific serotypes (Figure 1.8), could be included in vaccines due to manufacturing re-
strictions. However, these serotypes accounted for 90% of the global IPD burden in all age
groups [134-137]. While this vaccine is effective against IPD in adults [138] and generally
well-tolerated in children, it is poorly immunogenic in children, and particularly infants, as it
does not induce memory cells and the process by which pure polysaccharide antigens elicit a
T-cell independent response is not fully developed in the younger age group [139]. Given that

infants are the primary target of vaccination, alternative vaccine formulations were required.

Children respond much better to T-cell dependent antigens compared to pure polysaccharide
antigens that are T-cell independent [140], prompting the development of a protein conjugated
polysaccharide vaccine eliciting a T-cell dependent response which, as mentioned earlier,
allows secretion of high affinity antibodies and B cell proliferation, including memory B cells
[139]. The development of this pneumococcal polysaccharide-protein conjugate vaccine (PCV)

was made possible by the success of the conjugate vaccine against Haemophilus influenzae
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targeting H. influenzae type b which resulted in more than a 98% decline in disease in the US

[141].

1.5.1 Pneumococcal vaccines

The first licensed pneumococcal polysaccharide-protein conjugate vaccine (PCV) was a hep-
tavalent vaccine developed against serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F, and conjugated
with cross-reactive molecule 197 (CRM,47), a mutant of the diphtheria toxin. Since cross-
protection between related serotypes occurs, it was hoped that PCV would also provide
vaccine-induced cross-protection for serotypes within the serogroups of the serotypes in-
cluded, requiring only one serotype from each serogroup to be included [136, 137, 142].
However, vaccines typically confer serotype-specific antibody-mediated anti-capsular immu-
nity. Regardless, PCV was proven to be safe, immunogenic and efficacious against IPD in
the target population infants and children [140, 143-145]. Vaccine-induced immunity does
not reduce carriage duration, but one is less likely to acquire the vaccine-type serotypes
(VTs), and thereby block disease progression. Vaccines, as well as antibiotics, have succeeded
in reducing the burden of pneumococcal disease in children and the elderly, i.e. the most

vulnerable populations.

Before vaccination, global deaths due to pneumococcus were estimated to be between 700,000
and 1 million each year, with around 14.5 million episodes of serious disease [98]. Of the
deaths in HIV-negative children, over 60% were estimated to occur in ten African and Asian
countries. Six to eleven serotypes accounted for more than 70% of IPD cases worldwide [10].
Combined, these observations highlight the importance of developing an effective vaccine

against pneumococcal disease.

The serotypes included in the first PCV were the dominant serotypes in carriage and IPD
in infants in the US, and also reflected many of the serotypes that had a high likelihood
of antibiotic resistance [146]. This first vaccine iteration excluded serotypes 1, 5 and 6A,

which were among the seven most common serotypes causing IPD globally (Figure 1.6) [10].
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Serotypes 1 and 5 were among the top 4 most common IPD serotypes in Africa, Asia and Latin
America [10]. Clinical trial endpoints for PCV7 were to reduce IPD and NP colonisation. Two
clinical trials based in the US aimed to prove reduced IPD: one in healthy Californian infants
[145], and the other in American Navajo and White Mountain Apache children less than 2, a
historically at-risk indigenous population with high IPD rates relative to the rest of the US
population (Figure 1.5) [140]. These showed 97.4% and 76.8% efficacy respectively against
IPD caused by vaccine type serotypes (VT). Another clinical trial of PCV9 (PCV7 + 1, 5)
conducted in infants in South Africa showed an 83% reduction in VT IPD, and 65% reduction
in VT IPD in HIV-infected children [147]. Combined, these clinical trials resulted in a vaccine
efficacy against VT of 93% [148]. Importantly, clinical trials also showed a protective effect
against VT NP colonisation as well [149-151] and suggested that vaccine-induced immunity

reduced VT acquisition [150, 151].

As formulations were based on the serotype landscape in the US, PCV7 was highly effective
in North America, achieving 89% reduction in IPD in a prelicensure trial [145], and a 70%
reduction in IPD in children under 2 years (the vaccine target population) in a surveillance
study [152]. In European countries, which have similar demography and serotype distri-
butions to the United States [10], the vaccine was considered effective [153-156]. It was
estimated that between 2000 and 2020, PCVs averted around 610,000 deaths in children under
5 in LMICs [157]. Vaccination reduced IPD in both vaccinated and unvaccinated populations,
as the unvaccinated population benefits from herd immunity effects [158-164], evidenced
by the fall in IPD in adults where adults over 65 years of age had an 18% reduction in IPD
[152]. Between 2000 and 2015, mortality due to pneumococcal disease was reduced globally
by around 51%, and serious episodes of pneumococcal disease were reduced by around 75%
down to 3.7 million in HIV-uninfected children between 1 and 59 months [11]. In 2010, more
than 75% of the deaths in children under five occurred in African and Southeast Asian regions
[165], and in 2015, half of the deaths due to pneumococcus occurred in four African and

Asian countries: India, Nigeria, Democratic Republic of Congo, and Pakistan (Figure 1.7).
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Figure 1.6: Cumulative proportion of disease caused by the top serotypes causing IPD globally
in children < 5 years old. Reproduced from [10].
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Figure 1.7: Global mortality rates of deaths due to pneumococcus in HIV-uninfected children
1-59 months in 2015. Reproduced from [11].

Serotype replacement

While the vaccine largely reduced IPD incidence in all age groups [166] due to the reduction
in VT, a replacement effect was observed where non-vaccine serotypes (NVT) caused an

increasing number of IPD cases [167, 168]. Although nontypeable Haemophilus influenzae
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(NTHi) replaced pneumoccus post-vaccination and became the leading cause of AOM im-
mediately after vaccination with PCV, NVT drove the proportion of AOM caused by these
two otopathogens to later be equivalent [108]. As such, serotype replacement might affect
AOM more than IPD [169, 170], as AOM is not known to be as serotype-specific. The serotype
replacement effect was also observed in carriage as well [112, 171, 172], where the removal
of VT colonising the nasopharynx by vaccines likely removed them as competitors to NVT,
thus allowing NVT to proliferate in this space [170, 173]. This caused overall pneumococcal
carriage prevalence in some cases to be unchanged post-vaccination [174]. Replacement
observed in carriage may at least partially also be a result of serotype unmasking, where
limitations of diagnostic methods identified only the most dominant serotypes and therefore
made the presence of NVT more apparent post-vaccination with the removal of VT [173, 175].
Although both cases are likely to contribute to the replacement observed [175, 176], the
pre-vaccination prevalence of NVT multi-carriage would need to be substantially higher
to maintain the overall carriage prevalence observed post-vaccination if unmasking was
the driver of this phenomenon. However, multi-carriage prevalence was not observed to
be higher than the 10-30% range [83, 171] or higher overall pre-vaccination [177], strongly
suggesting an increase in NVT prevalence in carriage post-vaccination rather than unmasking

[175].

This increase in NVT carriage prevalence may also be caused by serotype switching, a
process in which pneumococci acquire a different capsule via genetic transformation and
recombination of the cps locus. The rate of serotype switching differs between capsules
[178]. It occurs primarily within serogroups, likely reflecting the reduced recombination
effort required to switch between immunologically-similar capsules [90], and may provide
insight into how pneumococcal dynamics will change with future serotype-specific vaccines
[178, 179]. The impact of vaccine pressure on serotype switching is still unclear, as serotype

switching is an intrinsic feature that predates vaccine introduction [95, 180].

Whole genome sequencing and MLST played a crucial role in identifying genomic changes

within the pneumococcal population after vaccination. Pre-vaccination, MLST identified

37



CHAPTER 1. INTRODUCTION

variations of STs within serotypes, and therefore serotypes were associated with particular
strains and clonal complexes [93, 94], most of which tended to be dominated by one or two
serotypes. However, this association was eroded post-vaccination by serotype switching,
as isolates that were identical at the MLST loci expressed different serotypes [181]. MLST
identified that the serotype replacement was due to new strains coming in that had always
expressed NVTs, expansions of resident strains that expressed NVTs, and apparent switching
of some strains from VTs to NVTs. Whole genome sequencing confirmed this and additionally
was able to identify multiple switches happening in parallel within individual strains post-
vaccination [182]. Genomic sequencing found that pre-existing switches that were either rare
or imported were responsible for the post-vaccine switching events that emerged post-PCV
[183]. This rarity explains why switches were not detected pre-PCV, and how changes in
selection pressures such as vaccine introduction reveal diversification within lineages [182].
Additionally, genomic studies have shown that negative frequency-dependent selection of
certain other loci on pneumococcal strains preserves certain gene clusters present in both VT

and NVT and may predict serotype replacement in carriage [184].

Serotype replacement reduces the effectiveness of the vaccines [160, 173] for both vaccinated
and unvaccinated populations, who benefit from herd immunity from the vaccinated popula-
tion. Additionally, PCV7 VT accounted for around 50% of IPD in children less than 5 years
globally, and particularly in Africa and Asia [10]. To address this need for wider coverage,

higher valent vaccines were developed (Figure 1.8).

Higher valent PCVs

The first expanded vaccine, the 10-valent PCV10 (PCV7 + 1, 5, 7F), is manufactured by
GlaxoSmithKline and is conjugated to protein D of NTHi. As NTHi and pneumococcus
are the two leading causes of AOM [108] and NTHi causes around one third of AOM
cases [185], vaccine developers hoped that PCV10’s conjugation to the NTHi protein would
elicit a protective effect against NTHi-caused AOM as an added benefit of the vaccine’s

pneumococcal protection. There is some evidence that PCV10 may protect against NTHi-
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related AOM, however this is somewhat contested at present since it seems to be setting-
specific [186, 187]. The serotypes in this expanded iteration included epidemic serotypes 1
and 5, as well as serotype 7F which is highly invasive [188]. These serotypes were prevalent
in Africa, parts of Asia and parts of South America [189]. With these serotypes included,
PCV10 VT accounted for around 70% of IPD in children less than 5 years in Africa and Asia,

as well as globally [10].

The other expanded vaccine, the 13-valent PCV13 (PCV10 + 3, 6A, 19A), like PCV7, is
manufactured by Wyeth/Pfizer and is conjugated to diphtheria proteins. It also increases the
proportion of IPD covered by the vaccine from around 50% to 75% globally and in African
and Asian countries. The additional serotypes were chosen because of their increasing
incidence in IPD post-vaccination. As well as exhibiting increasing antibiotic resistance
[190], serotype 19A became a frequent cause of IPD globally post-vaccination: in the US
[191, 192], in Australia [193], in Canada [194], in Europe [167, 195], in Japan [196] and in
South America [197]. Serotype 3 is associated with severe disease and increased mortality
particularly in adults [188, 189], and serotype 6A, despite some cross-protection with VT 6B
[198], is associated with antimicrobial resistance and causes a substantial portion of disease

[199, 200].

Both the expanded valency vaccines have shown to be efficacious [189, 201, 202], although
pooled trials of these assessed non-inferiority based on correlates of antibody protection
due to PCV’s success in removing VTs [148]. Based on the Californian, Navajo and South
African clinical trials, an antibody concentration of 0.35 ng/ml was used as a threshold for
correlate of efficacy against IPD. The percentage of people in which this antibody threshold
was met was used as a basis of non-inferiority, although individual antibody response for
each serotype was not. In fact, there is evidence of reduced efficacy against serotype 3 by

PCV13 resulting in continued prevalence of this serotype in disease [203].
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Figure 1.8: Current licensed pneumococcal vaccines are the pneumococcal polysaccharide
vaccine with 23 serotypes (PPSV23), and the pneumococcal conjugate vaccines with 7 (PCV7),
10 (PCV10) and 13 (PCV13) serotypes included.

Despite their effectiveness, PCVs are expensive to manufacture because of their protein-
conjugated nature and the multitude of pneumococcal serotypes to be added. In 2007, Global
Alliance for Vaccines and Immunisations (GAVI) announced a US$1.5 billion donation to sub-
sidize pneumococcal vaccines in LMICs. This pneumococcal Advanced Market Commitment
(AMC) is a legally binding 10-year commitment from LMICs to purchase the vaccines at a
tixed low price (US$3.50/dose) [204]. Both PCV10 and PCV13 fit the target product profile
for this, as they were technologically close targets in late-stage clinical trials that covered
serotypes in LMICs. Eligibility of countries was based on a minimum 70% coverage of the
diphtheria pertussis tetanus vaccine and a maximum income threshold [204]. As of 2021, 152
countries have introduced PCV, of which 60 have received support from the vaccine funder

GAVI [205].

Further attempts are being made to target more IPD-causing NVTs and to anticipate which
NVTs may emerge and dominate serotype distribution profiles. PCV15 (PCV13 + 22F, 33F),
by Merck, and PCV20 (PCV13 + 8, 10A, 11A, 12F, 15B, 22F, and 33F), by Pfizer, are likely to
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be licensed soon [6]. Additionally, a safe and immunogenic low-cost 10-valent vaccine for
LMICs has been developed by the Serum Institute of India (SIIL-PCV), which also qualifies
for AMC [206].

Serotype-agnostic vaccines, such as the killed whole-cell vaccine (WCV) or multi-component
protein-purified vaccines (PPV), that in principal target all serotypes, are also being developed
as a result of serotype replacement. These will likely not prevent NP colonisation and
therefore will require different clinical trial endpoints to determine efficacy [207]. They
are likely to be more affordable than PCVs as they do not require the conjugation process,
something which is quite expensive. In addition to the previously mentioned pneumococcal
surface proteins, the pillus of the bacteria have also been identified as potential targets for
these vaccines [208]. Specifically, type 1 pillus, which was found in 25% of clinical isolates pre-
vaccination and rebounded from reduced frequencies less than five years post-vaccination
[209], increase host cell adherence and inflammatory responses [210]. However, its low
prevalence in human populations and its bistable features (in which it is present in some
clones and absent in others in an in vitro clonal population, i.e. phase variation) make
its future as a vaccine candidate questionable [210]. Crucially, loci of some pneumococcal
surface proteins, such as PspA and PspC, suggest high variability among the pneumococcal
population, and therefore selection of protein antigens for serotype-agnostic vaccines requires

careful consideration and continued genomic surveillance [24].

Despite the planned expansion of universally implemented PCVs, serotype replacement
begs the question of whether PCV expansion is a sustainable goal, particularly given the
consequences of the carriage-blocking vaccine mechanism, the geographic heterogeneity of

the serotype landscape and the cost of developing such vaccines.

1.6 Thesis overview

In this thesis I will evaluate the impact of increasing the serotype coverage of PCVs in Europe

and North America using epidemiological analysis methods based on mathematical models
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and estimation of the key parameters that influence transmission and vaccine impact. The

chapter structure and content is as follows:

Chapter 1 has been an introduction of the background of pneumococcus, including its
epidemiology, pathology, detection methods, and control and interventions. Additionally, it
has provided the motivation behind the thesis, as well as giving an overview of the thesis

chapters.

Chapter 2 introduces dynamic transmission models and economic evaluations, and a system-
atic literature review of the published work and its limitations. This serves to identify the
gaps in understanding in the current literature and to set the scene for the development of

the mathematical model of infectious transmission and the impact of vaccination.

Chapter 3 provides an overview of serotype-specific IPD epidemiology in Europe, North
America and Australia. This chapter presents an analysis of epidemiological trends and
compares serotype-specific differences in post-vaccination IPD in a selection of countries with
similar socioeconomic conditions, and describes the serotypes causing replacement disease

that are potential additional targets for vaccine development.

Chapter 4 develops a novel methodology for estimating the case-to-carrier, or invasiveness,
of pneumococcal serotypes in various settings before and after vaccination in children and
adults. Since the mechanism of transmission is through carriage but carriage studies are
time-consuming and expensive relative to national disease surveillance activity, invasiveness

is essential in translating the number of carriers to the number of disease cases.

Chapter 5 describes the development and use of an individual-based stochastic model of
transmission with a focus on estimating the impact of increasing serotype coverage in PCVs
given the serotype-specific IPD epidemiology discussed in Chapter 3 and the invasiveness
estimates evaluated in Chapter 4 in two example countries in Europe and North America:

France and the United States.

Chapter 6 summarises the findings of each chapter and the contribution of the thesis. It also
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discusses the limitations and extension of the results to countries other than those for which
analyses and data were described. A key conclusion section is presented on the arguments for
and against whether PCV valency should be increased universally. Finally, future directions

for research are discussed.
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Chapter 2

Systematic review of dynamic transmission
models and economic evaluations of

pneumococcal conjugate vaccines

This chapter presents a review of the published literature on transmission models of the
impact of pneumococcal conjugate vaccines and economic evaluations comparing pneumo-
coccal conjugate vaccines of increased valency. The aim is to explore the limitations of the
published models and their assumptions and the implications of more robust methods for

future vaccine formulation and policy.

Dissemination

A modified version of this chapter is published as

Lochen A, Anderson RM. Dynamic transmission models and economic evaluations of pneumococcal
conjugate vaccines: a quality appraisal and limitations. Clinical Microbiology and Infection 2020;

26(1): 60-70. https://doi.org/10.1016/7j.cmi.2019.04.02
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ECONOMIC EVALUATIONS OF PNEUMOCOCCAL CONJUGATE VACCINES

2.1 Introduction

Mathematical models can provide insight into the transmission and control of infectious
diseases, both to answer epidemiological questions and guide policy formulation for control
[211]. The choice of model depends on the question being asked [212]. Dynamic (over time
and space) and static (i.e. at equilibrium) analyses can be employed to examine specific
problems. Models may be either deterministic or stochastic in form, and in the case of the
latter tend to be based on individual-based simulations given the inherent difficulties in

getting analytical insights from non-linear stochastic modelling studies.

The dynamics of transmission in infectious disease models are governed by the force of infec-
tion (FOI), defined as the per capita rate at which those who are susceptible become infected
[211]. Because the FOI varies according to the number of people infected, it is not a fixed
value and therefore dynamic transmission models (DTMs) are more appropriate for the study
of infectious disease epidemiology and control. Static models, where the FOI is kept constant,
are inappropriate in most cases except when considering equilibrium properties[212]. The
FOI depends on the infectiousness of an infected individual. This parameter is influenced
by many factors including the genetic backgrounds of host and pathogen. Infectiousness is
typically positively correlated with viral or bacterial load, pathogen life cycle (e.g. is a free-
living stage involved such as an airborne viral particle captured in exuded water droplets),
and the host immune system, and host contact patterns (host behaviour) [213]. One of the
most central concepts in infectious disease epidemiology is the basic reproduction number
Ry, defined as the average number of secondary infections generated by one case in a large
susceptible population [211]. If Ry > 1, an infection can become an epidemic, whereas if
Ry < 1, infection will become extinct. Its value may vary from above unity (i.e. 1) to below
unity according to season as is the case for the influenza A virus. The effective reproduction
number R, is defined as the average number of secondary infections from one case in a
population at time ¢. The average number of secondary infections depends on the effective
contact rate 3, which is generally a function of biological infectiousness and host contact rates

[213].
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Changes in state variables can be modelled either deterministically or stochastically. In
deterministic models, the outputs depend on input parameters and values, and the expected
output is always the same. Deterministic models are therefore simpler than stochastic
formulations, at the expense of epidemiological realism, but effective in estimating the
coarser-grain dynamics of epidemics. Stochastic models have inherent randomness, such
that the same input parameters and values will yield different results due to random number
generation within the dynamics to decide what event occurs and when[213]. As such, they
describe infectious disease systems more naturally [214], but are more computationally
expensive and complex, and require a multitude of simulations to account for the variability
between runs. Stochastic models can exhibit extinction behaviour in small populations
regardless of the R, something which is not possible in deterministic models when the value
of Ry > 1[215]. For most non-linear stochastic models, the expected mean is identical to the

deterministic model prediction [216].

Models of infectious disease transmission and control can describe aggregate populations or
if stochastic can track individual hosts over time. Individual-based models assign characteris-
tics to each individual in the population employing defined behavioural rules and event rates.
Aggregate population models split the population into compartments representing individ-
uals that are susceptible (S), exposed (E), infected (I), or recovered (R). The compartments
chosen depend on the properties of the infectious disease at hand, but the simplest model is
SIR (Figure 2.1). If there is no immunity, then one might construct an SI or SIS model. For
example, gonorrhoea might be modelled using an SIS structure because once the infection is
cleared with treatment, an individual is susceptible again. Herpes simplex virus, on the other

hand, can be modelled with an SI model since the host never clears the infection.

FOI

S | | ms R

e A h A ps A

Figure 2.1: Simple Susceptible-Infected-Recovered model. FOI: force of infection; o: recovery
rate.
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Moving from the susceptible compartment to the exposed or infected compartment depends
on the FOI, which will depend on the number of infectious people, their contact rate with
susceptibles, and the transmission probability on contact. From the infected state, individuals
can move to the immune state (R) at the recovery rate, . In SIRS models, individuals can
return to the S state at the rate of the loss of immunity. The expected number of each cohort

can be estimated using ordinary or partial differential equations.

Models of infectious disease transmission are extremely useful for estimating the impact of
interventions against infectious diseases, such as vaccination. In the case of compartmental
transmission models, a vaccinated compartment can be added which individuals can move
to at the rate of vaccination, and leave at the rate of vaccine waning. Vaccines can confer
“leaky” or ”all-or-nothing” protection, implying either a reduction in the risk of acquisition

(or disease, depending on vaccine mechanism) in models, or a perfect blocking of acquisition.

Because transmission is dependent on the number of susceptibles, a high enough immune
portion of the population can have indirect protective effects on the rest of the still susceptible
population [217]. This phenomenon is referred to as herd immunity, which reduces the
infection rate as the probability of contact between infected and susceptibles decreases. The
proportion of the population that needs to be resistant to infection for this indirect effect to
take place is referred to as the herd immunity threshold and is a critical aspect of evaluating
vaccine impact [218]. To estimate the proportion of the population that would need to be
vaccinated to block transmission, one can assume that in a homogeneously mixed population,
R, = Ry * x, which must be below the unity level [218]. In this case, x is the fraction of
the population that is susceptible. In a population where a proportion p are successfully

vaccinated z = 1 — p. Rearranging:

R <1 (2.1)
Roxx <1 (2.2)
Ryx(1—p)<1 (2.3)
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l-p<— (2.4)

p>1——. (2.5)

The critical percentage of the population that must be effectively immunised (taking into
account vaccine coverage and vaccine efficacy) to reach the herd immunity threshold such
that the outbreak would end is at least 1 — Rio [218]. In other words, the higher the R,,
the greater the fraction of the population that needs to be successfully vaccinated. In the
context of PCVs whose primary target population is children, herd protection is established
when enough of the child population is successfully immunised (i.e. accounting for the
imperfect protection conferred by PCVs) against vaccine types (VT) such that these serotypes
are eliminated from circulation, blocking further transmission and therefore reducing disease

in the older populations not targeted by vaccines.

The development and analysis of mathematical models of multi-strain transmission and
the impact of vaccination can help us understand the crucial relationship between vaccine-
induced herd immunity and serotype replacement and help to include these indirect effects

to examine post-vaccination transmission dynamics [219-221].

While several static transmission models have been developed to describe transmission
and pneumococcal vaccine impact [222-226], these do not account for the indirect effects
generated by herd immunity from those vaccinated and its concomitant effect on the like-
lihood of transmission to those still susceptible, and therefore are not able to capture the
post-vaccination dynamics as effectively as DTMs. As DTMs aid us in estimating the indirect
effects and disease reduction caused by vaccination, they can be extended to evaluate the

economic benefit of choosing one vaccine over another.

Mathematical models can also be used to evaluate the value gained from implementing
interventions against infectious diseases. Vaccines are generally cost-effective because they
reduce disease, in turn reducing hospital visits, freeing up bed capacity and reducing the

burden on caregivers [227]. However, choosing and adopting PCVs in infant immunisation
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programmes requires a comparison of the benefits and costs associated with each vaccine. A
standard approach is to conduct an economic evaluation (EE), which can be undertaken from
various economic perspectives: the payer (i.e. healthcare or government) perspective (i.e.
the public sector), the private perspective (i.e. the private sector), or the societal perspective.
The societal perspective is considered the broadest, as it takes into account all foreseeable
outcomes, including both direct and indirect costs. An example of an indirect cost would be
the time lost from work due to illness, as this would result in loss of productivity. This would
not be considered from a healthcare payer’s perspective as this perspective only considers

direct medical costs associated with illness.

There are several types of EEs, but cost-effectiveness analyses are those most frequently used,
which express outcomes in natural units, such as the cost per infection averted. Cost-utility
analyses are a type of cost-effectiveness analysis that quantify the effectiveness of different
interventions using utility metrics, which relate to a person’s level of well-being or health,
and include quality adjusted life years (QALYs), disability adjusted life years (DALYs) or
life years gained (LYG). Cost-utility analyses produce an incremental cost-effectiveness ratio
(ICER) for two comparable interventions, which is the difference between their costs divided
by the difference between their utility values. In essence, the ICER is used to estimate the
additional cost for each additional health outcome, and is compared to a specific threshold to
determine cost-effectiveness. This threshold of cost-effectiveness is somewhat contested but
can be set by local guidelines (such as in the UK [228]), compared with other interventions,

or in some cases based on a country’s gross domestic product (GDP) per capita [229].

Health economic models are generally split into cohort or individual-level models, with the
former evaluating the costs and utilities of proportions of a population following a health
event, and the latter considering individuals with certain characteristics and being more
computationally intensive. Cohort models are generally static, and the main types of cohort
models are decision tree models (or decision-analytic models) and Markov models. Decision
tree models occur instantaneously with different branches for each disease outcome, whereas

Markov models have cycles over which the probability of a patient occupying a ‘state” at
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any given time is assessed [230, 231]. The approach chosen is rarely discussed in health
economic papers [231]. In some cases, static models may be inappropriate for evaluating
cost-effectiveness of interventions to prevent or control infectious diseases, as many of these

interventions aim to reduce the FOI, thereby changing it [212].

I have conducted a systematic literature review to assess existing DTMs for their structure,
data used, parameter estimation, general conclusions drawn, and finally the assumptions
made on mixing, immunity, and serotype competition. This literature review aims to examine
PCV DTMs and EE:s for their potential contributions to informing public health immunisation
policy, and to identify gaps in knowledge that can ultimately drive future directions of

research.

2.2 Methods

Pubmed, Scopus, Ovid and ISI Web of Knowledge were searched up to October 5, 2021 using
the following terms: PCV OR pneumococc* AND dynamic AND transmission AND model*
AND (pneumococcal AND vaccine) AND (stochastic OR deterministic OR compartmental
OR individual-based). The same databases, in addition to the Centre of Reviews and Dis-
semination (CRD), were searched up to October 9, 2021 using the following terms: “PCV OR
pneumococc* AND (econ* OR cost benefit OR cost effectiveness OR cost utility OR economic

impact) AND (pneumococcal AND vaccine)”. Neither search was date restricted.
Published papers were included if:

¢ They presented a dynamic transmission model that investigated the epidemiological
impact of any PCV in any setting OR they described any type of economic evaluation
comparing PCVs in the European or North American setting (as defined by the World
Health Organization)

¢ They were in English
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¢ They were not a duplicate of another paper and were original models or evaluations

e A full article was available

A systematic literature review was conducted in accordance to Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) to investigate dynamic transmission
models predicting PCV impact. Additionally, EEs were critically appraised for risk of bias us-
ing the Professional Society for Health Economics and Outcomes Research (ISPOR) checklist
(Appendix A) [232, 233].

Data was extracted to Microsoft Excel to compare the published date, data source, demogra-
phy/geography, interventions modelled, time horizon, model structure and type employed,
immunity assumptions, disease states, mixing patterns, serotype classification or grouping,
serotype competition, fitting process, sensitivity analysis, estimated parameters, and general
findings. Due to the heterogeneity within each model aspect, it is difficult to standardize
prediction values and compare the models quantitatively. Because of this, the publications

were compared qualitatively.

2.3 Results

A total of 29 DTMs and 26 EEs were retrieved (Figure 2.2, Figure 2.3). These were evaluated
for their characteristics (Table 2.1, Table 2.2) and summarized (Table 2.3, Table 2.4). Dynamic
model heterogeneity highlighted the uncertainty around biological mechanisms. While all the
EEs were deemed sufficiently relevant and credible (Appendix A.1), many had preventable
weaknesses that could be avoided with increased transparency in their reporting of input

parameters and conflicts of interest.
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Figure 2.2: PRISMA flow diagram for dynamic transmission models review.
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Figure 2.3: PRISMA flow diagram for economic evaluations review.
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Table 2.1: Summary of dynamic transmission model characteristics. Analytical/mathematical
models: focused on natural history of disease. Epidemiological models: focused on under-
standing the impact of vaccination. Policy-oriented: focused on vaccine policy.

Characteristic Number of References
models (n = 29)
Type of model
Compartmental
Deterministic 23 [74, 84, 220, 221, 234—
252]
Stochastic 1 [253]
Individual-based stochastic 4 [57, 254-256]
Hybrid 1 [257]
Scope of model
Analytical /mathematical
Without data 2 [84, 246]
Uses data without fitting 2 [242, 252]
Fitted to data 1 [57]
Epidemiological
Uses data without fitting 4 [247, 249, 253, 254]
Fitted to data 12 [67, 220, 221, 234-
237,239,243, 250, 255,
257]
Policy-oriented
Uses data without fitting 1 [248]
Fitted to data 9 [74, 236, 238, 240, 241,
244,245,251, 256]
Parameter-fitting method
Maximum likelihood estimation 2 [234, 255]
Nelder Mead method 1 [236]
Multinomial likelihood under Bayesian | 4 [220, 239, 244]
framework
Poisson deviance minimisation 5 [235, 237, 238, 243,
257]
Cross-sectional prevalence data 4 [220, 221, 238-240]
Minimisation of sum of differences of | 3 [74, 250, 251]
squares
Monte Carlo Markov Chain (MCMC) 4 [238, 241, 245, 256]
None 8 [84, 242, 246, 247, 249,
252-254]
Data used
Uses pre-vaccination data 5 [57,234,241, 249, 256]
Uses post-vaccination data 2 [242, 252]
Uses pre- and post-vaccination data 20 [64, 74, 220, 221, 235—
240, 243-245, 248, 250,
251, 253-255, 257]
| Include economic evaluation [ 2 | [240, 245] |
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Table 2.2: Summary of economic evaluation characteristics

Characteristic Number of | References
models (n = 26)
| Type of model
Static cohort
Decision tree 15 [258-272]
Markov 7 [273-279]
Hybrid 2 [280, 281]
Dynamic 0
Other 2 [282, 283]
Perspective
Public sector only 10 [258, 259, 261,
263, 264, 269,
274, 275, 278,
279]
Private only 3 [267, 268, 283]
Societal (public and private) 13 [260, 262, 265,
266, 270-273,
276, 277, 280-
282]
Analytical approaches
Cost-effectiveness 24 [258-281]
Cost-benefit 2 [282, 283]
Indirect effects of vaccines
Herd immunity 24 [258, 260-282]
Serotype replacement 18 [258, 262,
264, 265, 267-
278, 280, 281]
PCV10 cross-protection of NVT 12 [259, 262, 265,
268, 271-278]
Protection against NTHi 16 [258, 259, 261-
264, 266—
268, 271, 273-
278]
Includes transmission dynamics 0
Fitted to data 0
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2.3.1 Dynamic Transmission Models

Data from high-income countries is widely used to parameterise these models because
introduction of PCV into low-income countries has lagged behind more developed countries
[284], even though the disease burden is higher in low-income countries [102]. Additionally,
many of the published papers evaluated PCV7 rather than PCV10 or PCV13 because the
latter did not receive marketing approval until later [285, 286]. Although most of the models
used both pre- and post-vaccination data (Table 2.1) for model parametrisation and fitting,
models using only pre- [57, 234, 241, 249, 256] or only post-vaccination data [242, 252] were

limited in their ability to accurately reproduce a setting’s transmission dynamics.

The inconsistency in model structure highlights the complexity of naturally-acquired im-
munity against pneumococcus, and the scarce evidence of its impact or how it persists
post-recovery from infection. Many of the papers used a deterministic SIS model structure,
while others employed deterministic SIR, SEI, SI, and SIRS models. Cross-immunity was not
accounted for in any models but three [57, 234, 246, 254, 256], which considered non-specific
immunity to be transient. Vaccine-induced immunity, on the other hand, was assumed to be
either leaky or “all or nothing”. The actual biological action of either is largely unknown at
present. Additionally, most models were deterministic, with only six (one of which was a
hybrid) being stochastic models. Some models were age-structured, splitting the population
into various age groups. Without age-structure, models ignore the impact that age groups
could have on others. Children have a higher carriage prevalence than adults, particularly
those living with siblings or attending day care centres [6]. This known biological feature

cannot be reflected in models without age-structure.

Country-level differences may have impacted the results of the models. Population size was
predicted to have minimal to no impact in some cases [57, 244, 254], but decreased the vaccine
efficacy in others [221]. On occasion, models were insensitive to the population structure (or
mixing) [57] but very sensitive in others [237, 243]. These contradictions reveal an uncertainty
in the significance of these factors on vaccination impact. Gjini’s model showed that increasing

heterogeneity within a population reduced the impact of vaccination [220]. It also showed that
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vaccine efficacy and prevalence changed depending on the country on which it was employed
because of differing serotype distributions [220]. Two models found that increasing the catch-
up campaign reduced the IPD incidence much faster [241, 243]. Two models evaluated a
reduced dose schedule in England and Wales (2+1 to 1+1), finding conflicting results. One,
conducted by Public Health England, found that the vaccine impact would still be largely
preserved [236], whereas the other, conducted by the vaccine manufacturer, found that the
disease burden would increase substantially [251]. The latter did not fit to carriage studies,
but rather to outdated case-to-carrier ratios (CCRs). Countries with variation in vaccination
schedules and coverage vary in vaccine intensity, and thus herd immunity. This is further
demonstrated in one of the models [256] which found that vaccine efficacy in dose schedule
clinical trials changes depending on context and timing, and therefore are only comparable

in vaccine-naive populations.

Even though the outcome of transmission models is usually disease cases, pneumococcal
transmission is through carriage, and it is also a precursor to disease [70]. Despite this, only
two of the models included both colonized and IPD states [74, 287], and one of these [287]
described a system in which carriage was not a precursor to disease. Most other studies used
CCRs to estimate the disease cases from the number of carriers. Clinical epidemiological
studies suggest that up to six different serotypes can be carried concurrently [169], although
co-colonization becomes increasingly rare with more serotypes being carried due to the
competitive interaction between serotypes [288]. As such, all the models except three [236, 253,
257] assumed that more than two serotypes could not be carried simultaneously. Detection
of carriage is biased towards single carriage reporting, but only one model accounted for
this, resulting in a decreased competition parameter and an increased reproductive number
[220, 239]. Multiple carriage is important to consider for pneumococcal colonisation and
competition dynamics, and thereby serotype replacement. Vaccination prevents carriage of
VT, but it would be interesting to gather more data on whether multi-serotype coexistence

affects the impact of PCV or vice versa.

The dominating assumption in the retrieved DTMs is that individual serotype characteristics
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are vague and generalised. Other than a few models that grouped serotypes by biological
and epidemiological characteristics, most studies classified serotypes into two supergroups
as either VT or NVT. When the purpose of the model was to assess PCV vaccination or under-
stand underlying epidemiological mechanisms such as colonisation, immunity, competition
or replacement, this classification may not be appropriate. Having two supergroups over-
simplifies the system and loses details on carriage and disease patterns, as well as serotype
interactions and consequently serotype replacement. In a similar vein, serotype competition
was assumed to reduce the acquisition rate of a new serotype when the human host is already
colonised, but with only two supergroups, this also loses the granularity of serotype-specific
replacement. Neutral models especially [57, 74, 220, 234, 235, 240, 243, 253, 255, 289-291],
defined as having equivalent transmission and clearance rates across all serotypes, fail to pro-
vide details of serotype-specific transmission intensity, clearance rates or duration of carriage,
offered by their serotype-specific counterparts [234, 249, 250, 254, 255]. One reason for this is
the limited data on the natural history of infection. This is reflected in the range of parameter
values, as well as contradictions in sensitivity analyses on factors such as duration of vaccine
protection. Numerous studies have established that a host’s susceptibility to disease is mainly
associated with acquisition of a serotype rather than a prolonged duration of carriage [70],
so a serotype’s natural history of infection may dictate its fitness in terms of competition
within an individual and therefore its prevalence in the population. Two models classified
serotypes in this fashion, with observed prevalence of serotypes dictating serotype-specific
fitness [57, 256]. Understanding between-serotype competition within an individual would
enable us to model serotype replacement and herd immunity more effectively, and potentially

allow us to predict which serotypes are more cause for concern and should be targeted by

PCV.

2.3.2 Economic Evaluations

The main differences between the included economic models were their assumptions on

four factors, namely: herd immunity, serotype replacement, PCV10 impact on AOM caused
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by non-typeable Haemophilus influenzae (NTHi), and PCV10 cross-protection against NVTs
(Table 2.5).

Of the included economic papers, most described a European setting, and the remainder
a North American setting. They typically employed epidemiological data on surveillance,
serotype profiles, vaccine efficacy, NIPD distribution, and indirect effects. Indirect effects
were not calculated based on transmission dynamic models that captured herd immunity, and
as such all models were static. Early pneumococcal economic evaluations were static as it was
unknown whether vaccines prevented transmission or simply blocked disease [212]. Because
of their relatively recent licensure, much of the data on PCV10 and PCV13 used by the models
was extrapolated from PCV7 data. PCV10 and PCV13 clinical trial data have demonstrated
immunogenicity, safety and tolerability rather than clinical effectiveness. Currently, the
latter is inferred from earlier vaccine formulations. This demonstrates a limitation of the
studies. Despite this, most papers compared PCV10 and PCV13. Only one, more recent study,
compared PCV13 to PCV15 (PCV13 + 22F and 33F), PCV20 (PCV15 + 8, 10A, 11A, 12F, and

15B) and a hypothetical PCV20 based on serotypes causing disease in older adults [279].
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Country guidelines for health economic perspectives [292] were not necessarily followed
[269, 275], particularly by studies comparing the same perspective for different countries
[267, 268, 276]. However, the studies that included multiple health economic perspectives

[262, 270, 276, 280] generally had consistent results on which vaccine was more cost-effective.

Interestingly, the included EEs were nearly all industry studies, which at times fundamentally
biased the parameters used (Table 2.4, Appendix A.1), and thus the interpretation of the
results. A majority reported conflict of interest with either GSK or Pfizer, the two competing
PCV manufacturers who funded or provided grants for these studies or employed one or more
of the authors. The vaccine that was manufactured by the funding or supporting company
was always preferred or considered more cost-effective. Of the six papers that did not report a
conflict of interest, three reported that PCV13 was more cost-effective [280, 282, 283], and one
reported that PCV10 was considered more cost-effective if the impact on NTHi was included
[261]. One reported that neither were cost-effective, although it is worth noting that this
study did not include indirect effects in their analysis [270]. The last one compared PCV13
to higher valent vaccines that are not currently licensed (PCV15 and PCV20) in older adults
and found that the PCVs based on children’s IPD would not be cost-effective in adults [279].
Additional published work from national public health agencies, or detailed methodology
including the completion of a reporting guidance checklist, such as the Consolidated Health
Economic Evaluation Reporting Standards (CHEERS) checklist, could help eliminate the bias

and make the results more transparent and robust.

One of the challenges in comparing these studies is that they all described different settings,
with different currencies and price years (Appendix A.2). Costs of vaccines as well as
hospitalization for IPD and AOM differed between countries, but also within countries.
For example, EEs for Germany [267, 268, 280] reported different costs of hospitalization
for the same price year, resulting in different ICERs. Regardless, PCV13 was reported as

cost-effective compared to its lower valency counterparts in these studies.

Herd immunity and serotype replacement were often grouped together as a ‘net indirect
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effect’ that was fixed to a specified range of values. When this was the case, it was applied
to disease as a reduction in disease incidence by age group. Herd immunity, considered
separately, was applied to non-vaccinated populations as a result of the decreased disease
circulation or mortality rate. This is considered acceptable when herd immunity is based
on high quality surveillance data, although there is no gold standard or formal guideline
for incorporating herd immunity into static EEs [293]. It was sometimes also considered
inherent to the data analysed [258, 266, 272, 279, 282]. In all cases, indirect effects were not
calculated based on a transmission dynamic model framework. Serotype replacement alone
was excluded in three of the studies that considered the two effects separately [260, 261, 263].
In half of the sensitivity analyses, indirect effects were a key driver of, or had a moderate
impact on, cost-effectiveness [260, 263-267, 270, 271, 278-281]. Indirect effects vary over
time as more people infected acquire immunity. The range of fixed values used by these
economic models for indirect effects were rarely calculated based on vaccine coverage or the
duration of the vaccine programme. One study assumed the indirect effects were implicit
based on historical trends used to forecast IPD, though historical trends may not be useful
in predicting serotype replacement. While fixed values may be acceptable when based on
quality surveillance data for short time horizons, these might not be extendable to determine
the long-term impact [293]. Consequently, the impact of indirect effects is difficult to deduce

as the models were static.

NTHi reportedly accounts for approximately a third of AOM cases [185]. When PCV10
was evaluated, its impact on NTHi-related AOM was not always included. This impact is
controversial [187, 294, 295]. The magnitude of this protection in the studies was assumed
to range from 4% to 36% from either the Pneumococcal Otitis Efficacy Trial (POET) [187] or
the Clinical Otitis Media and Pneumonia Study (COMPAS) [186]. Generally, GSK-supported
papers added a higher protection against it (35.6%), from the POET study’s PCV10 efficacy
against clinical AOM episodes caused by H. influenzae rather than the reported value of 35.3%
for NTHi. On the other hand, Pfizer-supported studies ignored it or added minimal protection

(4%), this value referring to the POET study’s PCV10 efficacy against the first episode of AOM
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caused by NTHi, multiplied by the fraction of cases in the control AOM group that were NTHi-
caused. PCV13 may prevent NTHi-related AOM caused by complications from infection by
VTs [296], and as such, one Pfizer-supported study included PCV13 protection against NTHi
(24.5%) [258], though no reference for this specific value could be found. Regardless, AOM-
related outcomes were a key driver of sensitivity in many models [259, 260, 269, 273-278],

and as such this could be an important introduction of bias in the studies.

Cost-effectiveness was also driven by PCV10’s cross-protection against NVTs. Most Pfizer-
supported studies did not include any explicit PCV10 cross-protection against NVTs [258, 263,
264, 266, 267, 269, 270, 280], while all the GSK-supported studies did [259, 262, 268, 271, 273—
277]. There are several epidemiological studies that support PCV10 cross-protection against
serotypes 6A and 19A [186, 187, 297-301], although this is somewhat controversial depending
on the setting. Despite this, sensitivity analyses showed that even if excluded, the conclusions
were the same [271, 273, 277, 278]. Even though serotype 19A has been one of the most
prevalent serotypes around the world [194, 198, 302-305], PCV10’s cross-protective efficacy
against it is only 26% [297], a possible explanation for why its inclusion did not alter model

conclusions.

2.4 Discussion

This review gathered PCV DTMs and EEs and highlighted some of the gaps in our knowledge
in the epidemiological aspects of vaccination. DTMs generally found PCVs to be effective in
reducing the burden of IPD and EEs found PCVs to be cost-effective, although both sets of
papers made different assumptions which suggests biological uncertainties. In both cases,
the results relied primarily on herd immunity and serotype replacement which are difficult

to parameterise given their dynamic nature with time and heterogeneous populations.

Indirect effects are crucial to vaccine evaluation and cannot be captured as accurately by static
models. DTMs show that PCV7 is an effective way to reduce the disease burden although they

still cannot quantify serotype replacement yet, particularly as a majority still group serotypes
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into VT and NVT supergroups. One way to circumvent this and be computationally feasible
while still capturing the indirect effects might be to group serotypes according to serotype
characteristics, such as acquisition and clearance rates, as one of the models did [234]. How
and whether one chooses to group serotypes will depend on the goal of the study. A model
investigating the mechanism of competition might only need two serotypes, whereas a model
investigating the effects of vaccination or multi-serotype coexistence and the mechanism
of serotype replacement may require more. Additional biological and epidemiological
data, such as on immunity (natural, vaccine-induced, and cross-serotype) and duration of
protection would allow for parameter estimation on herd immunity and serotype replacement,
especially for PCV10 and PCV13. Additionally, interaction between individuals (age specific
rates of infection and mixing patterns between age groups), something that is essential when
modelling infectious disease transmission and vaccine impact, were often excluded, as was
an interaction between serotypes (competition). Several mechanisms of competition have
been described [56, 306-313], but the precise mechanisms and intensity of inhibition by
direct competition remain to be explored. One postulated mechanism, for example, states
that serotypes requiring less in a nutrient-deficient environment (i.e. are less metabolically
demanding) are those that are more prevalent and therefore those considered more “fit” [62,
288, 314]. Competition parameters cannot be directly measured but are currently extrapolated
from surveillance data. Large sample sizes are required in surveillance data that models rely
on to implement an age-dependent multiple carriage prevalence, which is rarely the case in
practice [257]. This would allow DTMs to better estimate the disease burden after vaccination
and to predict which serotypes are more crucial to include in the vaccine. This data would
also add robustness in the EEs such that bias from conflicts of interest would not prevail.
Static EE models simplify heterogeneity and do not allow an estimation of the changes in
herd immunity or serotype replacement over time, particularly as vaccine coverage increases.
Static EEs may be warranted if the time horizon is shorter, however serotype replacement
has a long-term impact. They overestimate effectiveness if, with increasing age at infection
as a consequence of increasing vaccine coverage, the risk of developing complications rises

as is recorded in a variety of epidemiological studies [315]. Static economic models are
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also unsuitable as they generally can underestimate the impact of interventions such as
vaccines, which reduce levels of infection transmission in a population [316]. These economic
models are far too simplistic at present in the absence of a transmission dynamic framework.
Interaction effects are not explicitly considered in static models, but they are in DTMs, even if
much of the data required to precisely parameterise these effects is scarce. Two of the models
included in the DTM review did include an EE as well [240, 245]. However, they were not
included in the EE review because they did not meet the criteria of comparing PCVs, nor

were their settings European or North American.

At the core of pneumococcal transmission dynamics is the presence of multiple serotype
carriage. Currently only bi-carriage has been modelled. The consequence of a higher multiple
serotype carriage on transmission dynamics is not yet understood and adds a degree of
complexity which may be unnecessary depending on the model’s objective, with the need
to estimate many more parameters especially in connection with cross serotype immunity.
Regardless, used in conjunction with an invasiveness estimate (case-to-carrier ratio) to extract
the number of disease cases. Should the data become more abundant, one could also extract
the number of specific disease outcomes (meningitis, sepsis, etc) per serotype, which could

link the DTMs to the EEs.

The reviewed transmission models never accounted for NIPD, whereas it was often included
in EEs and assumed to have a similar serotype profile to IPD. This may be because the PCV im-
pact on NIPD is not measured or required for the licensure [70], and because serotype-specific
data on AOM and pneumonia is sparse and therefore it is difficult to predict long-term effects
of vaccination or indirect effects. Nevertheless, AOM accounts for most pneumococcal dis-
ease costs because of its frequency, is important in regards to its contribution to antimicrobial
resistance [317]. As a key driver in the published sensitivity analyses, its parameters merit

exploration and quantification.

The population-level differences between countries signify that basing data from one country

makes predictions specific to this region. It is unknown at present whether these predictions
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apply to other populations [250]. Higher carriage and IPD prevalence in, for example,
developing countries and native population settings may be due to less effective immune
responses arising from malnutrition, genetic differences, or other epidemiological risk factors
such as HIV infection [104, 105] as well as from increased number of contacts [254]. These
factors affect the case-to-carrier ratios, which are age- and serotype-dependent, and could be
used to directly measure IPD prevalence. Furthermore, increasing the transmission intensity
might increase the occurrence of multiple carriage in a host population, which would increase
the indirect effects of competition [221]. In the EEs, most models assumed price parity
between vaccines even though this is highly unlikely in practice. Cost (vaccine dose price,
medical costs), a main driver in EEs, and different tendering outcomes, would change the
conclusions derived from economic models specific to one country. The extent of the benefits
of PCVs on populations of different sizes, age structures, or where differing pricing policies
prevail will depend on their respective epidemiological and economic characteristics. As

such, predictions may not currently be easily comparable.

While much past research has focused on DTMs and EEs separately, there has been little
focus on developing EEs based on DTMs and only two DTMs including an EE in this
field [240, 245]. DTMs provide a template for economic analyses of the relative benefit of
adding more serotypes to the conjugate vaccine. This cannot happen if they only model two
supergroups. Assessing vaccine impact in terms of both carriage and disease provides a
greater understanding of the transmission dynamics that can ultimately improve our ability
to make informed policy decisions [70]. However, doing this effectively is challenging at
present given our poor understanding of the relationship between pneumococcal carriage
and disease, including multi-serotype coexistence, and PCV’s role in it. Until we have a better
understanding of these factors, EEs will not be able to reflect the true value of implementing

one PCV over another.
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2.5 Aim in this thesis

I have identified a series of areas where current understanding of the impact of pneumococcal
conjugate vaccines is very poor. As such, this presents many challenges to the development
of pneumococcal transmission models (and associated parameter estimation) and EEs of the
vaccines’” impact. Specifically, many questions remain about how a multi-serotype dynamic
affects the natural history of infection and the occurrence of associated disease. The next
chapter will focus on understanding the trends of disease serotype replacement in countries
having implemented PCVs, to identify serotypes that replace previously dominant types in
disease post-vaccination in these countries and whether such settings would benefit from a

vaccine targeting the replacing serotypes.
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Chapter 3

Serotype replacement trends in
high-income countries and significance to

expanding vaccine valency

This chapter gives an overview of serotype replacement trends in invasive pneumococcal
disease in Australia, the United States and select European countries before and after vacci-
nation with PCV. The aim was to understand how the serotypes responsible for disease after
vaccine introduction in high income countries with similar demographics has changed and,

as a result, the case for developing vaccines with expanded valency.

Dissemination

A modified version of this chapter is published as

Lochen, A., Croucher, N.J. & Anderson, R.M. Divergent serotype replacement trends and in-
creasing diversity in pneumococcal disease in high income settings reduce the benefit of expand-
ing vaccine valency. Scientific Reports 2020; 10(1), 18977. https://doi.org/10.1038/

s41598-020-75691-5
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3.1 Introduction

As expanded PCVs are likely to be licensed soon [6], it is in the interest of the public health
community to understand which serotypes are causing disease in countries where vaccines
have been introduced and whether there is commonality in replacement patterns across coun-
tries. After PCV7 was implemented, serotype 19A became highly prevalent in carriage and
disease worldwide [167, 191, 192, 195, 318-321], leading to its inclusion in the higher valent
PCV13. An important question therefore is whether the serotype landscape post-PCV10/13
is again amenable to the targeting of a select few additional serotypes with an expanded
valency vaccine. While such a vaccine would be implemented globally, understanding the
trends in high-income countries that have already implemented higher valent PCVs and
that have similar socioeconomic and demographic characteristics can give a preliminary

indication of whether this undertaking would be beneficial to population health.

This chapter has four aims. First, to assess the patterns of relative serotype abundance in IPD
cases before and after the introduction of PCVs in North America, Australia and selected
countries in Europe. Second, to examine differences by country in these patterns in relation to
the vaccines introduced in national immunisation programmes. Third, to assess the expansion
of replacement serotypes in comparison with the serotypes targeted by the vaccine. The final
aim is to identify potential candidates for serotypes that should be included in conjugate

vaccines given increasing evidence on the invasiveness of the replacement serotypes.

3.2 Results

3.2.1 Dataset characteristics

The countries included in this study were Australia, Finland, France, Norway, and the United
States of America (USA) (Table 3.1). Data were publicly available from Finland’s National
Institute for Health and Welfare (THL) and France’s Centre National de References des

Pneumocoques (CNRP). Data from Norway and Australia were requested from Meldesystem
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for Smittsomme Sykdommer (MSIS) and National Notifiable Disease Surveillance System

(NNDSS) respectively. Data from the USA were obtained from a published article [322].

The breakdown by age groups was the same in Australia, Finland and Norway, and similar
to the USA. France had only two age groups, making a single cut off for children < 16 years
and adults > 16 years. As such, I grouped older adolescents with children in all countries
to maintain consistency, such that all individuals < 18 years were considered children and
all those > 18 years were considered adults. France included data pre-PCV7 as well as
pre- and post-PCV13, whereas Australia, Norway and USA only had pre- and post-PCV13
data available. The first two years of Australian data were removed as they had limited
serotype data. The USA data taken from the published article included only the five most
common NVTs [322]. Finland, which implemented PCV10, had pre- and post-PCV10 data
available. Because PCV7 was implemented only one year prior to PCV10 implementation,
the Finnish pre-PCV10 data included the PCV7 implementation year. Most countries had
a 2+1 vaccine schedule, apart from Australia (3+0) and the USA (3+1). While PCV7 was
implemented in various years, the higher valent vaccines (PCV10/13) were implemented
in 2010 or 2011 for all countries. Overall national IPD incidence decreased in all countries
following the introduction of PCV7 and PCV10/13, with the biggest decline in the USA after
PCV7, followed by the introduction of PCV13 in Norway (Figure 3.1).
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Figure 3.1: Incidence of IPD per 100,000 people in Australia, Finland, France, Norway and
USA pre- and post-vaccination with PCV7 and PCV10/13 from national surveillance of all
serotypes.

3.2.2 Temporal trends by serotype category

The age group-specific odds ratio (OR) compared the difference in disease caused by one
serotype category (for example, VI7) after vaccine introductions, compared to all other
serotype categories and PCV eras, to determine the correlation between a vaccine employed
and an increase or decrease in the proportion of disease caused by that serotype category. This
shows the trends in relative incidence for different serotype categories, avoiding fluctuations
in absolute prevalence that may result from non-vaccine factors. According to the OR,
vaccines decreased IPD caused by the serotypes they targeted in infants in all countries, with
the exception of VT10 types in one age category in Finland (Figure 3.2). Decreases in VT7 IPD
in all adult age categories implied a strong herd immunity effect. PCV13 consistently reduced
IPD caused by VT13 in infants across countries where it was introduced, but the impact in
adults was small relative to PCV7. For example, in the US and Norway, young children under
5 and the elderly were significantly less likely to get disease from VT10 and VT13 than other
age groups post-PCV13, but other age groups had no significant association between PCV13
and disease caused by VT10 and VT13. The proportion of IPD caused by NVT significantly

increased across all age groups and vaccination periods in Australia, France, Norway and the
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US, even in categories in which no significant decrease in vaccine types had been detected.
There is evidence of herd immunity in adults caused by PCV10 administration to infants,
with accompanying serotype replacement by non-VT10 serotypes across all ages. This is
due to serotypes not included in PCV10 (VT13 and NVT) causing a greater proportion of
disease in all age groups while non-vaccinated age groups are benefiting from vaccination
with reduced proportion of disease caused by VI7 and VT10. Comparing across age groups
shows herd immunity effects, despite very different absolute incidences in these different
demographics. This increase in non-VT OR may represent the simple removal of VTs, or
expansion of NVTs in a serotype replacement process. These two possibilities can be resolved

through further analysis of IPD trends.
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Figure 3.2: Point estimates and 95% confidence intervals (CI) of age-stratified odds ratios
(OR) relating IPD caused by serotype category after vaccine implementation. Estimated as
the product of the IPD cases by a serotype category post-vaccination and the IPD cases by all
other serotype categories pre-vaccination divided by the product of IPD cases by the serotype
category pre-vaccination and the IPD cases by all other serotype categories post-vaccination.
VT7: PCV7 serotypes; VT10: 1, 5, 7F; VT13: 3, 6A, 19A; NVT: non-vaccine types.
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3.2.3 Effect of vaccination on serotype diversity

Simpson’s Diversity Index (SDI) is a measure of diversity that assesses the abundance
of species in a population. In this case, estimating SDI in a population before and after
vaccination can help elucidate whether vaccination changes the distribution of the serotypes
causing diseases. Populations with a few dominating serotypes have a lower diversity than
populations with a more even distribution of serotypes. While the SDI in adults remained
relatively stable through the vaccination phases, indicating the population structure of
serotypes causing disease stays constant, significant changes were observed in children
(Figure 3.3). Prior to vaccination with PCV7, adult IPD isolates had a significantly higher
SDI than those from children in Australia, Finland and France, implying a greater variety of
serotypes caused adult IPD, which is in agreement with previous published research [136].
In Australia, France and the US, there was a fall in SDI between the introduction of PCV7
and PCV13, consistent with a few VT13 causing a large proportion of IPD. After PCV13
introduction, the elimination of these VT13 serotypes meant the SDI of disease in children
increased significantly and was no longer significantly different from that of adults. This
elevated SDI suggests reducing infant IPD further may require targeting a wide diversity of

serotypes.

Data from Australia, France and Norway were sufficiently comparable for them to be pooled
over the first 4 years post-vaccination with PCV7 and PCV13 for children and adults respec-
tively. This enables SDI to be estimated internationally. Finland and the USA were excluded
from this analysis in order to maintain consistency between the countries being compared;
Finland was excluded because it did not implement PCV13 and the window of PCV7 imple-
mentation was too narrow (only one year before PCV10 was implemented); and the USA was
excluded because the data available did not include immediate post-PCV7 data. Mirroring
the within-country results, there was a notable divergence between children and adults in the
two post-vaccination periods (Figure 3.4). SDI decreased significantly post-PCV7 in children
but did not change significantly in adults, suggesting the same serotypes were dominating

post-PCV7 across countries. However, post-PCV13 SDI increased dramatically in children

87



CHAPTER 3. SEROTYPE REPLACEMENT TRENDS IN HIGH-INCOME COUNTRIES
AND SIGNIFICANCE TO EXPANDING VACCINE VALENCY

but slowly in adults. After PCV7, diversity was considerably different between children and
adults whereas post-PCV13, the diversity was not significantly different between the two age
groups. This suggests the diversity of serotypes causing child disease is now similar to that
in adults, both within and between countries, making it more difficult to target with limited

valency vaccines.
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Figure 3.4: Simpson’s Diversity Index three years post-vaccination with 95% confidence
intervals pooling Australia, France and Norway in children (< 16 years for France, < 18 years
for Australia and Norway) and adults (> 16 years for France, > 18 years for Australia and
Norway).

3.24 Comparison of countries’ rank frequency distribution and major
IPD-causing serotypes

To identify the serotypes underlying these trends, rank frequency plots showed the ranking
of the top fifty disease-causing serotypes in each PCV era by the number of disease cases
caused and a cumulative frequency curve of the total disease (Figures 3.5, 3.6, 3.7, 3.8, 3.9).
After vaccination, VT IPD decreased, and NVT rose up in rankings in both age groups and
countries. Each country and age group experienced, in respective pre-PCV eras, one to three
serotypes causing a majority of the disease burden. Post-PCV, there were fewer ‘dominating’
serotypes, defined as those causing at least twice the IPD cases as that of the next-ranked
serotype. This is also seen in the cumulative frequency curves, where the number of serotypes
causing around 80% of disease in both age groups before vaccination was below ten, but

increased after vaccination with PCV7 and PCV13. This number remained relatively stable

following the introduction of the higher valency vaccines. The exception was in Norway,
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where there were no dominating serotypes pre- or post-PCV13 in both age groups (Figure 3.8).
Serotype replacement is evident post-vaccination in all countries, which is seen independent
of national surveillance agency [323], except in the US, where the most common serotypes

are in the same serotype category (VT13 and VT10) after vaccination.

The rank frequency plots suggest the most important trends in IPD can be explained by
analysing the ten most prevalent serotypes. The top IPD-causing serotypes differed between
children and adults and diverged post-vaccination (Figure 3.10, Table 3.2). Pre-vaccination,
the countries had a similar composition of serotypes in their rankings which consisted
primarily of VT. Serotype 14 was often dominant in both child and adult IPD. Post-vaccination
with PCV7 (i.e. pre-PCV10/13), serotypes 7F and 19A dominated rankings in children, as well
as serotype 3 in some settings, explaining the fall in post-PCV7 SDI. The rankings diverged
post-PCV13 between children and adults, and in the same age group between countries, with
NVT dominating the rankings. Adult IPD was caused by an overlapping set of NVT when
compared with child IPD post-vaccination (Table 3.2). While some serotypes like 12F and
23B seemed to affect both age groups, serotypes 8 and 9N tended to appear in adult rankings
more frequently and serotype 38 was more common in children. VT10 and VT13 serotypes
3, 7F and 19A persisted post-PCV10/13 in adults, with serotype 3 actually rising up the
rankings in some locations. Serotype 19A still dominated the infant rankings post-PCV13
in many countries except Norway. In line with previously reported analyses [324], there
was no dominating NVT that emerged post-PCV in the same fashion that serotype 19A did
post-PCV7. With the exception of the USA, the rankings were not consistent with “‘unmasking’
of NVT [175], as NVT changed in their relative prevalence following PCV introduction. This

suggests a serotype replacement process driven by the post-PCV expansion of certain NVTs.
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Table 3.2: Aggregated top serotypes causing IPD in Australia, Finland, France, Norway and
the United States by age group and PCV era; Colours correspond to serotype category. Green:
VT7; blue: VT10; yellow: VT13; purple: NVT. Serotypes with an asterisk indicated serotypes
that do not occur in both age groups for that vaccination era.

Pre-PCV7 Pre-PCV10/13 Post-PCV10/13
Children 4, 6B, 9V, 14, 18C, 19F, 4, 6B* 9V, 14, 18C*, 19F, 6B, 14, 18C, 19F, 23F, 1,
23F, 1, 7F, 23F, 1, 7F, 6C, 7F, 6C, 8, 10A*,
12F, 15C*, 22F, 23B*, 24F*, 12F, 15A, 15B/C, 22F
33F, 35B, 38* 23B, 24F*, 33F, 35B, 35F%,
38*
Adults 4, 6B, 9V, 14, 19F 23F, 1, 4,9V, 14, 19F, 23F, 1, 7F, 14, 19F, 23EF, 7F,
7F, 22F 6C,9N*, 12F, 6C, 8, 9N*, 11A*, 12F
15A*, 16F*, 22F, 23A*, 15A, 15B/C, 16F*, 22F
33F, 35B 23A%*, 23B, 33F, 35B

The fraction of total IPD caused by all these major serotypes individually over time demon-
strated a similar effect (Figures 3.11, 3.12, 3.13, 3.14). After any vaccine introduction, there
was a steady decline in the frequency of VT7, stabilizing at levels below 5% of all IPD in most
countries and all age groups. VT10 follow similar trends, although the decline in serotype
7F is still tapering off post-2012. Results are varied across settings for VI'13 and NVT. VT13
serotype 6A, which was already affected by some cross-immunity with the PCV7 6B antigen,
has decreased in adults and is consistently low in children. Across countries, there was a
notable spike in the percentage of IPD incidence caused by serotypes 1, 7F and 19A between
the introduction of PCV7 and PCV13. However, the serotype trends diverged between
countries following the introduction of the expanded-valency PCVs. In the NVT serotype
category, serotype 22F caused over 15% of disease in Norwegian adults post-PCV13 whereas
it stayed stable around 7% in French adults. In children, serotype 22F has not increased
dramatically and fluctuated greatly post-PCV10/13 in most countries. Serotype 24F caused
over 20% of disease in Norwegian children in 2015 and over 15% in French children in 2016
(as in previous results [325]) but less than 3% in Finnish children during that same time. The
fraction of disease caused by serotypes 6C and 35B in American adults increased sharply
post-PCV13, whereas in other countries it stayed relatively stable between 2 and 6%. The
percentage of serotype 8 increased gradually in most countries” adults, with a particularly

dramatic rise in French adults.
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3.2.5 Serotype incidence growth rate

Effects of vaccination can be seen in the rates of incidence change of certain serotypes across
countries and age groups (Figures 3.15, 3.16, 3.17, 3.18 and Figures 3.19, 3.20, 3.21,
3.22). These highlight differences between countries in serotypes that are rare (absent from
Figure 3.10) but growing due to serotype replacement, and serotypes that are common

(present in Figure 3.10) but declining due to vaccination or herd immunity.

Australia

In Australia, VT7 were not significantly changing in children in incidence pre-PCV (except
18C) but were increasing significantly in adults (except 4 and 14). Post-PCV7, VT7 decreased
in incidence, whereas VT10 and VT13 serotypes (except serotype 3 in children) were, as
expected, increasing pre-PCV7 and PCV13 but decreasing post-PCV13 (Figure 3.23). Children
and adults had similar incidence growth rates. Serotypes that were both common (Figure 3.10)
and growing were 8, 9N and 22F (adults), and 23A and 23B (both age groups). Despite its
persistent presence on the rank list post-vaccination, serotype 7F was decreasing substantially
in both age groups post-PCV13, as was serotype 6C in adults. From these results, we see that
post-PCV13 there has not been a sharp increase in any serotype as there was pre-PCV13 with

serotype 19A.

Finland

Incidence of VT7 and VT10 in Finland decreased post-PCV10 in both age groups, whereas
serotypes 3 and 19A (both VT13) grew sharply, particularly in adults (Figure 3.24). Serotype
growth between children and adults tended to be similar, with differences being mostly non-
significant. Serotype 19A decreased significantly in children compared to adults pre-PCV,
whereas serotype 3 was growing more in adults than children. Despite being common in
both age groups post-vaccination, serotype 14 decreased just as sharply post-vaccination as it
increased pre-PCV in children and adults. Common serotypes that were increasing in rate

of incidence were serotypes 6C and 22F in adults. On the other hand, serotype 8, 23A and
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23B were all growing in incidence but rare in both age groups. This was the case for serotype
11A in children as well, although this serotype was already common in adult IPD. Finally,
despite 9N being a highly ranked serotype post-PCV in adults, the rate of incidence actually

declined.

France

The only VT serotypes increasing in incidence pre-PCV in France were serotypes 1 and 19A
(children) and 7F (both age groups), despite the rankings for both age groups consisting only
of VTs (Figure 3.10, Figure 3.25). Post-PCV13, common serotypes that were also increasing
significantly were serotypes 10A, 15A, 15B/C, 22F, 23B, and 24F in children and serotypes
8, 9N and 15A in adults. Common serotypes that were not increasing significantly were
serotypes 1 (children), 3, 6C, 19F, and 22F (adults), and 7F, 12F, and 19A (both age groups).
Serotypes that were rare (not included on the rank list, Figure 3.10) but increasing were
serotypes 8 and 9N (children), and 10A, 16F, 23B (adults) and 11A, 23A, 35F, 38 (both age
groups). Children and adults followed the same general trends of increase or decrease in

incidence.

Norway

Similar to other countries, VT7 serotypes were decreasing post-PCV7 in Norway in both
age groups (Figure 3.26). Serotypes 7F and 19A were the only VT10/13 serotypes increasing
after PCV7 in children and adults. Other serotypes increasing post-PCV7 were serotypes
24F (children), 10A, 22F and 23A (adults), and 6C and 23B (both age groups). Post-PCV13,
common serotypes increasing in incidence were serotypes 24F (children), 8 and 9N (adults),
and 22F (both age groups). Serotypes 1, 7F and 19A declined in incidence in adults, ex-
plaining the OR results from the previous section, and suggesting herd immunity. Common
serotypes not increasing or decreasing significantly were 3, 7F, 23B, and 33F in both age
groups. Surprisingly, serotypes 6A (VT13) and 19F (VI7) increased post-PCV in children.

Rare serotypes increasing in incidence but not common were serotypes 8, 9N, 12F and 35F
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(children), and 10A, 12F, 15A, 16F, 24F and 35B (adults). Serotypes 8 and 9N were common in

adults and 24F common in children.

USA

In the US, as expected, VI7 were all decreasing in incidence post-PCV7 in both age groups,
whereas serotypes 7F and 19A were increasing (Figure 3.27). Other serotypes increasing
significantly in incidence in this era were serotypes 15A, 23A and 23B (adults) and 6C (both
age groups). Serotype 3 was the only serotype included in PCV13 that was increasing
post-PCV13, although non-significantly. Other serotypes whose incidence was significantly
increasing post-PCV13 were serotype 38 (children), 15A and 23B (adults) and 35B (both
age groups). VI10 and VT13 serotypes 7F and 19A, despite being common in both age
groups, decreased in incidence. Interestingly, serotypes 6A (VT13) and 18C (VT7) increased
post-PCV in children, even though they were not common. The similarities between age

groups suggests herd immunity from vaccination.
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3.3 Discussion

I have analysed serotype trends pre- and post-vaccination with PCVs in selected high-income
countries in Europe, North America and Australia. These have available good-quality
surveillance data that enables analysis of the serotypes causing the most IPD between settings
and age groups, as well as allowing identification of serotypes that are growing in incidence
post-vaccination. Following the introduction of expanded-valency vaccines, certain serotypes
were common in all the settings included, resulting from the persistence of VT 19A and
3 and the emergence of NVTs 12F and 23B. However, in line with other studies [326], the
serotype landscape between settings has diverged post-vaccination as a consequence of
serotype replacement. As such, there are no specific dominating serotypes common to all
countries, as was the case pre-vaccination with PCV7 or PCV10/13. I set out to compare
the differences between countries relative to which vaccines were used. These comparisons
may have been confounded by reporting inconsistencies between the national surveillance
datasets. The USA data only listed the top 5 most common NVTs, and consequently the
results of serotype-specific IPD as a percentage of total disease are overestimated (Figures
3.11, 3.12, 3.13, 3.14), results of NVT ORs are underestimated and VT ORs overestimated
(Figure 3.2) because of this omission of NVTs. Because it is the less abundant NVTs that are
not reported, this should not alter the results significantly. Unfortunately, Finland was the
only included country to introduce PCV10, and so systematic comparisons of PCV10 and
PCV13 effects were not possible. Additionally, France and Australia were the only countries
with pre-PCV7 data readily available, and there may have been other major serotypes in the
pre-PCV7 era of other countries that were not captured. Although the aim was to analyse the
serotype landscape in highly developed settings, it is obviously important to compare the
results reported in this analysis with lower income settings, where the IPD burden is highest.
For instance, serotype 5 (VT10) is an important cause of IPD in Africa but did not appear
in any of the countries’ rankings lists before or after vaccination. This emphasizes both the
need for high-quality surveillance data from lower income countries, and the challenges for

designing vaccines for worldwide use.
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I also aimed to assess patterns of relative abundance in IPD pre- and post-PCV. The OR results
mirror serotype replacement observations from previous reviews [167, 168, 172, 173, 198, 327-
329], indicating the proportion of IPD-causing NVT post-vaccination increased in all countries.
The data suggest that herd immunity is also being established following the introduction
of the higher-valency PCVs, although this process may not yet be complete. In Australia
post-PCV13, VT10 were associated with a significantly greater proportion of disease relative
to other serotype categories in adults aged 18-49 years, whereas they were associated with a
significantly smaller proportion of disease relative to other serotype categories in children
less than five. On the other hand, VT13 were associated with a smaller proportion of disease
in both children less than 5 and all adults post-PCV13, suggesting herd immunity is being
established. In Finland post-PCV10, the proportion of IPD caused by VT10 did not decrease
significantly in children (<5 years), but it was reduced in adults, which is likely a sign of
herd immunity. The diversity analysis showed that while adult IPD was always caused
by a relatively wide variety of serotypes, the serotypes causing IPD in children became
increasingly diverse after vaccination. The results are consistent with the rank frequency
distributions where pre-PCV, few serotypes (i.e. VI7) were causing a majority of disease in
children: in particular serotype 14 pre-PCV in Australia and Finland, and 19A pre-PCV13
in Australia, France, and the US. However, this was not the case in adults pre-PCV, nor in
children in Norway. This absence of dominating serotypes is now the situation for both
children and adults post-PCV10/13, as children’s and adults” SDI became similar in most
countries. However, Norway remains an exception, as the top-ranked serotype (22F) caused
18% of adult IPD. As the child serotype populations become more diverse, it may become

harder to achieve substantial IPD decreases with small increases in PCV valency.

Notably, serotype 3 was also consistently high in some countries after vaccination with PCV13.
This may be attributable to a lower immunogenicity in the vaccine against this serotype, or
this serotype’s propensity to be carried in older individuals, who are unvaccinated [330].
Targeting this serotype more effectively is important given its ubiquity across the countries in

this study. It is not possible to quantitatively compare the benefit of targeting this serotype
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more effectively over expanding valency without accounting for any associated replacement,
which would be expected to be small given the low colonisation rates [203]. However,
the unusual properties of serotype 3’s age distribution could complicate the prediction of
replacement effects in older adults. This begs the question of whether different valencies
in vaccines for children and adults may be a valid approach reflecting the broad serotype
distribution in geriatric age groups. While the policy around vaccinating adults is still a
contentious issue because of the disease-blocking nature of the vaccine’s impact rather than
herd immunity-inducing nature, there is benefit in targeting adult IPD serotypes. Adult-
specific vaccines would target disease and therefore circumvent the issue of replacement
in carriage and avoid the potential replacement with a serotype of a higher invasiveness
[331]. They may entail a huge financial commitment both from manufacturers as well as
governments who may not view implementation as cost-effective depending on the cost of
vaccination. Regardless of the multi-faceted considerations (public health benefit, economic,
implementation, manufacturing, regulations and clinical trials), the potential public health
benefit of reducing disease without causing serotype replacement is most crucial. The other
option would be to vaccinate children against adult IPD serotypes in order for adult and
geriatric populations to benefit from the indirect effects of childhood vaccination. However,
removing adult IPD serotypes may create a space in the carriage niche of children that could be
filled by more invasive (i.e. disease-causing) serotypes. This may be the preferable option for
vaccine manufacturers who need only continue expanding valency in their current vaccines,
although it is a strategy that presents many of the long-term challenges with replacement
which we are faced with now after having twice expanded PCV valency. Unfortunately, even
if serotype 3 was removed from circulation, there would still be a diverse range of serotypes

to target in each country.

Comparing serotype growth and decline in age groups, one of the trends that emerged was
that certain serotypes were common in one age group but rare and growing in incidence in
the other age group. Examples of this are seen in Finland (serotype 11A, common in adults,

is increasing in children), France (serotypes 8 and 9N, common in adults, are increasing in

121



CHAPTER 3. SEROTYPE REPLACEMENT TRENDS IN HIGH-INCOME COUNTRIES
AND SIGNIFICANCE TO EXPANDING VACCINE VALENCY

children; serotypes 10A and 23B, common in children, are increasing in adults), and Norway
(serotype 24F, common in children, is increasing in adults; serotypes 8 and 9N, common in
adults, are increasing in children). Although it is unclear from the disease data whether adults
may be a source of transmission in the community, the results reflect the known transmission
between the two age groups, but may also suggest that serotype replacement is not yet
complete. However, this is unclear without modelling the transmission and invasiveness of
serotypes across age groups, which together would clarify whether these low-frequency but
growing disease-causing serotypes are a result of replacement or age-specific invasiveness.
Unfortunately, data on age-specific invasiveness are challenging to obtain at present as
the carriage patterns in adults are not well understood, although additional data on adult
IPD relative to infant carriage would be helpful in avoiding some of the adverse effects of

paediatric immunisation programs on adult invasive disease.

The analysis of temporal changes in serotype abundance highlighted certain NVTs that
appeared to be increasing significantly in multiple countries, such as serotypes 8, 9N, 15A,
23B in both young and older age groups. It is notable that no serotype has yet dominated IPD
post-PCV in all countries as did serotype 14 pre-PCV and serotype 19A post-PCV7/10. There
were some cases of NVTs decreasing without direct vaccination pressure, such as serotype
15A in adults in France, Norway and the USA. This may be a result of poorly understood

ecological or serotype competition effects that were not explored in this analysis.

Finally, I aimed to assess the expansion of replacing NVT serotypes compared to those
targeted by the vaccine and identify potential candidates for serotypes to be included in
new PCVs. Taken altogether, the odds ratio, SDI and rank frequency results demonstrate
that the replacing NVT serotypes are a diverse set, particularly in children where the loss
of a dominating serotype in most locations post-vaccination is reflected in the increased
diversity index. While vaccines tend to be implemented globally, the pooled SDI analysis for
Australia, France and Norway indicates that there may be diminishing returns for adding
more serotypes to new vaccines, as they will likely be proportionately less effective at

reducing global IPD. This less skewed serotype distribution across IPD, described in our
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results and those reported elsewhere [332, 333], is exacerbated by the post-PCV differences
between countries and age groups. This makes it harder to tackle the remaining burden of
disease with additional valency compared to previous PCVs. To complicate matters further,
SDI, and therefore population structure, appears to be more similar between equivalent age
groups of different countries. In contrast, the common serotypes appear to be more similar
within countries across age groups. Hence each additional serotype added to PCVs can
contribute only a relatively small further reduction in infant IPD, even in the absence of
serotype replacement, and may only make such a contribution in a limited number of settings.
This raises the possibility of requiring different vaccine serotype formulations for different
locations, in line with ideas presented in a previous study [331], as well as distinct vaccine
serotype formulations targeting adult IPD to prevent the replacement that is expected when
expanding PCVs targeting infant carriage [331], as previously noted. These factors make
future universal PCV development and manufacturing challenging. Although formulations
could in principal vary between locations (despite this likely generating increased costs for
vaccine manufacturers), optimizing PCVs for both resource-rich and resource-poor countries
should be a high priority. Furthermore, despite having explored the trends of serotype
replacement in disease, serotype epidemiology and temporal dynamics is greatly influenced
by carriage, which is more difficult and costly to record. Understanding the rate at which
certain serotypes cause disease given carriage may help in future vaccine design and in
models predicting future serotype disease trends in various settings. For this, it is vital for
public health officials to continue recording surveillance data post-vaccination and making it
publicly available to understand both whether serotype replacement is complete post-PCV

and comparisons in trends between countries.

3.4 Methods

High-income countries (as defined by the World Bank [334]) in Europe and North America
with populations greater than 5 million people were chosen if they had a high PCV coverage

(> 80%) and serotype-specific IPD national surveillance data publicly available from public
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health agencies or published articles both before and after PCV vaccination was introduced
(Figure 3.28) for all age groups, regardless of valency, vaccination schedule or number of
surveillance years. Australia was also included as it has similar demographics to Euro-
pean and North American countries and to expand the analysis with its additional dataset.

Serotypes that were not typed or unknown were removed from the analyses.

PCVY PCV10/PCV13
introduction intreduction

-

Pre-PCV7 era Pre-PCV10/PCV13 Post-PCV10/13 era
era

Figure 3.28: Timeline of PCV implementation eras.

3.4.1 Statistical analysis

Statistical analyses were undertaken using R. An age group-specific odds ratio (OR) and
its 95% confidence interval (CI) were calculated to assess the correlation between a vaccine
employed and an increase or decrease in the proportion of disease caused by a serotype
category in each age group. This was done by comparing the difference in disease caused
by one serotype category after vaccine introduction with the disease caused by all other
serotype categories and PCV eras. Serotype categories were PCV7 serotypes (VT7: 4, 6B,
9V, 14, 18C, 19F, and 23F), PCV10 serotypes (VT10, additional serotypes in PCV10: 1, 5, 7F),
PCV13 serotypes (VT13, additional PCV13 serotypes: 3, 6A, 19A), and non-vaccine serotypes
NVT. Suppose, for example, this table illustrates the number of IPD cases in children caused

by each serotype category in each vaccination era:

Pre-PCV7 Pre-PCV10/13 Post-PCV

VT7 a b c
VT10 d e f
VT13 g h i
NVT j k l
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The correlation between PCV7 and the change in proportion of disease caused by VI7 would

be comparing the following:

Pre-PCV7 Pre-PCV10/13 Post-PCV

VT7 a b c
VT10 d e f
VT13 g h )
NVT j k l

such that the OR would be estimated as

ax(e+ f+h+i+k+1)

R = v g ) * 6+

(3.1)

The OR demonstrates how the proportion of VI7, VT10, VT13 or NVT-caused disease cases
changed before and after vaccination in each age group, and shows the trends in relative
incidence for different serotype categories, avoiding fluctuations in absolute prevalence
that may result from non-vaccine factors. A similar analysis was previously undertaken to
show how the carriage of serotype categories changes post-vaccination [335]. My aim was
to answer whether vaccines affected the serotype categories in the same way in each age
category and country. Since countries have implemented different vaccines, the odds ratio
estimated the proportion of these serotype categories after vaccination with whichever PCVs
were implemented. The OR also circumvents the issue of calculating age-specific incidences
when surveillance populations are aggregated from different sources (such as the United
States” Active Bacterial Core surveillance), which can be complicated by non-vaccine effects
on overall IPD incidence. Since vaccine design aims to target serotypes causing the most

disease, this analysis elucidates which serotype category to target.

Simpson’s Diversity Index (SDI) [336] was calculated to assess the diversity of the serotypes
causing IPD each year for each country and age group, with 95% confidence intervals [336].
SDI is an indication of richness and evenness of a population, considering the relative abun-

dance of each species, and ranges from 0 (no diversity) to 1 (infinite diversity). Populations
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with few dominating serotypes are easier to vaccinate and are less diverse than those with a
number of serotypes with similar abundance. In this case, estimating SDI in a population
before and after vaccination can help elucidate whether vaccination has changed the distribu-
tion of the serotypes causing diseases. As such, I also estimated SDI for pooled countries four
years post-vaccination, to understand whether vaccination was associated with divergence
between countries” IPD serotype compositions, an indication of whether vaccines targeting

additional serotypes were favourable in multiple countries.

To identify the individual serotypes underlying the OR and SDI results in each country, a
rank frequency distribution for each vaccination era and country was plotted, with serotypes
ranked according to the number of IPD cases caused, as well as a cumulative frequency curve,
indicating a serotype’s contribution to the total disease burden. Rank frequency distributions
can describe population structures of the serotypes causing the most disease, particularly
if they belong to a specific vaccine category (VI7 in PCV7, VT10 in PCV10, VT13 in PCV13,
or NVT). Aggregation of disease cases per vaccination era allowed me to understand which
serotype caused the most disease during different periods, making it insensitive to changes
between individual years. These plots highlighted dominating serotypes, which I defined
as the highest-ranked serotype(s) causing at least twice the burden of disease as the next
most highly-ranked serotype. While the categories provide an overview of the vaccines’
impacts, each serotype within the categories may behave differently as well. For this reason,
visualising each individual serotype provided a more granular outlook that may elucidate

the detailed patterns of serotype replacement.

To that end, the top ten IPD-causing serotypes in each country in each period were exam-
ined at each time point to compare between countries and age groups. The proportional
contribution of these major serotypes were estimated as the disease cases caused by the
individual serotype over total disease cases in order to compare the disease contribution
between countries. This was used and plotted instead of incidence rates, as overall incidence
rates can differ between countries, potentially making the disease contributions based on

incidence misleading. For example, country A and country B with the same number of people
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in the population and the same number of cases of serotype X would have the same incidence
for serotype X, but that serotype may make up a different proportion of total cases in the
population if overall incidence rates differ. In other words, the incidence does not give a
measure of the contribution to the disease burden relative to the other serotypes preset. This
is important for the serotype-targeting feature of PCVs, which aim to target the serotypes

causing the highest proportion of disease.

Additionally, a linear regression model was employed to obtain an estimate of the crude rate
at which serotype incidence was growing or declining in each vaccination period for each
country in order to understand which serotypes were growing or declining, and p-values
were adjusted for multiple comparisons using the Benjamini and Hochberg method [337].
Serotypes that were both ranked in the top ten and also had a high incidence growth rate
post-PCV10/13 were considered important for possible future inclusion in increased valency

vaccines.

3.5 Aim in this thesis

I have shown that increasing vaccine valency may be increasingly difficult for vaccine
manufacturers given the observed diversity of the prevalent serotypes between countries.
The analyses show that NVT serotypes 8, 9N, 15A and 23B are increasing in Australia, North
America and certain European countries, even though their incidence trends are not consistent
and there is a variety of other NVTs affecting each country and age group. Additionally,
although there are common emerging serotypes between countries and within age groups,
there has not been a dominating serotype post-PCV as there was pre-PCV (serotype 14) and
pre-PCV10/13 (serotype 19A). While this chapter focused on disease incidence, transmission
of pneumococcus is through carriage and therefore pneumococcal dynamic transmission
models require a translation between these two important pathological events. As such, the
next chapter will focus on estimating the rate at which serotypes cause disease given carriage,

or the invasiveness, which is vital for future vaccine design and the model to predict future
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serotype disease trends.
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Chapter 4

Estimating serotype invasiveness using a
Bayesian framework for translating

carriage into disease

This chapter estimates and compares serotype invasiveness across datasets. Invasiveness
is an estimate of a serotype’s attack rate or pathogenesis, i.e. the ability of a serotype to
progress from carriage to disease. In this chapter, I estimate a local invasiveness of serotypes
in each dataset and a global serotype-specific invasiveness across datasets. Since transmission
is through carriage, invasiveness rates allow translation of carriage prevalence estimates
from dynamic transmission models to invasive pneumococcal disease incidences which are

observed in populations.

Dissemination

A modified version of this chapter has been presented at Epidemics” - 7th International Con-
ference on Infectious Disease Dynamics in Charleston, North Carolina, USA, 3 - 6 December
2019 as:

Lachen, A., Truscott, J.E., & Croucher, N.J. A Bayesian approach for predicting pneumococcal

serotype-specific invasiveness in children and adults in global settings.
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A modified version of this chapter is being prepared for publication in PLOS Computational
Biology as:
Lachen, A., Truscott, J.E., & Croucher, N.]. Analysing pneumococcal invasiveness using Bayesian

models of pathogen progression rates.

41 Introduction

Given the importance of the pneumococcal capsule to virulence [25, 312], and the post-PCV
changes in IPD burden (Chapter 3), it has long been assumed that capsule is an important de-
terminant of pneumococcal invasiveness. Differences in invasiveness were directly observed
in mouse experiments [338, 339] but the biological process is difficult to observe in humans.
As such, one can take an epidemiological approach to estimating the rate of this process
in humans. Pneumococcal invasiveness is a special case of the progression rate, defined as
the rate at which pneumococci move from carriage to disease (including NIPD) [340]. It
describes the ability of a serotype to progress from carriage to invasive disease, essentially
a measure of a serotype’s IPD attack rate, or pathogenicity. Consistent with the hypothesis
that invasiveness is driven by the capsule, surveys of NP carriage and IPD have identified
substantial disparities in serotype frequencies between carriage and disease. For example,
‘epidemic’ serotypes (such as 1 and 5) are rarely found in carriage, but are sometimes found
to cause IPD outbreaks [68, 69], and are therefore thought to be highly invasive [341]. Hence
the invasiveness of pneumococcal serotypes has frequently been quantified as the ratio of its
incidence in disease to its prevalence in a matched carriage survey (termed case-to-carrier

ratio or incidence risk ratio).

Substantial changes in pneumococcal epidemiology caused by PCV introduction have ren-
dered existing methods to estimate serotype invasiveness ineffective, and have made data
synthesis challenging due to vaccine effects. Many of the 100 serotypes emerged post-PCV af-
ter having been previously rare, and vary between geographic regions (Chapter 3). Estimating

serotype invasiveness requires meta-analyses of international collections and synthesis of all
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available data. This maximises the sample size for each of the plethora of serotypes found in
many locations. It also minimises the serotype’s association with a single genetic background,
as the strain composition of different locations varies considerably [184], emphasising the
need for data across locations. This is of particular importance for those serotypes that are
currently rare but could emerge as important causes of disease following vaccine-associated

serotype replacement.

Two methods have been used frequently to estimate the potential for serotypes to cause
invasive disease. The first uses an odds, or risk, ratio relative to all other serotypes in the
population [65, 342]. A variation of this has also been used in which the geometric mean of
the odds ratio is taken [169]. However, when comparing multiple studies, this is confounded
by variation in the mixture of other serotypes, which may not necessarily be comparable
between datasets [10]. This is particularly true when comparing pre- and post-PCV studies
[343], as also seen in the previous chapter (Chapter 3). The second method avoids this
problem by estimating invasiveness relative to a standard serotype common in both carriage
and IPD [66, 344]. However, such serotypes are likely to be targeted by PCVs as they
are highly represented in carriage and disease samples across countries. Correspondingly,
the original standard, serotype 14, has been eliminated by PCV7 in many settings [65];
PCV13 has similarly removed the replacement standard serotype used in post-PCV7 studies,
19A, from many locations [344]. A third method employed by one study estimated case-
carrier ratios from direct calculations of IPD incidence and carriage prevalence estimates,
though the authors assumed the uncertainty on the case-carrier ratio derived solely from the
carriage prevalence and only estimated the ratios for one population [345]. A fourth method
employing a Bayesian framework, has also been used to estimate invasiveness across PCV

periods, although this was also done for only one population [223].

Yet a causal link between pneumococcal serotype and invasiveness has yet to be comprehen-
sively established. In H. influenzae, changes to an isolate’s serotype altered its virulence in an
animal model of disease in such a manner that reflected the epidemiology of human disease

[346]. While some equivalent experiments in S. pneumoniae have replicated observations from
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human IPD [347, 348], others have found changes in an isolate’s serotype did not change its
invasiveness in an animal model [349, 350], suggesting serotype-independent factors may
contribute to this phenotype. This is consistent with the Global Pneumococcal Sequencing
project’s conclusion that there is variation in the invasiveness of strains of the same serotype
[351], though this is somewhat controversial [65, 66]. Previous work using genotyping data
had suggested invasiveness varied with serotype within a strain [352]. This is also consistent
with the epidemiological data, as there appear to be consistent differences between some
serotypes around the world and serotype is strongly correlated with genetic background in S.
pneumoniae [65, 183], particularly for highly-clonal epidemic serotypes, such as serotype 1
[351, 353]. If a serotype is clonal, many loci might contribute to invasiveness, but the serotype
would still strongly correlate with invasiveness as a consequence of linkage disequilibrium.
This makes it challenging to disentangle the contributions of different loci. This has been
attempted by testing for association of genetic loci with disease isolates, relative to those
from carriage, using comparative genomic hybridisation [354] and whole genome sequencing
[355], both of which have identified links between non-serotype-encoding loci and invasive-
ness. In combination, these observations are consistent with multiple loci contributing to

invasiveness, even if serotype is a major contributor to the overall phenotype.

I propose a novel methodology using a Bayesian framework to quantify invasiveness as a
serotype’s hazard of progressing from carriage to disease. The intention was to compare
serotype compositions across multiple countries and avoid a measure that is relative either to
the rest of the pneumococcal population (i.e. the mix of serotypes in a given location), or to
one standard serotype. This method also enables a formal test of the hypothesis that serotype
alone determines pneumococcal invasiveness, through fitting models to multiple geographic
locations and host demographics. Both the estimates of serotypes’ invasiveness, and the
extent to which these values exhibit heterogeneity across strains, countries and demographics,
are critical data for pneumococcal vaccine design, as PCV effectiveness relies on being able to
eliminate high-invasiveness strains [331, 356]. The data and methods used in this study are

made freely available to the public [357], to enable consistent collation of data from ongoing
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surveillance of potentially problematic serotypes as vaccine-associated serotype replacement

continues.

4.2 Methods

The purpose of this chapter was to develop a Bayesian framework for estimating serotype
invasiveness within each published dataset reporting serotype-specific carriage and disease
episodes (local invasiveness) and across these datasets (global invasiveness). A summary of

the data and how it relates to model parameters can be found in Figure 4.1.

Data

- Number of carriers of each serotype i in dataset  (c;) Bayes’ theorem rearranged:

- Number of disease cases of each serotype i in dataset  (d) P(d,v,p) x P(d|v,p) P(v|p) P(p)
- Total number of nasopharyngeal swabs in dataset j (1;)
- Total disease population in dataset j (N))

- Time period of study in dataset j (f;)

where d = # disease cases, v = invasiveness (disease
cases per 100,000 carriers-year), p = carriage

prevalence.
Total carrier #1PD Total Length of
# carriers swabs cases population, N study, t
: : : : i Priors Likelihood
datasets n dataset: n datasets n dataset: datasets . R . L
1 dutose arasets s orasers 1 dotas P(v|p): prior on invasiveness, P(d|v, p): likelihood of
independent of carriage disease data, Poisson
prevalence, flat/uninformative distribution with
P(p): prior on carriage prevalence, | disease rate A = vpNt
beta distribution given # of carriers | which follows a
follows binomial distribution gamma distribution
¢;~ Binom(pyj, n;)
P(pij) = Beta(pj, @ = ¢;+ 1, f =n; —¢;+ 1) | A~Gamma(a = d;+ 1,5 =1)
Local invasiveness posterior distribution Global invasiveness (logarithmic) posterior distribution
M
Ay o, 1 .
vyj = InP@il{dy}) = Y InG: Y Pyl (ph))
pijNjt; o MO
Estimated from deviates of 4;; from gamma distribution and Global invasiveness approximated using M deviates from the
deviates of p;; from beta distribution beta-distributed p;;.

Figure 4.1: Summary of how data from published datasets links to model parameters for the
estimation of local and global invasiveness.

4.2.1 Dataset selection

From a previously published meta-analysis [331], datasets reporting serotype-specific num-
bers of carriers and disease cases of children and adults were gathered. Briefly, a PubMed
search on 5 October 2017 by the study authors using the terms ”(case[All Fields] OR dis-
ease[All Fields] OR episode[All Fields] OR patient[All Fields]) AND (carriage[All Fields] OR
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carrier[All Fields] OR nasopharyngeal[ All Fields]) AND (invasiveness[All Fields] OR “attack
rate”[All Fields] OR “type distribution”[All Fields] OR “serotype distribution”[All Fields]
OR “serogroup distribution”[All Fields] OR “invasive capacity”[All Fields] OR “invasiveness
ratio”[All Fields] OR “odds ratio”[All Fields] OR “carrier ratio”[All Fields] OR (“invasive iso-
lates”[All Fields] AND “carriage isolates”[All Fields])) AND (“serogroup”[MeSH Terms] OR
“serogroup”[All Fields] OR “serotype”[All Fields]) AND (“streptococcus pneumoniae”[MeSH
Terms] OR (“streptococcus”[All Fields] AND “pneumoniae”[All Fields]) OR “streptococcus
pneumoniae”[All Fields] OR “pneumococcus”[All Fields])” retrieved all studies studying
pneumococcal serotype invasiveness with both serotype-specific distributions in carriage and

invasive disease [331].

The literature search returned 136 results, of which 32 were looked at in detail after reviewing

the papers. After contacting authors, twelve were further rejected for the following reasons:

¢ Study design was biased towards particular serotypes (Takala et al. [358])

* Very high (> 75%) co-colonisation levels made the population structure of the carriage
sample difficult to ascertain (Azzari et al. [359])

¢ Could not access the raw data for re-analysis (Valles et al. [360])

¢ No high-resolution serotype data reported (Principi et al. [361])

* No clear age stratification of the collection (Smart et al. [362], Galanis et al. [363])

* Very small sample sizes once stratified by age (Cullotta et al. [364])

¢ Could not access manuscript (Mogdasy et al. [365])

* No information on total nasopharyngeal swabs obtained (Scott et al. [366], three studies
reported in Brueggemann et al. [65], Browall et al. [367])

* Absence of data on the total population (Levidiotou et al. [368])

* 'True’ carriage prevalence difficult to ascertain due to selection of positive isolates
(Hanage et al. [369], one study reported in Brueggemann et al. [65]): From the total
number of positive swabs, a random selection of isolates was used for the analysis. Of
these, isolates were further selected in Hanage et al. as not all were true positives for S.

pneumoniae, and further selected again for the relevant time period.
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¢ Serotype reporting in carriage surveillance did not differentiate between vaccinated

and unvaccinated children (Mameli et al. [370], Lavlie et al. [371])

This left 21 datasets with substantial matched systematically-sampled and thoroughly serotyped
asymptomatic carriage and disease samples [192, 223, 342, 352, 372-384] (Table 4.2). Within
these, isolates of serotypes 15B and 15C were combined into the single 15B/C category.

Samples were stratified by age and date of vaccine introduction.

4.2.2 Construction of the serotype invasiveness model

Bayes’” Theorem states that the probability of A given B is

P(A|B) = (4.1)
where P(BJA) is the likelihood, i.e. the probability of B being true given A, P(A) is the prior
(i.e. the known) probability of A, and P(B) is the probability of B. P(B) is typically not
something that is observed, and therefore is considered a nuisance parameter to be integrated
out, also known as marginalisation. This process can be done by summing the probabilities

of all the possibilities of B, or taking the integral.

I developed a Bayesian framework to estimate the invasiveness of each serotype from the
data for each age group (children and adults). Invasiveness is defined as the rate of disease
given carriage (i.e. disease cases per carrier per year). In the first model, I estimated a separate
invasiveness v;; for serotype i in dataset j (i.e. “local” invasiveness) such that each dataset
can be treated independently. Inference of invasiveness is based on two independent sources
of data; carriage prevalence of serotypes in a population, p;;, and disease cases detected in
the same population, d;;. From Bayes Theorem (Equation 4.1), the joint probability of the

data, the invasiveness and the carriage prevalence can be written as

135



CHAPTER 4. ESTIMATING SEROTYPE INVASIVENESS USING A BAYESIAN
FRAMEWORK FOR TRANSLATING CARRIAGE INTO DISEASE

P(dij, vij, pij) = P(dijlvig, pij)m(vigl pig )7 (pij) 4.2)

where functions 7(-) represent the priors. The prior for the invasiveness, 7(v;;), is assumed
to be flat and independent of the carriage prevalence and can therefore be omitted. p;; can
be estimated from population surveys. For serotype ¢ in population j, ¢;; is the number of
positive swabs detected in a sample of size 7);, implying a carriage prevalence of p;;. As such,

¢;j is a result of a binomial process reflecting the background carriage prevalence:

If the prior distribution for prevalence is a uniform distribution between 0 and 1, the posterior

will be beta-distributed:

m(pij) = Beta(pij;ao=¢;;+ 1,6 =mn; —c;; + 1) (4.4)

Furthermore, the first term on the right in Equation 4.2 is the likelihood of the disease count
data, d;;, which are considered to be the result of a Poisson process in response to a force of

infection for a given serotype and a given population:

A(vij, pig) ™

P(dij|vij, pig) = Poisson(dij; Avij, pij)) = ——
ij:

exp(—A(vij, pij)) (4.5)

where \(v;j, pi;) = \i; is the expected count. The disease incidence is assumed to be constant

over the period of observation, therefore \;; can be expressed in the following way:

Aij = Mg, pig) = vijpig N; At (4.6)
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where N; is the human population size under surveillance in the dataset and At; is the
time period over which the cases were detected. The quantities N; and At; are assumed
to be known with negligible error. v;; is the invasiveness, which can be interpreted as the
probability per unit time (or hazard) at which an individual carrying a serotype will develop
the disease of interest, in this case IPD. The posterior distribution results from integrating out

the nuisance parameter p;; and is given by

P(vij|dij) o< / P(dij|A(vij, pig) P (piglcis nig ) dpi- (4.7)
Pij

The simplest way to calculate the statistics of v;; is through direct calculation from deviates,

i.e. independent and identically distributed random variables drawn from the distributions

of the other parameters. Since the disease count data are distributed according to the Poisson

distribution, the expected count is distributed according to the conjugate prior distribution,

the Gamma distribution:

Xij ~ Gamma(a =d;; + 1,5 =1). (4.8)

So, ignoring the uncertainty in N; and At;, drawing independent deviates of \;; and p;; from
the Gamma distribution and the Beta distribution respectively can generate deviates of v;;

rearranging Equation 4.6:

N 4.9)
pijN; AL

Vij
In the second model, I estimated an invasiveness for each serotype that draws on all datasets
in which it is present, i.e. an invasiveness v; for each serotype i in n datasets (i.e. “global”
invasiveness). In this case, the different datasets cannot be separated and the posterior

distribution (Equation 4.7) takes the form
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n

P(vi|{di;}) H/ (diz|A(vi, pig)) P (pijlcijs iz ) dpij- (4.10)
Pij

To marginalise over the nuisance parameter p;;, the integral can be approximated using M

independent deviates from the Beta distribution of p;;, pfj, wherek=1... M

M

1
/ P(dij| A(vi, pis)) P (pi)dpij = - - > P(di|Avi, o) (4.11)
Pi k=1

ij

i.e. the logarithmic posterior probability of the invasiveness of serotype i, for a set of values

of disease cases across all datasets {d;;} can be written as:

n

M
In P(v;|{di;}) = In (=Y P(di;| X (0))) (4.12)
j=1

k=1

i\“

An arbitrary value of M = 10, 000 was sufficient to produce minimal variance in the integral,
since a minimum of 1000 samples are needed to construct a posterior distribution and build a
credible interval [385, 386]. In this way, the posterior distribution of v; can be evaluated to
any degree of accuracy. The credible intervals (Crls) in our case were estimated from 95% of

the highest posterior density region. All analyses were undertaken using R.
The following assumptions were made in all invasiveness models:

* The population, carriage prevalence and disease hazard were constant throughout the
years included in the studies.

e Unless otherwise stated, the disease surveillance was assumed to cover 100% of the
population specified in the respective manuscripts.

¢ There were two age groups: children (< 18 years old) and adults (> 18 years old). This
stratification reflected that of the meta-analysis datasets. Most of the cases in children <
18 years can be expected to be in children < 5 years.

* Adult carriage was assumed to be the same as children’s, as it was more readily available.
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Adult upper respiratory carriage is thought to be underestimated and therefore may
not be reliable [387]. Furthermore, vaccine serotypes are typically eliminated from adult
IPD, except in cases where adult carriage is also high [55, 379].

¢ Each carried isolate came from an individual person, and multiple serotypes were
counted as separate carriers. As such, carriage rates are effectively independent of
one another, and therefore could sum to more than one in principle, given sufficient
multiple carriage.

¢ There are no false negative swabs; i.e., detection of all serotypes is effectively perfect,

regardless of which method for serotyping was employed.

4.2.3 Model comparison

The obtained posterior distributions were qualitatively compared to those obtained by Wein-
berger et al. [223], who also used a Bayesian approach with only one population (Navajo and
White Mountain Apache populations in the US) across vaccination periods, to understand
whether their results should be used as informative priors for our posterior distributions.
Briefly, their modelling framework estimated serotype-specific invasiveness for each vacci-
nation period, age group and serotype in the same fashion as presented here, but pooled
estimates across vaccination periods by assuming the period-specific estimates were drawn
from a normal distribution with a mean equivalent to the "true” invasiveness and the precision
equivalent to the period-specific precision. This pooled invasiveness estimate was compared

to both the local and global invasiveness estimates presented here.

Additionally, I aimed to quantitatively compare the local invasiveness model and the global
invasiveness model. Given two competing models, one would want to compare the posterior
distributions, i.e. the probability of the respective models, say M; and M, given the data D,
P(M;|D) and P(M,|D). From Bayes Theorem (Equation 4.1), P(M|D) can be estimated as:

P(D|M) - P(M)
P(D)

P(M|D) = (4.13)

139



CHAPTER 4. ESTIMATING SEROTYPE INVASIVENESS USING A BAYESIAN
FRAMEWORK FOR TRANSLATING CARRIAGE INTO DISEASE

where P(D) is the probability of the data, which would be the same for the two models, and

P(M) is the prior probability of the model. The two models can then be compared via their

posterior odds as:

P(M,|D)  P(D[M) = P(M)
P(My|D) ~ P(D|M,) ~ P(Ms) (4.14)

The first term on the right-hand side is Bayes Factor (BF), which is the ratio of the probability
of the data given the models, or in other words, the relative strength of evidence of one
model over the other. It can also be interpreted as the degree to which one model updates
the posterior based on their prior [388]. If the priors on the models are the same, then the

posterior odds are equivalent to BF:

P(D|M)
BF = — ¢ 415
P(D|)E) 19
If BF > 1, the data favour M;, whereas if BF < 1, the data favour M,. The farther from 1 (in
either direction), the stronger the evidence for one model over the other:

Table 4.1: Bayes Factor evidence labelling. Reproduced from [3].

Bayes Factor | Label

> 100 Extreme evidence for M;

30 -100 Very strong evidence for M;
10-30 Strong evidence for M,
3-10 Moderate evidence for M;

1-3 Anecdotal evidence for M;
1 No evidence
é -1 Anecdotal evidence for M,
% - % Moderate evidence for M,
5= 35 Strong evidence for M,
35 = 165 Very strong evidence for M,
< s Extreme evidence for M,

In this way, the size of BF allows one to understand which model is preferred based on the

relative evidence.

140



CHAPTER 4. ESTIMATING SEROTYPE INVASIVENESS USING A BAYESIAN
FRAMEWORK FOR TRANSLATING CARRIAGE INTO DISEASE

To understand which model was preferable between the local and global invasiveness models,
I estimated and labelled BF [388, 389] in order to compare the relative evidence of the local
versus global models. Because the model priors are the same, BF is equivalent to the posterior

odds:

_ [T5—, P(vijldis)

BE = iy

(4.16)

In this way, the marginal likelihood of each model can be approximated as the area under the
posterior distribution curve, and BF can be estimated to establish which model the evidence

favours.

4.2.4 Comparison with genetic data

To test whether variation in v; might be explained by differential association with other
genetic loci, the diversity of global pneumococcal sequence clusters (GPSCs) with which each
serotypes was associated was calculated. The GPSC data is a global collection of isolates pre-
and post-PCV [351], and is the most comprehensive resource available for determining the
linkage between serotype and genetic background. The relationship between the number of
strains and the global invasiveness estimates was quantified, using the Pearson correlation

coefficient.

4.3 Results

4.3.1 Heterogeneity in datasets

The literature search resulted in 20 pairs of infant carriage and IPD samples (nine of which
were post-PCV introduction), and five pairs of infant carriage and primarily adult IPD
samples (one of which was post-PCV introduction) (Table 4.2). All the studies described the

children’s age group except for one which was adult age group only, and only five studies
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described both children and adult age groups. From the twenty-one datasets gathered from
the meta-analysis, just under two thirds were from the pre-vaccination era; seven were from
the post-PCV7 era, and only two were post-PCV10/13 (Table 4.3). The number of swabs
taken in the studies ranged between 197 and 6541. Child datasets described between 7 and
47 serotypes in circulation, whereas adult datasets described between 12 and 44 (Table 4.4,
Table 4.5). VT serotypes were among those most prevalent in carriage pre-PCV, although there
is no obvious trend among datasets or serotypes (Figure 4.2, Figure 4.3), and the variance

was large between datasets.
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Table 4.4: Summary of serotypes included in each dataset reporting children.
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Table 4.5: Summary of serotypes included in each dataset reporting adults.

Pre-PCV Post-PCV7

Alabama Eng&Wales Portugal Stockholm Navajo

4 X
6B

X X

14 X
18C
19F
23F

XX XX X XX
XX X XK X X
XXX X XX

7F

6A
19A
10A
10C
10F
11A X
12B

12F X

X XXX

K| X X X[ X

Gl
XXX XXX KX XXX XX XX X X
XXX XX XX XX

15A
15B/C X
16F X
17F X
18A
18B X

XXX X X X
>
XX XX X X

X
20 X X X X
21 X X
22A
22F X
23A X
23B
24B
24F
25F
27 X
29 X
31 X X
33A
33F

XXX X X X
>
> XX XX X X

X
<

35A

35B

35F

37 X
38 X
6C

7C

XXX X X X
XXX XX XX X XK

x X

9A
9L
9IN X
Total 12 31

BRI X X X X XXX XX XX

About two thirds of the studies took place in high-income settings, with the rest taking place
in lower- or middle-income settings. Overall IPD incidence in study locations varied from
2 (Portugal) to 94 (Atlanta) cases per 100,000 people pre-vaccination in children, from 5.3

(Netherlands post-PCV10) to 33 (Navajo post-PCV7) cases per 100,000 people post-vaccination
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in children, and from 2 (Portugal) to 13 (Stockholm) cases per 100,000 people pre-vaccination
in adults (Figure 4.4). Portugal’s low incidence of disease is likely attributed to its large
study disease population (Table 4.3), which surveillance was assumed to cover all of in the
absence of information on coverage. Post-PCV, there was a reduction in the maximum IPD
incidence caused by a single serotype, as shown by datasets from Atlanta [192], Bogota [376],
the Netherlands [384], and France [381]. As expected, VT, including VT10, had higher IPD
incidences than NVT across all datasets and age groups pre-vaccination (Figure 4.5). These
results highlight that variation in IPD burden may reflect genuine differences in disease, or
artefacts of varying surveillance or reporting practices. However, given the heterogeneity
of serotypes being carried between locations, it is also possible the higher disease burdens

could result from the circulation of more invasive serotypes in carriage.
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Figure 4.2: Carriage prevalence in children of each dataset by serotype. Each point represents the carriage prevalence of the respective
serotype in a dataset. VI7: serotypes included in PCV7. VT10: additional serotypes included in PCV10. VT13: additional serotypes

included in PCV13. NVT: serotypes not included in any PCV.
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Figure 4.5: Invasive pneumococcal disease incidence of children (< 18 years) and adults (> 18 years) in each dataset by serotype.
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4.3.2 Global invasiveness
Trends across serotypes

Each global invasiveness estimate is inferred from subsets of the overall dataset, correspond-
ing to those locations in which that serotype was observed (Table 4.4, Table 4.5). Hence greater
uncertainty (i.e. wider Crls) was associated with those serotypes found in the lowest number
of datasets. Pre-PCV, global invasiveness values in children ranged from 10~° (serotype 34)
to 3.6 x 107 (serotype 1) cases per carrier-year, with the majority of serotypes associated
with estimates in the range between 10~° and 3 x 10° cases per carrier-year. Serotypes with
the highest global invasiveness in children were primarily VT, particularly VT10 serotypes
(Figure 4.6). NVT serotypes with high global invasiveness were serotypes 8, 9N, 12F, 17F,
18B, 20, and 22F. The VT7 serotypes 6B, 19F, and 23F and VT13 serotypes, had similar or
lower invasiveness relative to many of these NVT. Post-PCV, invasiveness values in children
ranged from 107° (serotype 33A) to 1.7 x 1072 (serotype 1) cases per carrier-year, with the
majority of serotypes associated with estimates in the range between 10~* and 2 x 10~ cases
per carrier-year. VI10 serotypes were also high in invasiveness post-PCV, whereas NVT
serotype 12F’s invasiveness was significantly higher than most other serotypes (Figure 4.7),
although this analysis represents a smaller and different combination of datasets than the

pre-PCV analysis.

The model was also fitted to data from adult IPD, relative to carriage in infants. Pre-PCV,
global invasiveness values in adults ranged from 1.8 x 10~° (serotype 21) to 2.4 x 1073
(serotype 8) cases per carrier-year, with the majority of serotypes associated with estimates
in the range between 2.5 x 107° and 5 x 107° cases per carrier-year. NVT serotypes tended
to have higher invasiveness compared to VT serotypes (Figure 4.6). Serotypes 8, 9N, 13,
17F, 20, 22F and 38 were some of the NVTs with higher invasiveness, many of which have
subsequently been associated with serotype replacement in adult IPD. Serotype 3 was the
only VT13 serotype among the top 10 most invasive serotypes, reflecting its prevalence in
disease post-vaccination with PCV7. Regardless, serotypes 8, 9N, 22F and 38 may be key

serotypes for both children and adults, particularly as they have not yet been included in any
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of the licensed PCV formulations.

Many of the serotypes do not exhibit a significant difference between the overall invasiveness
estimates in children and adults (Figure 4.6), although these estimates are derived from a dif-
ferent combination of datasets. The exception in NVT is serotype 8, which has a significantly
higher invasiveness in adults. All of the VT serotypes with significant difference between
the two age groups were unsurprisingly significantly higher in children than adults, as these
(19E, 23F, 6B) are known as the paediatric serotypes because they were common in infant
disease. The exception was VT13 serotype 3 which was significantly higher in adults. The VT
serotypes 1, 4 and 9V did not exhibit significantly different invasiveness between children
and adults. Therefore, global invasiveness is not always significantly different in serotypes

across age groups.
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Figure 4.7: Global invasiveness in children post-PCV7 of serotypes included in more than two datasets. Error bars represent 95%

credible intervals.
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Genetic background and serotype correlation in children and adults

To test whether these correlations exist across a diversity of genetic backgrounds, serotype
invasiveness pre-PCV was plotted against the number of strains (Global Pneumococcal
Sequence Clusters, GPSCs) in which the serotype was expressed in the GPS collection [351].
The number of strains was not correlated with global invasiveness in children (Figure 4.8), but
had a statistically significant negative correlation in adults (Figure 4.9, p < 0.05). If serotype
does not cause differences in invasiveness, then serotypes found in more strains should have
non-extreme invasiveness values. The serotypes with the highest overall invasiveness in
children (1, 5 and 7F) were all found in fewer than five GPSCs, despite each being well-
represented in the isolates from IPD. This means it is hard to ascertain whether invasiveness
is attributable to serotype. Serotype 8, which had the highest overall invasiveness estimate in
adults pre-PCV was found in fewer than 10 strains globally. VT serotypes with slightly lower
invasiveness (23F, 19F, 19A, 6B and 6A) in children and adults were reported to have more
than 30 strains. These are the paediatric serotypes that are common in infant carriage and
disease. In infants, they have middling invasiveness, as might be expected if invasiveness
were driven by other loci, and the estimated value is assumed to be an average across strains
with different levels of invasiveness. Hence results are consistent with non-serotype loci
contributing to invasiveness, as many other variable loci will likely be identified to contribute

to differences in invasiveness.
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4.3.3 Local invasiveness

As invasiveness may vary between strains of the same serotype, the local invasiveness was
also estimated as the serotype-specific invasiveness within each dataset to investigate this
heterogeneity. These rates showed a large range of estimates for each serotype for both
children and adults (Figure 4.10). Maximum a posteriori invasiveness estimates at the bottom
of the 95% Crl represent the serotypes that had zero cases of carriage and a non-zero but low
number of disease cases. The maximum a posteriori estimates of serotype local invasiveness
within datasets (Figure 4.11) ranged from between 7.0 x 10~° and 2.3 x 10~* (Ontario pre-
PCV [375]) to between 7.0 x 107> and 3.7 x 102 (Goroka pre-PCV [342]). Ultimately there
was no serotype-specific trend in invasiveness estimates across all datasets, as serotypes
that were highly invasive in some datasets were low in others (Table 4.6, Table 4.7). For
example, in children pre-PCV, serotype 8 was highly invasive in England and Wales but
less invasive in Morocco; 9V was highly invasive in the Czech Republic but less invasive
in Caracas; 19A was highly invasive in Morocco but less invasive in Atlanta; and 31 was
highly invasive in Alabama but less invasive in Portugal. Post-PCV7, serotype 4 was highly
invasive in Massachusetts but less invasive in France. Post-PCV10/13, serotype 38 was highly
invasive in France but less invasive in the Netherlands. In adults pre-PCV, serotype 8 was
highly invasive in England and Wales but less invasive in Alabama; 4 was highly invasive in
Stockholm but less invasive in Alabama and Navajo post-PCV7; and 31 was highly invasive
in Alabama but less invasive in Portugal. Around two thirds of the serotypes in both age
groups had cases in which they were not detected in carriage but caused disease, suggesting
they were rarely present in the nasopharynx but sufficiently invasive to be found in IPD

[65, 66, 401], although this may reflect different carriage and IPD sample sizes.

Despite the small sample size of datasets including both children and adults (Figure 4.12),
19A appears to be significantly more invasive in children than adults (England and Wales
(E&W) [380] and Navajo [223, 379]). In the E&W study, VI7 serotypes 6B, 18C, 19F and 23F as
well as 15B/C, were also significantly more invasive in children than adults. In the Alabama

study [373], only serotypes 4 and 14 were significantly more invasive in children than adults.
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In the Portugal study [352], there was no significant difference between invasiveness of
serotypes carried by both children and adults. All of the studies that included both children
and adults had respectively similar invasiveness ranges for both age groups. These are
directly correlated to IPD incidence, since carriage proportions were considered the same
for children and adults. IPD incidence in children is higher than in adults, however in the
Navajo population they may be similar because they are known to be a population with high
IPD incidence due to comorbidities [402]. The E&W dataset stratified age by less than and
greater than 5 years old, and the addition of children between the ages of 5 and 18 may have

raised the range of the disease incidence and thus invasiveness estimates in adults.

Only four studies had both pre- and post-vaccination data (Figure 4.13). Studies conducted
in Atlanta [192] and Bogota [376] were pre- and post-PCV7, with the one in Atlanta reporting
only three serotypes in common pre- and post-vaccination and none significantly different in
invasiveness. The Bogota study had many of the same serotypes present post-vaccination but
these did not show a clear trend in change of invasiveness in the serotypes detected in both
vaccination periods. The third study, conducted in France pre- and post-PCV13 did not show
any clear trend in invasiveness either [381]. The last study, conducted in the Netherlands with
pre-PCV, post-PCV7 and post-PCV10 data, showed an increase in invasiveness in serotype
3 and a decrease in serotype 7F, though non-significant. Many of the common serotypes
in this study had non-significant differences across vaccination periods. This suggests that
invasiveness does not change with vaccination as no serotypes (both VT and NVT) had a
significant difference in invasiveness post-vaccination regardless of vaccine, but it merits
further exploration when additional pre- and post-vaccination datasets from the same setting
become available, since there were only six datasets post-PCV7 and one post-PCV13 and
only four settings with both pre- and post-vaccination data. Therefore, vaccination did not
appear to substantially change the invasiveness associated with serotypes, relative to either

the variation observed between serotypes, or the same serotype in different locations.
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Figure 4.10: Local invasiveness of each serotype in children and adults by serotype. Each point represents a dataset which includes the

respective serotype. Error bars represent the 95% credible interval.
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Table 4.7: Serotypes ranked by local invasiveness (most to least) for each dataset reporting
adults. VT7: serotypes included in PCV7. VT10: serotypes included in PCV10.
serotypes included in PCV13. NVT: serotypes not included in currently licensed vaccines.

Pre-PCV Post-PCV?7
Alabama England&Wales Portugal Stockholm | Navajo
31 8 12B 4 1
29 4 5 8 7F
34 17 1 1 12F
1 20 12F 8
13 7F 8 20 13
14 20 10F 7F 9V
20 9V 13 17F
16F 17F 22F 6B
38 9N 24B 31 9N
8 38 25F 33F 14
37 14 35B 18C
4 34 38 9N 19F
35A 7C A% 22F
37 9A 18C 33F
10A 9L 38
18C 24 11A 11A
4 14 16F
22F 7F 2 17F
31 9N 35A
11A 10A 23A 31
15B/C 11A 24F 10A
18B 14 35F 15A
19F 15A 38 10C
21 15B/C 15B/C 10F
23A 16F 19F 20
23F 18A 21 22A
27 18C 23F 23A
35B 35B 27
35F 19F 33A
21 6B 35A
6B 22F 35B
23A 37
23B 4
23F 5
7C
31 15B/C
33F 21
34 23B
35F 34
37 35F
6B
6C
9V
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4.3.4 Model comparison

Datasets did not have consistently higher or lower local invasiveness measures for serotypes
compared to the global invasiveness, indicating that location may not be the only factor

4 "

impacting a serotype’s “true” invasiveness (Figure 4.14).

To formally test the global invasiveness and local invasiveness models for all serotypes, the
relative evidence of the two was estimated using BE. BF showed evidence for the global
invasiveness model over the local invasiveness model in most serotypes in children, showing
stronger evidence for the global model as the number of datasets increased (Figure 4.15), with
the exception of serotype 14 which showed extreme evidence for the local invasiveness model.
In adults, the BF also favoured the global model over the local in most serotypes, though more
weakly than in the case of children. The exception was serotype 16F, for which there were
only two datasets and which showed extreme evidence for the local model. Taken together,
these results are not surprising since the global invasiveness model was constrained to one
invasiveness estimate across all datasets, making the number of parameters used number
of datasets — 1 fewer than its local model counterpart. The maximum number of datasets
for a serotype was 11, and whether the preference for the global model will hold for a larger
number of datasets is unknown as of yet. The effect may also work in counterbalance when
the variance between few datasets for a serotypes is large, such as for serotype 14 in children
and serotype 16F in adults. The evidence ratio suggests that the global model is preferable to
estimating invasiveness compared to the local model as the number of datasets included for
a serotype increases. Hence only those serotypes for which most data are available have the

power to reject the local invasiveness model.
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This becomes further evident when comparing the posterior distributions of global and local
invasiveness of serotypes in children (Figure 4.16). As the number of datasets increases, the
posterior distribution of the global invasiveness becomes narrower because the distribution
becomes more “informed’. This suggests that while a single global invasiveness is preferred to
an amalgamation of local invasiveness estimates, a universal invasiveness will not always be
appropriate for describing each location individually. In particular, the posterior distributions
of local invasiveness of serotype 14, which dominated the serotype landscape pre-PCV, show
variability between datasets. This is inconsistent with the posterior distributions of the local
invasiveness of serotype 4, which are almost the same combination of datasets as those of
serotype 14, but that have similar local invasiveness posterior distributions. In other words,
global invasiveness does not capture all serotypes’ invasiveness in datasets equally well, and

this is a caveat of using a universal invasiveness measure for each serotype.

Using the local invasiveness method, we can directly compare the probability of serotypes
causing disease given carriage between different serotypes and between the same serotype
in different datasets. Taking for example VT7 serotypes 4 and 14 and epidemic serotypes 1
and 5 suggests that the variation in invasiveness is driven by location or location-specific loci
and cannot be ascribed solely to serotypes (Figure 4.17). The VI7 serotypes which are more
prevalent in carriage and disease have smaller CrIs of local invasiveness and are sometimes
significantly different between datasets, as well as from the global invasiveness. On the
other hand, the rarer epidemic serotypes 1 and 5 have much wider intervals and are only
sometimes significantly different from the global invasiveness, as is the case for serotype 1 in
Goroka. This indicates that the global invasiveness may provide a reasonable estimate in the

absence of other data for the rarer serotypes.

4.3.5 Comparison with previous results

Comparing the posterior distributions of invasiveness in children with those of Weinberger et
al. [223], these local invasiveness distributions differ sporadically from theirs depending on

the dataset, whereas the global invasiveness distribution tends to overlap with their results
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(Figure 4.18). These global invasiveness estimates included the dataset from the population
on which Weinberger et al.’s analysis was based (Navajo post-PCV7). Interestingly, the
local invasiveness estimates for the Navajo dataset were slightly higher than those found
in Weinberger et al.’s paper. The narrowness of the Weinberger et al. posterior distribution
makes it undesirable as a prior, and it likely reflects the plenitude of data used from multiple

time periods compared to the one used for the analysis in this chapter.
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4.4 Discussion

I developed a novel open source Bayesian framework for estimating both local and global
invasiveness as the hazard of developing IPD given carriage of a particular serotype. The
main finding was that substantial variation in pneumococcal invasiveness can be observed
within a serotype, as shown by the variability between datasets (Figure 4.17), but the model
comparison suggested that global invasiveness is favourable to local invasiveness when
considering all datasets. The local invasiveness model would still be suitable for serotypes
that are locally-emerging in the absence of global invasiveness estimates. The analysis found
two other factors contributed to the hazard of IPD given carriage of a given serotype: host age,
as some serotypes differed significantly in invasiveness between children and adults within
the same setting and globally; and the location, as setting-specific differences in carriage and

disease rates will directly impact invasiveness estimates.

In line with these results, previous studies have shown that invasiveness cannot be explained
by serotype alone [355], though this is somewhat contested by studies estimating invasiveness
through the odds ratio method (OR) [66]. Since the invasiveness estimates described in this
chapter express an absolute rate that is independent of the other serotypes in a dataset,
these estimates are not able to be directly compared with the OR method estimates. The
OR method that does not use a standard serotype expresses a unitless measure for a dataset
that is dependent on the other serotypes in that dataset, limiting the comparability to other
datasets. Fitting an OR across datasets is undesirable given the variability of serotypes
present between datasets. This is similar to the global invasiveness estimates presented here,
which are estimated using variable combinations of datasets, making it difficult to compare
the values between serotypes. Colijn et al. [331], whose meta-analysis was the basis for
the datasets used in this chapter, fitted a random effects model across datasets to obtain
logarithmic odds ratios on the basis of this method. Comparing the association between their
fitted odds ratios and the global invasiveness estimates from this chapter indicates a positive
and concordant relationship (Kendall’s 7 coefficient = 0.61, p = 5.982 x 10~®). This suggests

some level of alignment on which serotypes are generally considered most invasive. The
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second OR method relative to a standard serotype assumes that such a serotype will have
the same invasiveness everywhere, which I have shown not to be the case for serotype 14.
Brueggemann et al. estimated ORs relative to serotype 14 and found that the most invasive
serotypes 1, 5 and 7 were around 60 times more invasive than the least invasive serotypes
3, 6A and 15 [66]. My analysis is in agreement with theirs on the highly invasive types, but
serotypes 3, 6A and 15 (both 15A and 15B/C) were in the mid-range of invasive estimates
relative to others. This is likely due to their characterisation of fewer serotypes. Additionally,
contrary to Brueggemann et al.’s findings, serotype 8 was also identified as a highly invasive
NVT in this analysis. Conclusions for serotype 8 may differ because of the relative nature
of this OR method, which may not highlight invasive serotypes that would have similar

invasiveness as the standard serotype.

Despite being preferred by BF when comparing all datasets together, the global invasiveness
model may be somewhat limited in how well it would describe new datasets compared
to the local invasiveness model. The more datasets included in the global invasiveness
estimate, the narrower the posterior distribution and Crls. This makes it less likely to
describe corresponding serotypes in new and variable datasets, as seen with serotype 14.
Additionally, the posterior distributions of global invasiveness estimates tend to be dominated
by likelihoods that are more informative (e.g. narrower) rather than broader and diffuse [386].
As such, results suggest global estimates will provide a reasonable estimate of invasiveness
in other settings in the absence of local invasiveness data, but local data and fits would be
preferable to describe a specific setting. What this means is that this model, or definition of
invasiveness, could either be missing a location-specific covariate, or that the data collection
in the studies gathered by the meta-analysis was not consistent enough to be modelled
accurately. This location-specific covariate would modify the global invasiveness model, such
that all serotype invasiveness values in a setting would be moderated by setting characteristics
such as healthcare availability, host genetics, and socioeconomic factors. This may reduce the
sensitivity to varying local surveillance practices and potentially help us understand why

locations vary in IPD burden, though its value would depend on the surveillance coverage
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and accessibility of isolates. The challenges with such an estimate would be that it would
require a breadth of data and serotypes, as well as a reference dataset that would make it a
relative measure - something that is avoided with the method presented in this chapter. It
would also not allow for a BF to be calculated per serotype. This analysis is out of scope for

this thesis, but could be an interesting avenue for future research.

The variation in the posteriors for some serotypes also highlights setting-specific factors
that may affect the invasiveness estimate. The heterogeneity in both local invasiveness and
disease incidence between settings may have been attributable to location-specific factors
such as lifestyle or healthcare disparities, including the prevalence of and prevention against
comorbidities such as HIV [403], asthma, diabetes [404], cancer [405], influenza [406], among
others. This emphasises an important limitation of this analysis, wherein it compared and
combined studies from around the world that differ in socioeconomic development, access
to healthcare, and other environmental factors. Differences in disease rates may also reflect
contrasting rates of blood culture [407]. Rates of blood culture may depend on access to
laboratories and healthcare centres, something that will vary between countries and even
in rural versus urban settings. Additionally, the disease rates may have been driven by the
data collection of different manifestations of IPD and different age categories, which we have
consolidated here. Certain pneumococcal serotypes have been commonly associated with
disease manifestations in specific age categories [64, 71, 366], which we grouped together
here. Temporal biases may also have affected the local invasiveness. Fewer or more serotypes
reported in the studies could reflect the year in which studies took place since more serotypes
were discovered later and therefore more were distinguished in the serotyping procedures.
Additionally, while studies were undertaken over different lengths of time, the results do
not indicate a correlation between invasiveness and length of study and therefore the study
period should not have a significant effect on invasiveness results. For example, the England
and Wales study took place over one year and the Czech study took place over nine years,

but they both had similar ranges of local invasiveness.

Invasiveness measures may also rely on other population-independent biological factors that
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are still misunderstood, such as immune clearance and competition [62], and by extension
antibiotic resistance. For example, it has been suggested that increasing pathogen density
in the nasopharynx may promote bacterial invasion into the lungs, resulting in pneumonia
[408], and that viral coinfection can promote this process [409]. How specific serotypes may
promote this process is unknown. The local invasiveness model justified modelling the impact
of vaccination as being driven by changes in carriage, not by any change in invasiveness.
What this invasiveness measure may lack is the interaction between serotypes in a specific
environment, as all serotypes in the analysis were treated as independent. The question
would then be whether invasiveness is impacted by vaccination — something we were not
able to conclude given the limited post-vaccination data with no consistent trend between
datasets. For instance, it would be interesting to investigate whether the invasiveness of
serotype 19A has changed since vaccination in the same setting, considering it has been one
of the most prevalent serotypes in disease and has exhibited antibiotic resistance. The matter
is further complicated with a study showing that carriage alone does not fully explain the
variation in post-vaccination IPD [410]. A dynamic approach to invasiveness to explore how
it changes over time for each serotype could be one way of understanding the true impact of

vaccination or whether invasiveness is impacted by the presence of other serotypes.

An important limitation of this meta-analysis is the data on carriage. Contrary to IPD
incidence, the number of carriers is taken at distinct time points and does not reflect the
temporal trends of carriage loss and acquisition. This is because it is usually estimated as
the number of individual carriers over the study period divided by the total number of
individuals. Additionally, multiple serotype carriage is likely underestimated as multiple
carriage is difficult to detect with many traditional serotyping methods [2]. In this analysis,
multiple carriage was counted as multiple individuals, even though only one of the carried
serotypes is likely to be isolated from IPD. This means that some serotypes’ invasiveness may
have been underestimated, since the probability of causing disease given carriage would be
lower if someone carried two serotypes but only one of these would usually cause disease

and be detected. Furthermore, variation in carriage between infants and older children
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[67] will also affect the inferred carriage rates, which here aggregated children under 18
years. Serotypes will seem more invasive if carriage samples included children further from
the peak age of carriage. Moreover, the assumption that adult carriage would mirror child
carriage may be a limiting factor, as carriage prevalence has been shown to differ between
the age groups [411]. Unfortunately, in the absence of widespread adult carriage data, this

assumption was unavoidable.

It is unclear whether this study would help in vaccine design, had it been conducted prior to
PCV7 manufacturing and licensing [331, 356, 412]. There is no evidence, from our limited pre-
and post-vaccination analysis, that serotypes change invasiveness post-vaccination. Targeting
the serotypes contributing to the most IPD first (i.e. 10 of 13 serotypes in the current PCV13)
to alleviate the burden, followed by the highly invasive types (i.e. 8, 9N, 12F, 13, 18B, 20, 22F)
to prevent replacement, as described in Chapter 3, may have theoretically reduced disease
short- and long-term. Targeting the most invasive serotypes in children first (1, 4, 5, 7F, 8,
9V, 14, 18C, 19A, 22F, 27, 38) would also reduce the disease burden, particularly as many of
these serotypes are also the ones that caused the most IPD globally [10]. However, this would
likely also depend on the serotypes prevalent in carriage. For example, serotype 3 which
had a higher invasiveness in adults than children (although non-significant), still causes
considerable disease in adults despite its inclusion in PCV13 [163, 413, 414]. Previous studies
have shown that based on universal invasiveness ratios, current vaccine design is not optimal
as it depends heavily on serotypes in circulation, which differ by population, and which age
groups are targeted [331, 356, 412]. Current vaccine design may be more problematic because
of the heterogeneity seen in the posteriors of the local invasiveness estimates. Regardless, this
could be explored in a dynamic transmission model that could simulate the better vaccine,
as well as to understand our current situation: given the implementation of PCV7, PCV10
and PCV13, and additional vaccines being developed that build on those formulations, what
will be the difference between adding serotypes with high IPD incidence versus adding those
with a high local invasiveness? This would be interesting to explore for different locations

and age groups given the variability between locations.
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Ultimately, a novel methodology has been employed to estimate invasiveness using a multi-
tude of datasets. As the code and data are publicly available [357], this analysis is expandable
to other datasets, allowing others to estimate local invasiveness estimates for their own
datasets and to re-estimate the global invasiveness model. Additional studies on cases of
carriage and disease in a population pre- and post-vaccination in both age groups could
make these results more robust and may also shed light on new or rare invasive serotypes
post-vaccination. This method could be used to gather data in the future and allows the inva-
siveness of newly emerging serotypes to be determined. In line with previous results, these
results indicate that while PCVs target serotypes and serotypes are not the sole contributor to
influencing invasiveness [355], PCVs targeting serotypes may not be effective in alleviating
the disease burden long-term globally [331]. Since serotype is not the only determinant of
invasiveness, protection against invasive strains may not be conferred globally from PCVs
of expanded valency. As the model agrees that there is substantial variation in invasiveness
across the species, it is unclear whether it would be preferable to target serotypes with high
local invasiveness with setting-specific vaccines or to target those with high global invasive-
ness worldwide in future PCV design. In essence, this strengthens the evidence for a vaccine

targeting invasive strains and not serotypes alone.

4.5 Aim in this thesis

Using a Bayesian approach, I estimated a global invasiveness rate for each serotype across
all datasets as well as a local invasiveness. Serotypes with the highest global invasiveness
were 5, 1, 4 and 7F in children, 8, 4, 1 and 20 in adults pre-vaccination, and 1, 7F and 12F
in children post-vaccination. There was no correlation between the global invasiveness
pre-PCV and the number of GPSCs in which a serotype was found in children, but a negative
correlation in adults. Local invasiveness was inconsistent across studies, something that
may be attributable to population heterogeneity, and suggests that invasiveness may not be
universal. Additionally, the most invasive serotypes varied between datasets, potentially

as a result of biological differences such as competition and interaction between serotypes.
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Model comparison showed that the global invasiveness model was preferred to the local
invasiveness model. However, this is likely due to the reduction in the number of parameters
in the model, as the global invasiveness model does not always capture the variability
between datasets. Going forward, invasiveness estimates could investigate and incorporate
population features that give rise to this variability in order to be more useful for vaccine
policy. In the next chapter, the local and global invasiveness estimates from this chapter will
be used to understand the impact of targeting serotypes based on their invasiveness, both

local and global, versus targeting serotypes based on their disease incidence.
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Chapter 5

Impact of expanding PCVs based on
different vaccine strategies: an
individual-based dynamic transmission

modelling study

This chapter evaluates the impact of increasing PCV valency in European and North Amer-
ican settings using an individual-based dynamic transmission model. The three strate-
gies of vaccine expansion are disease incidence-based, local invasiveness-based and global

invasiveness-based.

Dissemination
A modified version of this chapter is in preparation as
Lochen A, Truscott JT, Croucher NJ, Anderson RM. An individual-based dynamic transmission model

to determine the impact of increasing serotype coverage in pneumococcal conjugate vaccines.
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5.1 Introduction

While many transmission models have been developed to evaluate the impact of implement-
ing PCV (Chapter 2), none have used a serotype-specific model to estimate the impact of
increasing the serotype coverage of PCV according to different serotype targeting strategies.
A previous study estimated the optimal serotype composition in the Finnish context, although
it did not account for transmission dynamics or serotype-specific durations of carriage which
would likely affect how serotypes behaved post-PCV [356]. These dynamics are important
to explore as PCVs are expanded globally to address serotype replacement. This chapter
aims to evaluate this impact of different serotype-targeting strategies by implementing an
individual-based model that takes into account serotype-specific and non-specific immu-
nity, to reproduce the stable coexistence of multiple serotypes, and vaccination with PCVs
of increasing valency. As observed in Chapter 3, there is evidence for differences in post-
vaccination serotype landscape in high-income countries that may impact an implemented
vaccine’s effectiveness. The currently licensed vaccines were based on serotypes causing the
most disease in the US (VT7) and expanded based on epidemic serotypes causing disease in
LMICs (VT10), post-vaccination serotype replacement (VT13), or antibiotic resistance (VT13).
In this chapter I wanted to understand which serotypes would be most beneficial to add in
future PCVs, whether based on local invasiveness, global invasiveness, or disease incidence,

and the effect across countries in North America and Europe.

5.2 Methods

5.2.1 Data and parameter fitting

To construct the model, pre-vaccination carriage data and previously obtained invasiveness
estimates (Chapter 4) were used to estimate the impact of increasing serotype valency in

France and the United States of America (USA), chosen as representatives of Europe and
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North America. Country-specific social contact matrices were used [415, 416], and the
population was split into children (< 5 years), adults (5-64 years), and elderly (65+ years) as

per the contact matrices.

Previously described pre-vaccination carriage data from an infant (< 5 years) refugee popula-
tion in Southeast Asia [119, 417-419] was used to fit carriage duration and effective contact
rate parameters. Briefly, monthly swabs were taken from a Maela longitudinal birth cohort
over the course of twenty-four months using both latex sweeping and the World Health
Organization (WHO) method, resulting in over 4500 total carriage isolates and a total of
69 serotypes modelled. From this monthly swab data, the duration of carriage episodes
accounting for censoring and swabbing resolution was taken from a previously published
study [419]. Non-typeable pneumococci (NT) were also included in the model, as they are

prevalent in carriage, although they do not typically cause invasive disease.

While carriage duration was already estimated from this data by Lees et al [419], the authors
used a Hidden Markov Model (HMM) which did not depend on an individual’s serotype-
specific previous colonisations, something which was considered vital to building immunity
in the model described here. Duration of carriage of serotype i, ¢;, were therefore assumed to

follow a gamma distribution with subsequent colonisations of that serotype:

¢; = Gamma(ay, ;) (6.1)
gi== (5.2)

Hi
i = Ajexp(—v; x B;) (5.3)

where «; is the shape parameter of the gamma distribution, y; is the mean of the gamma
distribution, and #; is the number of previous colonisations with that serotype. «;, A; and
B; parameters were estimated using the Python MCMC sampler package emcee [420] with

uninformative priors. Recovery rates are the inverse of the mean carriage durations.
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The density-dependent transmission coefficient, 7 is equivalent to the initial force of infection
(FOI) divided by the number of infectious people (7=FOI/I) [421], which was fixed to an
average 40% prevalence, as in the Cobey and Lipsitch model [57]. Initial FOI was estimated
from the data as the number of carriage acquisitions in the data population divided by the

product of the total data population and length of the carriage study.

For model validation, the maximum likelihood estimates of the carriage duration parameters
were inserted into a simulation of the data (i.e. naive, or fully susceptible) population to
check the overall carriage prevalence was within 1% of the target carriage prevalence (40%).
Additionally, the distribution of previous colonisations in the data population was compared
to that of the simulated population for the same time period (twenty-four months) using the

titted epidemiological parameters.

To obtain serotype-specific colonisation history distributions, a model with a naive child (< 5
years old) population was simulated to run for 90 years. After the initial 20 years, the model
recorded the proportion of each number of previous colonisations in the population every
five years to obtain a distribution of previous colonisations across five-year age bands. This
was run multiple times and averaged to obtain the final serotype-specific distributions of
previous colonisations. Children between 5 years and 17 years were initialised to not have

had previous colonisations. Model parameters are found in Table 5.1.

5.2.2 Model

An individual-based model (IBM) was chosen to avoid the increasing number of compart-
ments and combinations inherent to multi-strain multi-carriage compartmental models. IBMs
are also useful for describing within- and between-host interactions [422]. The full model
is described in detail as per the Overview, Design concepts and Details (ODD) standard

protocol [423] (Appendix B) and is represented diagrammatically in Figure 5.1.

A number of key assumptions were made in the model regarding immunity, competition
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and vaccination, many in line with the Cobey et al. study [57]. To summarise, specific immu-
nity was assumed to depend on the number of previous serotype-specific colonisations and
therefore impacted the serotype-specific FOI felt by an individual. Non-specific immunity ad-
justed serotype recovery rates in conjunction with the total number of previous colonisations
(regardless of serotype). Competition was fixed across serotypes (i.e. serotype-independent)
and altered an individual’s serotype FOlIs only if they were already carrying a serotype (but
were below the maximum carrying capacity). Once the maximum carrying capacity was
reached, an individual could no longer acquire serotypes. Vaccines were assumed to be
all-or-nothing, i.e. the vaccine efficacy informed the proportion of individuals vaccinated that
would be successfully immunised and the remainder would be unprotected. Vaccination did
not feature waning protection over time, but protection ceased altogether after the specified

duration of protection.

The model was programmed in Python and run on a range of Intel Xeon E5-series machines
with between 12 and 24 cores, and 96-256Gb of RAM, running Windows Server 2012 R2, as
part of a Microsoft High Performance Computing (HPC) 2012 R2 cluster. Post-simulation

analysis was undertaken in R.
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| Population and carriage prevalence for each serotype initiated |

A

| FOI and recovery rates calculated for entire population |
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Person chosen randomly by summing individual

rates and multiplying random number between 0 |

and 1 by sum of rates to choose individual it
corresponds to

| }
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| Serotype state =0 I | Serotype state =1 |
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Acquisition of e i
v v VT not for non-specific immunity,
no . . -
Susceptibility = 0: Susceptibility = 1: . i.e. previous colonisations
possible, rate
. . of any serotype
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and specific immunity duration

A 4 \4

Serotype chosen randomly by summing person’s rates
and multiplying random number between 0 and 1 by
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FOI recalculated 1

Time+=1
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Figure 5.1: Diagram of individual-based stochastic model of pneumococcal transmission and
vaccine impact. In red, vaccination prevents acquisition of VT and therefore the rate is the
rate of loss of vaccine-induced protection. VT: vaccine serotypes; NVT: non-vaccine serotypes;
FOIL: force of infection. Dashed line represents multiple switching events each time step.

Briefly, a population of 5000 individuals with an initial carriage prevalence of 1% for all
serotypes was simulated. As previously mentioned, the population was structured into
three age groups: children less than five years, “adults” between five years and 64, and
the elderly aged 65 years and over. Population breakdowns by age group were obtained
from the United Nations [395], with the French population (and American) broken down
as 6% children under five (6%), 77% adults (81%), and 17% elderly (13%). The population
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was closed —i.e. the population number stayed constant and each time a person reached
the average life expectancy of a setting [424], they died and were replaced with a newborn
[211, 425]. This was assumed to balance out the population of children and elderly, as even
though children spend a shorter amount of time in their age category (5 years) compared to
the elderly (13 to 15 years), the populations of children less than 5 years in France and the US
are less than half that of the elderly. Each person was either susceptible to (0), or carrying
(1), each serotype, but could carry no more than two serotypes at a time. This maximum
carrying capacity, m, was chosen to avoid too much complexity in the numerical simulations
(and hence computational burden), while also adhering to the infant refugee camp data
which showed that co-colonisation occurred in at least 10% of cases [81]. This is also the most
common number of serotypes detected in multi-serotype carriage [426]. Each person could,
depending on whether they were a carrier or not, either recover from carriage (1 — 0) at the
recovery rate or get infected with the serotype (0 — 1) at the FOL For each serotype ¢ and for
individuals in age group k, F'OI, , is defined as the product of the per contact transmission
probability 7 (i.e. infections per contact), the average number of contacts per time between
individuals in age groups j and individuals in age group #, c¢;;, and the number of people

infected with serotype i in age group j, I; ; divided by the population in age group j, N;:

L
FOILj, =1 ; cj,kﬁj (5.4)
The model worked as follows: first, the FOI was calculated for each serotype based on
the number of people infected with that serotype. For each serotype, each individual was

assigned either the FOI rate, if they were susceptible (0), or the recovery rate, if they were

carriers (1), like so:
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Serotype A | Serotype B Serotype A | Serotype B
Person 1 0 0 > Person 1 FOla FOlg
Person 2 1 1 Person 2 YA Y8
Carriage data frame Rates data frame

Figure 5.2: Representative example of process of serotype rate assignments. Person 1 is
carrying neither serotype, and therefore both serotypes are assigned their respective forces of
infection (FOI). Person 2 is carrying both serotypes, and therefore both serotypes are assigned
their respective recovery rates, ;.

Choosing the individual to which a serotype switching event happens

Each time step was set at one day, and there were N/50 serotype switching events per time
step, in which an individual’s carriage status changes from 0 — 1 for acquisition or 1 — 0
for recovery. The optimal number of events per time step was obtained during the naive
child population simulations through trial and error: originally the model was set up with
asynchronous time where the natural logarithm of a random number drawn from a uniform
distribution was divided by the sum of all rates. Because this extended the simulation
running time significantly, the number of events per time step were approximated from these
simulations as a function of the population. To choose the person affected by a serotype
switching event, a random number was drawn from a uniform distribution z € U(0, 1) and

multiplied by the sum of all individuals’ rates ¥:

Serotype A | Serotype B Sum
Person 1 FOla FOIs FOIa+ FOlg =X1
Person 2 YA 8 YA+ e =2Z2
1+ 32=Z

Figure 5.3: Representative example of process for summing individuals’ rates before choosing
the individual that the serotype switching event will happen to.

When compared to the cumulative sum of individuals’ rates 3, the chosen person corre-
sponded to the rate where the number fell in the interval. In the example above, this would
correspond to Person 1 if x * ¥ fell within the interval 0 to 2; and would correspond to Person

2 if x * ¥ was greater than ¥, and less than ¥,.
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Altering an individual’s serotype rates with colonisation history and choosing the serotype

to which the switching event happens

The chosen person would then have their serotype rates altered depending on how many
serotypes they were currently carrying and their colonisation history. If they were carrying
the maximum carrying capacity, then all other serotype FOI rates became 0 such that no
additional serotype could be acquired. Otherwise, the FOI of serotype i for the chosen person

changed as follows [57]:

;

0 ifs=0
FOI; ifY;,=0and s =m

FOI; = (1 - 0)FOI; if; >0and s = m (5.5)
(1-6)FOI, ifi;=0and 0 <s <m
(1—0)1—=60)FOI, ifth;>0and0<s<m

where o is the serotype-specific immunity that is applied if the number of previous colonisa-
tions of serotype i, 1;, is greater than 0;  is the competition parameter that is applied if the
susceptibility score s, i.e. how many more serotypes can be carried, is less than the maximum
carrying capacity m. In other words, if s = m, m additional serotypes can be carried but
no competition parameter is applied because there is no resident serotype colonising the
individual. If s = 0, zero additional serotypes can be carried and therefore the FOI of all
non-colonising serotypes becomes 0. Previous studies have shown that the mechanism of
reduction in multiple carriage from between-serotype competition is through a reduction in
acquisition [288, 427], therefore the competition parameter reduces the FOI if an individual
is already carrying. This is done in a serotype-independent manner, i.e. the competition

parameter is assumed to be constant across serotypes.

The equation for the recovery rates of serotype ¢ being carried by an individual was obtained

from the Cobey and Lipsitch study [57]:
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1
N o — Ao (e 3, ) (6)

where £ is the minimum duration of carriage, which was set to 5 days per the longitudinal
carriage data; ¢, is the mean duration of carriage of serotype i in the absence of immunity,
¢ is the non-specific immunity parameter; and ), ¢; is the sum of the individual’s number
of previous colonisations (of all serotypes). These serotype-specific recovery rates serve as
a proxy for serotype fitness, as their transmission rates are equivalent and therefore their

carriage durations determine their prevalence [57]. Parameters are found in Table 5.1.

The serotype to which the switching event happened was chosen using the same method
as the person-choosing event. If a serotype was acquired in the serotype-choosing process,
the number of previous colonisations was updated for the individual, unless they were in
the elderly age category as it was assumed that individuals lose immune memory after the

cut-off age.

Parameters to maintain serotype diversity

Because serotypes die out naturally due to the nature of stochastic individual-based models
and the dynamics of multi-strain pathogens, the model was re-seeded with 1 child carrier
each time a serotype became extinct to maintain the low levels in carriage of many serotypes

due to migration, similar to a previous study [254].

There is evidence for two mechanisms by which immunity to pneumococcal infection is
generated: anti-capsular (serotype-specific) immunity and non-specific [46, 56, 57, 254].
Serotype-specific immunity reduces the likelihood of re-acquisition of a certain serotype,
enhancing serotype competition and potentially providing a mechanism to maintain serotype
diversity (Equation 5.5). In this model, it is a reduction in the FOI in subsequent colonisations
for the serotypes that were already carried by the host. Non-specific immunity is evidenced

by the higher carriage prevalence in children, particularly infants [56]. In this model, it is a
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Table 5.1: Summary of model parameters.

Parameter ~ Value  Description Reference
Cjk - Average number of contacts age group [416] for USA (UK
j has with age group & data used), [415] for
France
bi - Fitted carriage duration of serotype Data from [419]
(days) ¢
T - Risk of transmission (per contact), fit- Cobey & Lipsitch [57]
ted to 40% carriage prevalence
o 0.4 Specific immunity Cobey & Lipsitch [57]
€ 0.1 Non-specific immunity Cobey & Lipsitch [57]
0 0.01 Competition Cobey & Lipsitch [57]
K 5 Minimum carriage duration (days) Data from [419]
v 95% Vaccine efficacy [154]
w 10 years Mean duration of vaccine protection  [429]

Table 5.2: Stochastic event table showing changes in the number of susceptible (AS;) and
infected (Al;) individuals over one switching event with serotype ¢ for a person in age group

VE

Event = Change (AS;, Al;) Probability per switching event

Infection (-1, +1) Ty Cj,k%
Recovery (0,-1) Vi(K, iy €, Vi)

reduction in the duration of carriage, i.e., a faster recovery rate. Elderly individuals in the
model do not have their number of previous colonisations updated after acquisition to reflect
the impaired immunity with age [428]. Because serotypes have fitness differences in their
recovery rates (hence differing basic reproductive numbers R;), the model described here
does not meet the criteria for being a neutral null model [290]. Co-existence is maintained

through the migration rate and these two mechanisms of immunity that enhance diversity.
The stochastic events for serotype ¢ are summarised in Table 5.2.

Simulations were run 20 times each. At the end of a simulation, disease incidence was esti-
mated from local invasiveness estimates from the respective countries” datasets (Figure 5.4),
assuming that invasiveness did not change post-vaccination. The invasiveness datasets used

were Massachusetts post-PCV7 for the USA [382] and France post-PCV7 for France [381].
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The Massachusetts invasiveness dataset describes serotype 6A/C, which here was consid-
ered equivalent to serotype 6A. Where the country’s invasiveness dataset did not contain a
serotype included in the simulation, the global invasiveness was taken instead. In the case
where the serotype was not included in neither local nor global invasiveness datasets, a low
invasiveness of 0.0001 cases of invasive pneumococcal disease (IPD) per 100,000 carriers per

year was assigned.

Serotypes included
in carriage data

I:I Minimum invasiveness assigned
|:| Local invasiveness assigned

. Global invasiveness assigned

I:I No invasiveness assigned; serotypes
excluded from analysis

Serotypes included

Serotypes included

in country in global
invasiveness invasiveness
dataset dataset

Figure 5.4: Illustration of serotype data and corresponding invasiveness according to avail-
ability. Country-specific invasiveness was used where available. In its absence, global
invasiveness was used. If both local and global invasiveness values were missing, a low
invasiveness of 0.0001 cases of IPD per 100,000 carriers per year was assigned.

5.2.3 Vaccination simulations

Vaccination with PCV usually occurs from one year of age with multiple doses up to two
years of age. To simplify the dosing schedule and account for the time for immune responses
to build, vaccination was implemented on a rolling basis by protecting children aged between
two and three years after 20 years in the simulation, with a 95% vaccine efficacy (v) against

all serotypes included in the vaccine [154] and protection lasting a duration of w, 10 years
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[429]. Vaccine-induced protection was considered to be “all or nothing’, i.e. there was no
decay in the protection modelled and successfully immunised individuals (v, or 95% of those
vaccinated) were considered to be fully protected until the duration of protection. In other
words, (1 — v) proportion of the vaccinated individuals were not protected at all. After a

single pre-vaccination period, three vaccination strategies were investigated:

1. Disease incidence strategy: The serotypes most prevalent in causing disease were
included in the vaccine. This was calculated by applying local invasiveness estimates
(and global invasiveness estimates in their absence) to the carriage prevalence to obtain
serotype-specific disease incidence. This strategy was only implemented in the French

setting.

2. Local invasiveness strategy: The serotypes with the highest local invasiveness, based
on the French invasiveness values, were included in the vaccine. This would target the
serotypes that have the highest hazard of causing disease given carriage in a specific
location. This strategy was only implemented in the French setting to compare the

impact of targeting locally invasive serotypes rather than highly prevalent serotypes.

3. Global invasiveness strategy: The serotypes with the highest global invasiveness values
were included in the vaccine. This would target the serotypes that have the highest
hazard of causing disease given carriage across global settings in Chapter 4. This
strategy was implemented in both the French and American settings to compare the
differences in carriage dynamics and disease incidence post-vaccination with the same

formulations.

Having a common pre-vaccination period allowed for a better comparison between the
strategies within a country. As in reality, vaccination was not considered to be effective
against serotypes already being carried [430]. In the first instance, each scenario was run
for 10 years with thirteen serotypes included in the vaccine (VT13), corresponding to a
hypothetical PCV13 (hPCV13). After this, a higher valent vaccine was introduced that
covered an additional seven serotypes (VI20) corresponding to hypothetical PCV20, hPCV20,
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chosen in the same fashion as the first hPCV in the respective scenarios. This was then run
for 10 years before the introduction of the following higher valent vaccine (hPCV30) which

covered ten additional serotypes (VT30).

At the end of a simulation, the incidence rate ratios (IRRs) were estimated for each age group

using the IPD incidence before and after vaccination with each individual hPCV as:

[PDpostfhPCV

IRR =
neev [PDprefhPCV

(.7)

and used the standard deviation based on the number of disease cases d before and after

vaccination to estimate the 95% confidence interval (CI) [431, 432]:

L 1 1 1/2
SD[In(IRRypcyv] = ( y + ) (5.8)
P!

0st—h PC'V dpre—hPCV

[Rthcv, [RRhPCV = eXp(ln(IRthov) +1.96 x @[IH(IRthcv)]) (59)

where I RR;poyv and I RRy,poy indicate the lower and upper bound of the 95% CI, respectively.
These values were also estimated for the overall simulation period, comparing the pre-hPCV
period and the post-hPCV30 period for each age group. If zero cases of disease were detected
in an age group, a correction of 10~® was added to d to avoid division by zero errors in the
standard deviation calculation [433]. These age-specific IRRs were then fitted to a fixed effects
model using the meta package in R [434] to estimate the effect size of each model over the

simulations and the respective 95% CI. All code is available on Github [435].

5.2.4 Sensitivity analysis

Due to the uncertainty in the values of the parameters listed, a scenario-based approach was
taken for most parameters (Table 5.3). Because of the computational complexity of the model,

populations of 500, 1000 and 5000 individuals were also tested to evaluate the stability of
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Table 5.3: Alternative parameters used for scenario-based model analysis.

Parameter Default value Alternative val- Description Reference
ues tested
N 5000 500, 1000, 10,000 Total individuals in
population
0 0.1 0.2,0.5 Competition [220, 235, 243, 436]
€ 0.1 0.25,04 Non-specific immu- [57]
nity
o 0.4 0.6,0.8 Serotype-specific im- [57]
munity
v 95% 75%, 85% Vaccine efficacy, con- [154, 164, 429, 437-439]
sidered ‘all or noth-
ing’ (Chapter 2)
w 10 years 5 years, 25 years Vaccine duration of [237,251, 429]
protection

the model, such that a smaller population could be reliably employed in the simulations to
obtain general insights by comparison with the numerical results generated in a larger 10,000

population.

5.2.5 Comparison with another setting

The global invasiveness strategy was also implemented in an American setting for com-
parison with the French setting, with both the default parameter set and the sensitivity
scenarios, to compare differences in carriage dynamics and post-vaccination disease inci-
dence. Population-level differences were primarily in the disease incidence as a result of
differing local invasiveness values, since maximum life expectancy and contact matrices do

not differ drastically between France and the US.
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5.3 Results

5.3.1 Estimation of epidemiological parameters

MCMC parameter estimates for serotype recovery rates are found in Table 5.4, along with
maximum carriage durations. Examples of the parameter distributions are also shown for
serotype 4 and serotype 19F (Figure 5.5, Figure 5.6). The transmission probability per contact
7 for a population with an average 40% carriage prevalence was equivalent to 1.21 x 107
The distribution of previous colonisations largely matched the previous colonisations from
the model when testing these epidemiological parameters in a naive population (Figure 5.7),
and the resulting overall carriage prevalence was 39.9%. Unsurprisingly, the data have a
larger variance relative to the modelled distribution because the other serotypes can influence
parameters in a way that the inference done will not capture since the inference of recovery
rates was independent of other serotypes. In essence, the fitting does not account for the
interdependence of values in the full model from parameters such as non-specific immunity

and competition.

Table 5.4: Markov chain Monte Carlo parameter estimates and the resulting maximum
carriage duration for each serotype from a fitted gamma distribution. The gamma distribution
is parameterised with the shape parameter a and the rate parameter 3. /3 is a function of
a, the A and B parameters, and the previous number of serotype-specific colonisations 1;
(Equation 5.2, Equation 5.3).

A B @
Max carriage duration (days)
Mean Stdev | Mean Stdev | Mean Stdev
4 105.2 121 0.0 0.2 1.9 0.4 86.8
6B 136.0 9.1 0.0 0.0 1.7 0.1 131.3
9V 1152 33.0 0.0 0.1 1.7 0.4 459
14 1153 215 0.0 0.1 22 0.3 60.0
18C 1098 373 0.0 0.3 1.9 0.5 98.0
19F 2065 122 0.0 0.0 1.5 0.1 213.9
23F 1543 111 0.0 0.3 1.4 0.2 321.7
1 109.7 114 0.1 0.1 1.9 0.6 37.6
5 108.1  14.0 0.0 0.2 14 0.4 73.1
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A B a
Max carriage duration (days)
Mean Stdev | Mean Stdev | Mean Stdev

7F 115.0 16.2 0.0 0.3 1.8 0.6 71.5
3 106.5 16.6 0.0 0.3 1.6 0.4 194.6
6A/C  106.8 53 0.0 0.2 1.5 0.3 28.9
19A 1085 183 0.0 0.1 1.9 0.3 72.8
10A 1151 17.0 0.0 0.2 2.0 0.5 104.9
10B 1146 115 0.0 0.2 2.0 0.4 447
10F 1223  20.6 0.0 0.2 1.8 0.5 37.6
11A 1032 5.8 0.0 0.2 1.9 0.4 94.7
12B 2016 576 0.3 0.3 2.5 14 298.6
12F 1257 348 0.0 0.1 1.9 0.9 135.1
13 106.8  18.8 0.0 0.1 1.9 0.4 14.2
15A 1057 149 0.0 0.1 2.2 0.4 1104
15B/C 1999  58.1 0.0 1.2 24 14 481.7
16F 1175 15.0 0.0 0.3 1.8 0.5 82.7
17F 1108 103 0.0 0.3 22 0.7 69.1
18A 1193 234 0.0 0.2 2.2 0.9 39.9
18B  200.6 575 0.1 0.1 2.5 14 75.2
18F 1548 51.0 0.1 0.0 1.8 1.1 102.1
19B  105.5 6.3 0.0 0.0 1.5 0.3 212.5
2 2005 576 0.5 0.4 25 14 237.5
20 1102 124 0.0 0.3 1.5 0.4 74.6
21 113.0 134 0.0 0.1 2.0 0.4 82.3
22A 1155 175 0.0 0.2 2.3 0.8 293.5
22F 1112 171 0.0 0.2 29 0.9 874
23A 105.1 5.9 0.0 0.2 1.6 0.3 100.6
23B 1148 127 0.0 0.4 1.6 0.4 96.8
24A 1827 571 0.2 0.2 2.0 1.3 102.9
24F 1083 13.0 0.0 0.2 1.8 0.5 13.7
25A 1773 574 0.0 0.1 1.7 1.2 72.7
25F 1925 579 0.0 0.0 2.7 1.3 1404
28A 1831 54.6 0.6 0.3 2.6 1.2 212.0
28F  106.7 10.3 0.0 0.3 2.0 0.6 16.5
29 140.7 406 0.1 0.1 2.6 1.0 234.0
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A B a
Max carriage duration (days)
Mean Stdev | Mean Stdev | Mean Stdev
31 1143 175 0.1 0.0 2.0 0.7 6.0
32A 131.1 345 0.3 0.1 2.2 0.9 78.8
32F 1734 5538 0.2 0.2 2.0 1.1 447.7
33B 1186 145 0.0 0.2 1.9 0.5 104.8
33C 1221 271 0.0 0.3 1.8 0.6 23.9
33D 1372 384 0.0 0.1 1.7 0.6 208.7
33F 1196 236 0.0 0.2 32 1.0 105.7
34 1089 283 0.0 0.1 1.6 0.3 38.2
35B 2003 58.0 0.2 0.1 3.0 1.3 161.0
35C 1056 13.1 0.0 0.2 1.6 0.3 330.0
35F 1100 109 0.0 0.4 1.5 0.4 11.2
36 201.0 575 0.1 0.1 2.6 14 43.7
37 1464 449 0.1 0.0 2.0 0.9 156.6
38 104.8 146 0.0 0.2 29 0.7 93.1
39 157.6 499 0.1 0.0 2.3 1.2 49.6
40 115.8  20.0 0.0 0.1 2.0 0.8 163.8
41F 1646 53.3 0.3 0.2 2.7 1.3 108.4
42 198.7 578 0.5 0.4 2.6 14 337.6
45 121.7  20.2 0.1 0.3 3.7 1.0 130.9
46 107.7 9.2 0.0 0.3 2.1 0.7 82.9
48 193.1 546 0.1 0.2 3.7 1.1 125.6
7B 1150 19.2 0.0 0.2 1.9 0.6 264.3
8 1125 257 0.0 0.4 1.7 0.5 60.5
9A 2134 519 0.1 0.0 1.9 0.9 294
9L 1274 310 0.0 0.3 1.9 0.8 152.1
9N 108.7 184 0.0 0.2 2.6 0.6 67.7
NT 136.3  11.7 0.0 0.3 1.1 0.2 88.1
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alpha A B

Figure 5.5: Scatter plot matrix of parameter distributions for serotype 4. Diagonal plots show
the univariate posterior parameter distributions, off-diagonal plots show the bivariate scatter
plot of posterior draws. The blue line indicates the maximum a posteriori estimate of the key
recovery rate parameters from the Python MCMC based on a gamma distribution (a = 2.5, A
=55, B = 0.002), resulting in a maximum carriage duration of 87 days.
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Figure 5.6: Scatter plot matrix of parameter distributions for serotype 19F. Diagonal plots
show the univariate posterior parameter distributions, off-diagonal plots show the bivariate
scatter plot of posterior draws. The blue line indicates the maximum a posteriori estimate of
the key recovery rate parameters from the Python MCMC based on a gamma distribution («
=1.53, A =205, B = 0.031), resulting in a maximum carriage duration of 214 days.
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30

Figure 5.7: Distribution of total previous colonisations in data (blue) versus in the simulation
with the naive population (orange) over two years.

5.3.2 Population stability

To check the impact of population size on model predictions, pre-vaccination simulations
with 500, 1000, 5000 and 10,000 people in the French population were run and resulting
carriage prevalence compared across age groups. The full 10,000-person model took around
four weeks to run completely, whereas the 5000-person model took about two weeks; the

1000-person model took five days, and the 500-person model took less than two days.

These were initially run with default parameters (¢ = 0.1,0 = 0.1, 0 = 0.4), where carriage
prevalence was found to be very low (overall carriage prevalence 10%). This may be because
immunity from previous colonisation was not protective enough to reduce carriage episode
length or to prevent further carriage acquisition. Regardless, based on the age-specific carriage

prevalence, the populations appear relatively stable over several simulations, although full
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Table 5.5: Pre-vaccination carriage prevalence across different population sizes (/V) and age
groups for a French setting over n number of simulations with the default parameter set
(¢ =10.1,0 = 0.1,0 = 0.4). Carriage prevalence values for the 5000-individual population
indicate the mean with 95% confidence interval over n simulations. Running time indicates
the running time for one simulation.

Pre-PCV carriage prevalence Running
N n Overall Child Adult Elder time
500 1 12.2% 9.4% 14.6% 4.8% 33 hrs
1000 1 9.8% 8.3% 11.9% 2.9% 44 hrs
13.2% 4.8% 15.4% 8.4%
000 20 (g 6or - 16.9%) (3.7%-6.0%) (11.0%-19.8%) (6.6% - 10.3%) 220 hrs
10000 1 13.7% 4.0% 15.6% 9.7% 431 hrs

convergence to a stable set of values does require larger populations (Table 5.5). The results
do suggest, however, that the model can be run using the less resource- and time-intensive
5000-person population with a fair degree of accuracy. As such, the rest of the analyses

reported in this chapter are based solely on the 5000-individual simulations.

5.3.3 Vaccine design

Initial vaccine designs (hPCV13) were considerably different across the vaccine strategies,
with only serotypes 5, 7F, 14 and 19A in common between the three vaccine strategies
(Table 5.6). Unsurprisingly, the disease incidence and local invasiveness strategies had similar
hPCV13, as the serotypes causing the most disease would be more likely to be those that are
most invasive. Notably, serotype 4 was missing in both country-specific strategies whereas it
was highly invasive in the global dataset and included in the first formulation in the global
strategy. The global invasiveness strategy initially included five of the seven PCV7 serotypes,
all three additional PCV10 serotypes, and one additional PCV13 serotype. Serotypes 8 and
22F, also included in hPCV13, will be included in PCV20.

Overall, however, vaccine strategies yielded inclusion of mostly similar serotypes by hPCV30
(Table 5.6). Serotypes 1, 3, 5, 6B, 7F, 9N, 10A, 12F, 14, 16F, 17F, 18C, 19A, 19F, 23F, 24F, 31, and

33F were included in both invasiveness strategies and in a majority of the disease incidence
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strategy simulations. Nine of these serotypes are currently included in the current licensed
PCV formulations. Serotype 3, which was highly invasive in the local invasiveness datasets of
both countries, was not included in hPCVs until hPCV30 in the global invasiveness strategy.
This serotype has been a concerning cause of disease in reality as PCV13 is not as effective

against it as against the other serotypes.

There did not appear to be any association between serotype inclusion and the duration of
carriage, as the targeted serotypes represent a variety of carriage durations that range from
the absolute minimum (serotype 31, 6 days) to the absolute maximum (serotype 15B/C, 482
days) (Table 5.4, Figure 5.8). This suggests that the ability to cause disease locally or globally
is not strongly related to carriage duration or fitness in colonisation. In the case of the disease
incidence strategy, it may also indicate that serotype fitness may also be a result of differing

effective contact rates, which here were kept constant across serotypes.

1e+00

1e-02

[ 12B¢ ¢23F

) _35B 29 15‘?/0

Invasiveness (case per carrier year)

1e-04

2
33/ || 2 A 32F
19 78 {|35¢
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Figure 5.8: Association between maximum carriage duration and invasiveness values from
French dataset.

The serotypes most frequently included in hPCVs in France in the disease incidence strategy
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Table 5.6: Serotypes included in each vaccine strategy. In the case of the disease incidence
strategy, the most frequently included serotypes over the default scenario simulations were
included in the table. V17: serotypes included in PCV7. VT10: serotypes included in PCV10.

: serotypes included in PCV13. NVT: serotypes not included in currently licensed
vaccines.

Vaccine strategy hPCV13  hPCV20 hPCV30  hPCV30 (all)
(addi- (addi-
tional) tional)

Disease incidence 5,7F, 9A, 1, 3, 6B, 8,9L,9N, 1, 3,5, 6B,7F, 8, 9A,
10A,10B, 17F, 18A, 15B/C, 9L, 9N, 10A, 10B, 12F,
12F, 14, 22F, 23F, 24A,28F, 14, 15B/C, 16F, 17F,

16F, 18C,  33F 29,31,35B, 18A, 18C, , 19F,

, 19F, 35F, 46 22F, 23F, 24A, 24F,

24F, 25A 25A, 28F, 29, 31, 33F,
35B, 35F, 46

Local invasiveness 1,3,5,7F, 9A,9L,9V, 6B,8,9N, 1, 3, 5, 6B, 7F, 8§,
10A,10B, 12B,18A, 17F, 18B, 9A, 9L, 9N, 9V, 10A,
12F, 14, 18C, 31 19F, 22F, 10B, 12B, 12F, 14, 16F,

16F, , 23F, 33F, 17F, 18A, 18B, 18C,
24F, 25A, 38 , 19F, 22F, 23F,
46 24F, 25A, 31, 33F, 38,
46
Global invasiveness 1,4, 5, 6B, , 9N, , 10A, 1,3,4,5,6A,6B,7F,8,
7F, 8,9V, 12F, 13, 15A, 9N, 9V, 10A, 12F, 13,

14, 18C, 17F, 18B, 15B/C, 14, 15A, 15B/C, 16F,
,22F,  19F, 20, 16F, 23A,  17F, 18B, 18C, ,

27,38 23F, 33F 23B, 24F,  19F, 20, 22F, 23A, 23B,
31, 35B 23F, 24F, 27, 31, 33F,
35B, 38
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indicated that the differing scenarios did not have a large impact on which serotypes were
targeted (Table 5.7). There was no consistent trend between serotypes that were or were
not included frequently between scenarios, as serotype-specific models may be susceptible
to a high degree of noise. For example, even though altering the non-specific immunity
(¢) alters the recovery rate, one might expect that with increasing non-specific immunity,
the less fit serotypes would be more frequently included in the vaccines. However, when
looking at the association between maximum carriage duration and French invasiveness,
many of the serotypes chosen frequently in the disease incidence strategy across scenarios
(such as serotypes 3, 12F and 25A) had the highest invasiveness rather than a slower recovery
rate. Interestingly, serotype 6A/C was only in the top thirty most frequent serotypes in
the 85% vaccine efficacy scenario. Serotype 6A is included in PCV13 as it was responsible
for a substantial amount of disease post-PCV7, particularly in Asian and African countries

[199, 200, 440].

5.3.4 Carriage prevalence across scenarios

Vaccines were varied in how successful they were against their respective targets post-
vaccination in the default scenarios (Figure 5.9). The average carriage prevalence of VTs was
extremely low across age groups and vaccination periods, rarely going above 15% in the case
of the disease incidence strategy and less than 2% in most cases in the local invasiveness and
global invasiveness strategy simulations. The wide confidence interval bands across most
age groups under the disease incidence strategy may be due to the inclusion of different
serotypes in each simulation which will exhibit different carriage duration properties and

therefore have varying effects on the carriage dynamics of the population.

Under the local and global invasiveness strategies, average VT carriage prevalence was
extremely low across age groups. Children showed a non-significant increase in average
carriage prevalence across VTs and vaccine periods. Despite this, there was a decrease in

average VT13 carriage prevalence with vaccination in adults and the elderly, indicating
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that the vaccines worked and potentially suggesting herd immunity. One potential reason
for this discrepancy between children and adults is that the time between vaccines is 10
years, whereas children spend at most 5 years in this age group and must wait at least 2
to 3 years before they are vaccinated in the model, so the benefits of vaccination are likely
to be seen once they age out of their age category. VI20 also decreased across vaccination
periods even before they were being targeted by the vaccines. This was the case with VT30
as well, although this serotype group strangely increased after hPCV30, indicating that the
hPCV30 was not successful in removing these serotypes from circulation. Upon further
inspection, these results were driven by one simulation that had extremely high carriage
prevalence of VT30 post-hPCV20 and hPCV30 (80% and 60% respectively). Other simulations
showed successful removal of these serotypes as VI30 carriage prevalence was below 1%
post-hPCV30 in all other simulations. Interestingly, the additional serotypes (VT20 and
VT30) did not increase in carriage prevalence after successive vaccinations targeting VT13,
suggesting that there were other highly prevalent serotypes in carriage and minimal serotype

replacement taking place under this vaccination strategy.
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Table 5.7: Most frequently included vaccine serotypes for each disease incidence strategy
sensitivity scenario in France with 5000 individuals in the population. VT7: serotypes
included in PCV7. VT10: serotypes included in PCV10. : serotypes included in PCV13.
NVT: serotypes not included in currently licensed vaccines. e: non-specific immunity, o:
specific immunity, §: competition, v: vaccine efficacy, w: duration of vaccine protection.

Model description No. simulations Most frequent hPCV vaccine serotypes

0=0.2 19 1,3,5,6B,7F,8,9A,9N, 9V, 10A, 10B, 12B,
12F, 13, 14,15B/C, 16F, 17F, 18A, 18C, ,
19F, 22F, 23F, 24F, 25A, 31, 33F, 38, 46
=05 20 1,3,5,6B,7F, 8,9A, 9L, 9N, 9V, 10A, 10B,
12B, 12F, 13, 14, 15B/C, 16F, 18A, 17F, 18C,
, 19F, 23F, 24F, 25A, 31, 33F, 35F, 46
o=20.6 20 1,3,5,6B,7F, 8,9A, 9L, 9N, 9V, 10A, 10B,
12B, 12F, 14, 15B/C, 16F, 17F, 18A, 18C, ,
19F, 22F, 23F, 24F, 25A, 31, 33F, 38, 46
oc=08 20 1,3,5,6B,7F, 9A,9L, 9N, 9V, 10A, 10B, 12B,
12F, 13, 14,15B/C, 16F, 17F, 18A, 18C, ,
19F, 22F, 23F, 24F, 25A, 31, 33F, 35F, 46
e=0.25 20 1,3,5,6B,7F,8,9A, 9L, 9N, 104, 10B, 12B,
12F, 14,15B/C, 16F, 17F, 18A, 18C, , 19F,
22F, 23B, 23F, 24F, 25A, 28F, 31, 33F, 46
e=0.5 20 1,3,5,6B,7F, 8,9A, 9L, 9N, 9V, 10A, 10B,
12B, 12F, 14,15B/C, 16F, 18A, 18B, 18C, ,
19F, 22F, 23F, 24F, 25A, 31, 33F, 35F, 46
v="T5% 20 1,3,5,6B,7F, 8,9A, 9L, 9N, 9V, 10A, 10B,
12B, 12F, 14, 15A, 16F, 18A, 18C, , 19F,
22F, 23B, 23F, 24F, 25A, 33F, 35F, 38, 46
v =85% 19 1,3,5,6A/C,6B,7F,8,9A,9L, 9N, 10A, 10B,
12B, 12F, 14, 16F, 17F, 18A, 18C, , 19F,
21, 22F, 23F, 24F, 25A, 31, 33F, 34, 46
p = 5 years 20 1,3,5,6B,7F, 8,9A, 9L, 9N, 9V, 10A, 10B,
12B, 12F, 14, 15B/C, 16F, 17F, 18A, 18C, ,
19F, 22F, 23B, 23F, 24F, 25A, 31, 33F, 46
p = 25 years 19 1,3,5,6B,7F,8,9A,9L, 9V, 10A, 10B, 12B,
12F, 14, 15A,15B/C, 16F, 17F, 18A, 18C, ,
19F, 23B, 23F, 24F, 25A, 31, 33F, 35F, 46
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Overall pre-vaccination carriage prevalence (including all serotypes) was not altered signifi-
cantly across most scenarios in France (Figure 5.10). Carriage prevalence was found to be
quite low across age groups and scenarios, being less than 20% in children and elderly in
all scenarios and less than 30% in most scenarios in adults. This may be due to the closed
population, as individuals cannot die from their carriage (or disease) episodes in the model
and thereafter be replaced by new susceptible individuals. This allows individuals to build
natural immunity (both specific and non-specific) that does not wane in this model, and
therefore may result in a lower carriage prevalence [254]. This is shown in the specific im-
munity scenarios where o was set higher (0.6, 0.8) than the default value (0.4), and results in
significantly lower average carriage prevalence values (<10%) across age groups compared
to all other. Children consistently had a significantly lower carriage prevalence among all
age groups. This may be due to children under five years making up the smallest age group
(6% of the population in both France and the US), and therefore not being as likely to be
randomly selected in the stochastic model with the chosen parameters despite their higher
rates of infection. Though if this were the case, one would expect the carriage prevalence to
be proportional to their smaller population. More likely this is due to the contact matrices,
as children under 5 years have much fewer contacts with the general population than the
adult and elderly group. The vaccine efficacy and duration scenarios should not impact the
pre-PCV carriage prevalence, as demonstrated by the results with non-significant differences
between these and the default scenario across age groups. Unsurprisingly, the average car-
riage prevalence was not significantly different between France and the US, as these settings

differ only slightly in contact matrices but not in the epidemiological parameters used.
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Figure 5.10: Average pre-vaccination carriage prevalence across scenarios (varying each
parameter respectively) run twenty times each with the 5000-person populations in French
setting. Default parameter set: ¢ = 0.1, = 0.1, 0 = 0.4. e: non-specific immunity, o: specific
immunity, 6: competition.

Interestingly, average carriage prevalence increased in all age groups post-vaccination in the
default scenario, almost doubling between post-hPCV13 and post-hPCV20 (Table 5.8). This
increase in carriage prevalence over vaccination periods may indicate serotype replacement
under the default parameter set, as VT are vaccinated against and leave an open niche for
new serotypes against which community-wide specific immunity has not been built or which
may be too weak. However, since average VT prevalence was predicted to be low across the

different vaccination strategies (Figure 5.9), this may indicate that specific immunity is too

weak.

Post-vaccination carriage prevalence, like in pre-vaccination carriage prevalence, was lowest

in children compared to other age groups and was not significantly different between vaccine
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Table 5.8: Post-vaccination carriage prevalence across different strategies and age groups
for the French setting with the default parameter set (¢=0.1, # = 0.1, 0=0.4, v = 95%, w = 10
years). Results indicate the mean with 95% confidence interval over n simulations of the

5000-individual population.

Strategy Overall Children Adults Elderly

Post-PCV13

Disease incidence 35% 10.9% 40.7% 23.3%

! mna (25.9% - 44.2%)  (8.5% - 13.2%)  (30.2% - 51.2%)  (16.7% - 29.9%)

Local invasi 36.7% 10.9% 42.7% 24.2%

OCal IMVASIVENESS 08 1% -453%)  (8.5% - 13.3%)  (32.9% - 52.6%) (17.8% - 30.5%)
34.1% 10% 39.6% 22.9%

Global invasiveness

(24.9% - 43.3%)

(7.6% - 12.5%)

(29.1% - 50.2%)

(16.2% - 29.6%)

Post-PCV20
Disease incidence 61% 17.5% 67.9% 50.9%
(52.3% - 69.7%) (14.4% - 20.5%) (58.9% - 76.9%) (41.3% - 60.6%)
Local invasiveness 62% 17.5% 68.8% 52.2%
(53.1% - 70.8%) (14.8% - 20.3%)  (59.6% - 78%)  (42.6% - 61.8%)
58.1% 16.7% 64.7% 48.4%

Global invasiveness

(48% - 68.2%)

(14% - 19.3%)

(54% - 75.5%)

(37.9% - 58.9%)

Post-PCV30
Disease incidence 78.9% 24.5% 84.8% 75.3%
(73.7% - 84.1%) (21.5% - 27.5%) (80% - 89.5%)  (67.9% - 82.7%)
Local invasiveness 77 .5% 24.4% 83% 74.9%
(69.9% - 85.1%) (21.3% -27.5%) (75.3% -90.7%) (65.8% - 84%)
75.4% 23.8% 81.2% 71.1%

Global invasiveness

(67.5% - 83.3%)

(20.8% - 26.9%)
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strategies (Figure 5.11, Figure 5.12, Figure 5.13). Increasing the non-specific immunity resulted
in an increased carriage prevalence in children, though non-significant in all cases. Increasing
the non-specific immunity reduces fitness differences and enhances diversity [57]. Consistent
with the pre-vaccination results, the specific immunity scenarios where o was elevated
resulted in extremely low average carriage prevalence (<10%) across age groups and stayed
consistently low with each round of vaccinations. Changing the competition parameter had
a non-significant effect on average carriage prevalence across age groups, although there was
a noticeable decrease in carriage prevalence with increased competition across age groups
in France post-hPCV13 (Figure 5.11). One reason for this may be that a larger competition
parameter dampens the serotype-specific FOI, and therefore enhances serotype diversity.
This may promote a larger overall carriage prevalence up to a certain extent (as seen with ¢ =
0.2) until competition may become too high (6 = 0.5), and eventually shifting the transmission
dynamics to a mono-carriage system. How levels of competition impact carriage prevalence
and serotype diversity merits further exploration. Decreasing the vaccine efficacy also did
not have a significant effect on the carriage prevalence in any age group or under any strategy
regardless of hPCV period (Figure 5.11, Figure 5.12, Figure 5.13), which is consistent with real-
world findings that carriage prevalence does not change post-vaccination as new serotypes
fill the empty niche left by the vaccinated serotypes once they are removed from circulation
[441]. Surprisingly, the vaccine duration of protection did not alter the carriage prevalence
across vaccine periods, even at its lowest (Figure 5.11, Figure 5.12, Figure 5.13). This may be
due to the strength of the natural immunity parameters and suggests that further parameter
exploration around the immunity parameters is desirable. However, assessing the strength of
immunity is very difficult to measure in exposed populations in the absence of experimental

studies

In some simulations of both global and local invasiveness strategies, a single low-invasiveness
serotype was able to gain a competitive advantage and then was never vaccinated against
as only the highly invasive types were targeted in this strategy (Figure 5.14). In this case,

specific immunity may be too weak to overcome multiple colonisations of the same type, as
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Figure 5.11: Average post-hPCV13 carriage prevalence across scenarios (varying each pa-
rameter respectively) run with the 5000-person population in France. Default parameter
set: ¢ = 0.1,0 = 04,0 = 0.1,v = 95%, w= 10 years. e: non-specific immunity, o: specific
immunity, 0: competition, v: vaccine efficacy, w: duration of vaccine protection.
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Figure 5.12: Average post-hPCV20 carriage prevalence across scenarios (varying each pa-
rameter respectively) run with the 5000-person population in France. Default parameter
set: ¢ = 0.1,0 = 04,0 = 0.1,v = 95%, w= 10 years. e: non-specific immunity, o: specific
immunity, 0: competition, v: vaccine efficacy, w: duration of vaccine protection.
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Figure 5.13: Average post-hPCV30 carriage prevalence across scenarios (varying each pa-
rameter respectively) run with the 5000-person population in France. Default parameter
set: ¢ = 0.1,0 = 04,0 = 0.1,v = 95%, w= 10 years. e: non-specific immunity, o: specific
immunity, 0: competition, v: vaccine efficacy, w: duration of vaccine protection.
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it is independent of the number of specific previous colonisations. Individuals perpetually
colonised by this type would contribute to the serotype’s higher and increasing FOI, allowing
the serotype to continue proliferating. While the serotype is unlikely to cause as much disease
as one that is highly invasive, this situation may become problematic in reality if the serotype

in question has a high case-fatality rate.

Pre-hPCV Post-hPCV13 Post-hPCV20 Post-hPCV30

NEERRRRRNRF:

FEEEEEETTEEErrrrrd

000000000000000000000000000000000

time. 198 time.

Figure 5.14: Illustrative example of local invasiveness strategy simulation with 5000 indi-
viduals in French setting where a non-highly invasive serotype (in this case nontypeable
pneumococci) proliferates undeterred by vaccination with other serotypes present at ex-
tremely low prevalence. Legend cut off for legibility purposes.

5.3.5 Incidence rate ratios after expanding serotype coverage in vaccina-

tion

Pooled incidence rate ratio (IRR) estimates fitted from a fixed effects model to estimate the
effect size after vaccination over the simulations demonstrated comparable, mostly non-
significant results in the decreased incidence before and after vaccination with specific hPCVs
across strategies and age groups (Figure 5.15). Although hPCVs targeted children between
the ages of two and three, they showed a reduced, significant effect in the adult and aggregate
age groups post-hPCV13 under the disease incidence strategy. Narrower confidence intervals
in these two age groups are likely due to the larger size of these age groups compared to

children and the elderly. Pooled estimates across age groups were therefore driven by adults.

While pooled IRRs showed non-significant effects across most age groups, vaccines and
strategies, average incidence rates were significantly reduced post-vaccination in the adult

and aggregate age groups between pre-vaccination and post (Figure 5.16), and were reduced
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(though non-significantly) in the elderly as well. The average disease incidence in children
appeared to increase post-vaccination. There were no significant reductions in disease after
vaccination with hPCV13, and this was consistent regardless of strategy. All strategies seemed
equally successful at reducing the average disease incidence. The discrepancy between the
pooled IRR results and the average incidence are likely due to higher sensitivity of the fixed
effects model, as this takes the weighted average and considers IRR confidence intervals,
compared to a crude averaging of incidence rates. Regardless, these results suggest that
the vaccines appeared to be effective against disease, and that running the model with a
larger population or bootstrapping would likely result in narrower confidence intervals in

the average incidence rates and pooled IRRs, as the sample would be larger.
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Figure 5.15: Comparison of the natural log of the pooled incidence rate ratios across vacci-
nation strategies and age groups in French setting under the default scenario with a 5000-
individual population. Dashed line indicates where the pooled incidence rate ratios are
1. Default parameter set: ¢ = 0.1,0 = 0.4,6 = 0.1,v = 95%, w= 10 years. e: non-specific
immunity, o: specific immunity, 0: competition, v: vaccine efficacy, w: duration of vaccine
protection.

There was no significant difference when comparing the IRRs across sensitivity scenarios
within each age group under the local invasiveness (Figure 5.17), global invasiveness (Fig-
ure 5.18), or disease incidence vaccine strategies (Figure 5.19). Strategy results were mixed,
with most showing non-significant effect sizes, and some scenarios showing non-significant
reductions in IPD incidence in the aggregate age group and the adult age group. In these
two age groups, hPCV13 was the only vaccine that significantly reduced disease in some

scenarios and hPCV30 was least successful in reducing disease across strategies and scenarios.
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Figure 5.16: Comparison of average disease incidence across vaccination strategies and
age groups in French setting under the default scenario with a 5000-individual population.
Default parameter set: ¢ = 0.1,0 = 0.4,0 = 0.1,v = 95%, w= 10 years. &: non-specific
immunity, o: specific immunity, 0: competition, v: vaccine efficacy, w: duration of vaccine
protection.

This is likely due in part to the serotypes targeted also having the highest invasiveness
estimates (Table 5.6, Table 5.7) such that removing these in the first hPCV formulation will
result in less invasive potential in the remainder of the pneumococcal population. Pooled
IRRs after hPCV13 were significantly less than 0 in both age groups and across strategies
when vaccine efficacy was 85%. There were notable differences between the strategies with
the same scenario, e.g., a lower vaccine efficacy of 75% resulted in significantly reduced IRRs
in both age groups under the disease incidence strategy post-hPCV13 (Figure 5.19) but was
not the case in the other strategies (Figure 5.17, Figure 5.18). In line with the average disease
incidence rates observed in the default scenario (Figure 5.16), vaccination did not reduce IRRs
in children across scenarios and strategies, emphasising the need for age-specific transmis-
sion parameters to better reflect reality. Comparing pre-vaccination and post-hPCV30, there
were significant reductions in disease incidence in the aggregate age group across strategies
when non-specific immunity was elevated or vaccine parameters were altered, i.e. reduction
in vaccine efficacy. This is interesting as stronger non-specific immunity indicates greater
serotype diversity, which one would expect to result in a larger spectrum of serotypes causing

disease post-vaccination. However, a stronger non-specific immunity elicits faster recovery
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rates, reducing fitness differences, and therefore prevents fitter serotypes from proliferating.
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5.3.6 Comparison across settings

The French and American settings differ by their average life expectancy, their contact
matrices, and most importantly their respective invasiveness datasets. While the first two
aspects are similar between the settings, the invasiveness datasets vary considerably between
the two settings and show vast differences in serotypes that would be expected to have
consequences in the simulations (Figure 5.20). For example, serotype 25A is highly invasive
in the French setting but not in the American, whereas serotype 4 is highly invasive in the
American setting but not in the French. This inclusion of serotype 4 among the highly invasive
in the American dataset is similar to the global invasiveness dataset (Table 5.6). As a result of
these differences between the two settings though, it is unsurprising that the average carriage
prevalence pre-vaccination was non-significantly different between the two settings across
scenarios (Figure 5.21), but that the two differ post-vaccination (Table 5.9). Furthermore, it
provides an explanation for why the global invasiveness strategy was more successful in
the US setting, as average VT carriage prevalence decreased with each vaccination across
age groups except children, since the serotypes that are globally invasive were also highly

invasive in the American setting (Figure 5.22) compared to the French setting.
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Figure 5.20: Comparison of French and Massachusetts” invasiveness estimates.

231



CHAPTER 5. IMPACT OF EXPANDING PCVS BASED ON DIFFERENT VACCINE
STRATEGIES: AN INDIVIDUAL-BASED DYNAMIC TRANSMISSION MODELLING
STUDY

Overall

A

Children

.

N
(6]

N
o
[eo)

[}

MHH MHH

Carriage prevalence (%)
S o

Carriage prevalence (%)
S
==

. LI ) 4
oe\fa&\\ Q‘L“J 0P o o O(L 0% o1° o ‘6: o e o ?f° _02 o® o G{i\ 0P o1° 0%2* o @©
07 d‘(“\\x\ N N 22, 07 O @ 0 N7 N 22
?/Qg\\o @Q”\ IS Q’\\ SN e\,\\oa & 0\\0(\ \\0“/ <//Qe,\\o ?/Qe\ oS g0 Q@\\«\ SN e o’é ,{\\o '&\\00 &\0(\/
¢S 00 o(\e a d\)('& [CS e o o(\e 6\)‘6
1 \m" o o NEY \\%° oe® \o@
N o N o

gso Adults 2 Elderly
cu ©
§25 * * g1 w *
< 10
s B ATRE RN
g 15 g 8
o o
210 26
= S 9 = « 4
@ g 4
O e\’a‘\)\\ rf.) 06 06 0?) O’L 0‘.) 016 0%6 G")‘@ e,o(% (@] ’\'b\>\ rf.) 06 QQJ Q‘b Q(L 06 016 0%6 63‘5 6")“‘%
S R R AP i 808 e % ey 0¥ oo
?,Qg\ «® g\() 5 Qe\\ ‘(\Qe\\ 6\,\\0’& ,\,\\o \\0(\ (\ ?/Qg,\ ?/99 5\% g,\(}«\ SV X o ’r)ex\\o &\0(\ o
S o 50° o\(\e & ep‘?’ OO OO @ @ T @
RESRE oe® KUt 9 @
NCARTSS NCSRPS

—o— France —o- USA

Figure 5.21: Comparison of average pre-vaccination carriage prevalence across scenarios
(varying each parameter respectively) run twenty times each with the 5000-person popula-
tions in French and American settings. Default parameter set: ¢ = 0.1,0 = 0.4,0 = 0.1,v =
95%, w= 10 years. ¢: non-specific immunity, o: specific immunity, : competition, v: vaccine
efficacy, w: duration of vaccine protection.
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Table 5.9: Comparison of average post-hPCV carriage prevalence across age groups in French
and American settings under global invasiveness strategy with the default parameter set.

Country Overall Children Adults Elderly
Post-PCV13
34.1% 10% 39.6% 22.9%
France
(24.9% - 43.3%) (7.6% -12.5%) (29.1% - 50.2%) (16.2% - 29.6%)
36.4% 6% 41.6% 25.6%
USA
(29.7% -43.1%)  (5.1%-6.9%) (34.2% -49.1%) (19.3% - 31.9%)
Post-PCV20
58.1% 16.7% 64.7% 48.4%
France
(48% - 68.2%) (14% - 19.3%) (54% - 75.5%)  (37.9% - 58.9%)
62.5% 9.5% 68.3% 57.4%
USA
(57.3% - 67.8%) (8.3%-10.7%) (63.1% -73.5%)  (50% - 64.8%)
Post-PCV30
75.4% 23.8% 81.2% 71.1%
France
(67.5% - 83.3%) (20.8% -26.9%)  (73.3% - 89%) (61.2% - 81%)
79.2% 15.9% 84.2% 80.8%
USA

(76.6% - 81.8%)

(14.6% - 17.1%)
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Figure 5.22: Average carriage prevalence of VTs across age groups in the American setting
under global invasiveness strategy with default parameter set. Default parameter set: € =
0.1,0 =0.4,0 = 0.1,v = 95%, w= 10 years. e: non-specific immunity, o: specific immunity, ¢:
competition, v: vaccine efficacy, w: duration of vaccine protection.

Post-hPCV, American IRRs were comparable to and often non-significantly different from
French ones under the global invasiveness strategy (Figure 5.23, Figure 5.24, Figure 5.25). The
exception was post-hPCV13 in the 25-year vaccine protection scenario, where the American
setting had a greater reduction in IRR (Figure 5.23). Disease reduction was more noticeable
in the adult and aggregate age groups in the American setting than the French post-hPCV13.
Other than the US setting having similar highly invasive serotypes to the global dataset,
another reason for this may be that the non-specific immunity, which impacts the recovery
rates and reduces fitness differences between serotypes, may allow serotypes that are highly
invasive but with an average carriage duration and not included in the vaccine formula-
tions, such as serotype 25A, to proliferate. Furthermore, pooled IRRs post-hPCV13 were

significantly less than zero in the American setting in all scenarios except with the lowest
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vaccine duration of protection (5 years) and vaccine efficacy (75%). After hPCV13, the point
estimates of the American setting were greater than those of the French setting, though
non-significant. Overall, these results highlight that further work on country comparison

based on invasiveness strategies is needed to draw robust conclusions.
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Figure 5.23: Comparison of IRR post-hPCV13 in French settings versus American setting

across scenarios (varying each parameter respectively) under global invasiveness strategy
and with the default parameter set. Default parameter set: ¢ = 0.1,0 = 0.4,0 = 0.1,v = 95%,

w= 10 years. e: non-specific immunity, o: specific immunity, : competition, v: vaccine
efficacy, w: duration of vaccine protection.
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Figure 5.24: Comparison of IRR post-hPCV20 in French settings versus American setting
across scenarios (varying each parameter respectively) under global invasiveness strategy
and with the default parameter set. Default parameter set: ¢ = 0.1,0 = 0.4,0 = 0.1, v = 95%,

w= 10 years. e: non-specific immunity, o: specific immunity, : competition, v: vaccine
efficacy, w: duration of vaccine protection.
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Figure 5.25: Comparison of IRR post-hPCV30 in French settings versus American setting
across scenarios (varying each parameter respectively) under global invasiveness strategy
and with the default parameter set. Default parameter set: ¢ = 0.1,0 = 0.4,0 = 0.1, v = 95%,
w= 10 years. e: non-specific immunity, o: specific immunity, : competition, v: vaccine
efficacy, w: duration of vaccine protection.

5.4 Discussion

I developed an individual-based dynamic transmission model with 69 serotypes set in a
population of 5000 individuals. Three vaccination coverage strategies were tested: serotype
targeting based on (1) highest disease incidence, (2) highest local invasiveness, and (3) highest
global invasiveness estimates. Vaccine valency was increased from hPCV13 to hPCV20 to
hPCV30 every 10 years. Results across vaccination strategies were largely similar, as the
serotypes that caused the most disease would be influenced by the invasiveness datasets.

As such, the results showed that serotypes to be included in future PCV formulations based
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on the French setting are serotypes 8, 10A, 10B, 12F, 16F, 24F, 25A, 33F, and 46, which
were targeted both in the most highly invasive and most disease-causing simulations. This
highlights that eventually the inclusion of the most disease-causing serotypes will be similar
to the most highly invasive serotypes. The results were also quite consistent across sensitivity
scenarios, demonstrated by the non-significant difference in both average carriage prevalence
and pooled incidence rate ratios. These results would nonetheless benefit from further
simulations or simulations with a much larger population size, as confidence intervals were
wide in age groups with smaller populations. High end computational facilities would be
required for such large scale simulations within populations of millions of people of the many

serotypes and different vaccine types impacts.

Unfortunately, due to an error in the code, the US setting was not run under a local invasive-
ness or disease incidence strategy using its country-specific invasiveness dataset. Differences
across countries in serotype replacement after implementation with PCV7 demonstrate that
international implementation of a vaccine not specific to a setting may potentially be detri-
mental and less cost-effective. Future work should focus on expanding this model to other
settings to compare the serotypes included between settings under the different vaccination
strategies and with different invasiveness datasets. A global optimisation model would be
complex but may ultimately elucidate whether a universal vaccine implementation would
be beneficial on an international scale including developing countries. Despite the inabil-
ity to compare between countries and strategies, this work predicts that vaccines would
be most effective at reducing disease in the aggregate age group once the most invasive
serotypes have been targeted. As cost effectiveness analyses are typically undertaken on
a country-level, it would be reasonable to conclude that the hPCVs of increasing valency
based on local invasiveness or disease would be cost-effective on an individual country level
under the assumption of price parity (Chapter 2). Further work is needed to investigate the

cost-effectiveness with respect to price differences between the vaccines.

While previous dynamic transmission models estimated the epidemiological impact of the

currently licensed PCVs (Chapter 2), many grouped serotypes into VI and NVT and did not
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take a serotype-specific approach applicable to vaccine design. Published models that took a
serotype-specific approach did not model vaccine design. Only one previous study estimating
the optimal vaccine types took a serotype-specific approach to model vaccine design using
case-to-carrier ratios [356]. This study, set in the Finnish context, assumed a constant increase
across NVTs as a group and did not account for transmission dynamics or serotype-specific
durations of carriage that impact the recovery rates. Consequently, this study had limitations
in its ability to address herd immunity and post-vaccination serotype replacement. Another
study applied an ecological model to optimise pneumococcal vaccines using genomic data
[331]. This study also did not model host transmission dynamics but showed that vaccine
impact was sensitive to the circulating bacterial population and the integration of genomic
data enabled the authors to incorporate pathogen evolution. While genomic data provides
an exciting new avenue to model the transmission dynamics of each strain, the challenge
rests with local infrastructure and resources particularly in LMICs. Serotype data requires
less investment in expensive infrastructure. The model in this chapter could be applied
to any setting with serotype data, uses serotype- and location-specific invasiveness data,
is customisable and can be altered to change parameters across age groups and serotypes
and incorporates host transmission dynamics that allow one to explore processes such as

immunity, serotype replacement, herd immunity and vaccine impacts.

Nonetheless, the model presented here has many limitations. Models are only as good as
their assumptions and the precision of the parameter estimates employed in simulations.
The complexity of this model required many simplifying assumptions. For example, the
model only considers carriage, and disease incidence is a snapshot estimated at the end of
a vaccination period from invasiveness parameters, which do not change post-vaccination.
Typically, only one serotype causes invasive disease, and therefore the disease incidence
is likely over-estimated, as when the invasiveness is applied to serotype-specific carriage
prevalence values, it does not take into account multi-serotype carriage. Furthermore, the
invasiveness estimates are also over-estimated as they are estimated from one colony per

carrier. As the values of disease incidence are static (only calculated once at the end of the
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simulation period), the population cannot suffer or die from disease and therefore individuals
cannot be removed from community transmission or from the population. The closed system
may bias the system towards a better protected population, as individuals cannot die until the
end of their life expectancy and therefore accumulate previous colonisations that will further
protect them. This also means there are fewer ‘new’ susceptibles entering the population.
This was reflected in the low overall pre-vaccination carriage prevalence values seen in the
model. In reality, populations are highly dynamic with migration inward and outward, and
deaths at all ages. This could be addressed by introducing demographic parameters such as

age-specific death rates.

Due to the computational complexity of the model, point estimates and 95% credible intervals
for invasiveness were used as opposed to drawing from respective distributions. Drawing
from respective distributions would be a more statistically robust way to encompass un-
certainty in these parameters. Additionally, point estimates of immunity parameters were
also taken as those most reasonable according to Cobey and Lipsitch’s paper [57]. Serotype-
specific natural immunity in particular would be interesting to explore in a dynamic fashion,
as it had a significant impact on the average carriage prevalence when elevated and this
parameter was assumed not to change with increasing number of previous colonisations of
a specific serotype. This later assumption may be an over-simplification. Furthermore, the
number of events per time step was assumed to be fixed. Initially, an asynchronous time step
model was set up where the time to the next event was estimated as the natural logarithm
of a random number drawn from a uniform distribution divided by the sum of all rates.
This resulted in significant slowing of the simulations, and hence an approximation for the
number of events per time step was made. A fixed number of events per time step may not
be appropriate as the number of infected individuals grow exponentially. More appropriately,
the number of events for each time step could be drawn from a Poisson distribution with the
rate parameter as the sum of all population rates. This too may result in a longer simulation

time, but would be worth exploring further.

Many simplifying assumptions were made about colonisation. First, bacterial load and
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superinfection (in which hosts can harbour multiple strains of a serotype and be counted
as multiple carriers) were not considered to impact the FOI, as this is difficult to measure
and implement. NP carriage and IPD have also been observed to change seasonally due to
seasonal variations in viral coinfections [442], which were not accounted for in this model.
Viral coinfections are thought to increase the shedding and therefore transmission rate of
pneumococci [443]. Similarly, carriage duration in the model is independent of viral load
from influenza, which has been known to influence recovery rates [419]. Furthermore,
infectiousness occurred immediately after carriage acquisition, and did not change over the
course of colonisation. Recovery rates depended only on previous colonisations and non-
specific immunity, and did not change across populations, as they were based on the same
infant data. These were used as a measure of serotype fitness [62], such that R, did not vary
with transmission rates, which were kept constant across serotypes. Small differences between
serotype-specific transmission rates were observed [289], however this, with serotype-specific
competition rates, merits further exploration. Fitting carriage duration based on age rather
than the number of previous colonisations may bias the intrinsic duration of carriage, since
children tend to have several episodes during their first years of life [57]. However, due to
the low pre-vaccination carriage prevalence values in children in the results presented here,
it may be worth exploring age-specific immunity parameters in a future model such that
immunity is dampened until individuals reach five years of age, or implement age-specific
transmission rates to better reflect the reality where children have higher colonisation rates.
Co-colonisation occurred in at least 10% of the cases in the infant refugee camp data [81],
however the effect of increasing the maximum carrying capacity was not investigated as the
number of co-colonisations becomes increasingly rare with additional multiple carriage. It is
currently unclear whether vaccination has an impact on multi-serotype carriage [177, 444],
though this would be an interesting avenue to explore in future iterations of this model.
Moreover, the competition parameter in this work was kept constant across serotypes. A
previous study found no differences in competition between most serotypes, although the
authors noted a lack of serotype-specific data [427]. Competition may also change with age,

something that was not accounted for here as a fixed parameter for competition was used.
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Taken together, these simplifying assumptions highlight key areas where further studies are

needed to elucidate epidemiological parameters.

Pneumococcal populations are multi-serotype populations with niche and neutral mech-
anisms for coexistence that have been modelled previously [57, 239, 254]. A neutral-null
model is defined by Lipsitch et al as one with ecological neutrality, where the dynamics with
indistinguishable strains would depend only on ecological variables, and with population
genetic neutrality, where there is “no stable equilibrium frequency of the strains in the model”
[290]. In the case of the full serotype model however, there are clear violations of these
criteria that bias towards coexistence. First, serotypes have distinct ecological variables
based on the fitted data to inform recovery rates. While the effective contact rate is constant
across serotypes, the inclusion of serotype-specific immunity also violates the ecological
neutrality criterion as it alters the acquisition of a serotype by an individual. The population
genetic neutrality criterion does not seem to be violated as the simulations do not converge
to the same carriage prevalence values. Explicit mechanisms of coexistence are included in
this model. First, habitat heterogeneity, as the host population is divided into vaccinated
and unvaccinated individuals. Second, the addition of both non-specific and weak specific
immunity circumvents the competitive exclusion from the most fit serotype and increases
serotype diversity respectively. Exploring the parameter space between o = 0.4 and 0.6
with concurrent changes in non-specific immunity would further explain the role that both
mechanisms of immunity play in the dynamics of carriage on serotype prevalence. Third,
competition exclusively impacts acquisition, and the clearance of any colonising serotype is
not affected by multiple carriage. Despite these violations of the criteria for a neutral-null
model, this work aimed to investigate the dynamics of serotype-targeting by vaccines and

therefore a neutral-null model would not be appropriate for this aim.

In conclusion, I have developed and investigated the predictions of an individual-based
stochastic model of pneumococcal serotype transmission and vaccine impact that elucidates
the difference between vaccine design strategies targeting serotypes based on global inva-

siveness, local invasiveness, and disease incidence. Although this model suffers from many
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limitations, it illustrates the impacts of the vaccine design strategies adopted and broadly
shows the impact of increasing serotype coverage based on these targeting strategies in
high-income country settings. Ultimately, an invasiveness-targeting strategy alone may allow
low invasiveness serotypes to proliferate unperturbed, although it would reduce the disease
incidence significantly using the first thirteen valent formulation of the vaccine. This would
only be an appropriate and ethical strategy if the low invasive but highly prevalent serotypes
allowed to proliferate had low case fatality rates. While the disease incidence strategy that has
been thus far followed will eventually include all the high-invasive serotypes as increasingly
more serotypes are included in the vaccines and these are being more cheaply manufactured,
a strategy targeting the locally invasive serotypes may also show significant reductions in

disease.

5.5 Aim in this thesis

I have developed an individual-based dynamic transmission model that evaluates the im-
pact of increasing the serotype coverage in PCVs based on three different vaccine strategies:
(1) disease incidence, in which the most disease-causing serotypes are included, (2) local
invasiveness, in which the serotypes with the highest local invasiveness are included, and
(3) global invasiveness, in which the serotypes with the highest global invasiveness are in-
cluded. Overall, despite non-significant results, all strategies reduce disease at similar levels
across age groups and sensitivity scenarios, demonstrating that eventually the most critical
serotypes will be included in all vaccine strategies. While there are areas requiring further
improvements in the model and many assumptions around key parameters, it serves as a tem-
plate for comparing vaccine targeting strategies based on different serotype compositions as
inexpensive regional vaccines are licensed. It also serves as a good template for expanding the
complexity of the model to run simulations in very large populations, with more complexity
in parameter assignments for different serotypes and with the full demography of the human

host population including age-specific death and birth rates. The model developed does also

243



CHAPTER 5. IMPACT OF EXPANDING PCVS BASED ON DIFFERENT VACCINE
STRATEGIES: AN INDIVIDUAL-BASED DYNAMIC TRANSMISSION MODELLING
STUDY

serve to highlight which of the many key parameters that determine the epidemiology of

multi-serotype pneumococcal transmission require more focused study and measurement.
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Chapter 6

Discussion and Concluding Remarks

This chapter summarises the research aims and findings of the thesis, provides critical

limitations of the work presented and discusses future research in the field of pneumococcal

vaccines.
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6.1 Introduction

Streptococcus pneumoniae is a bacterial pathogen and commensal that is carried in the na-
sopharynx and is a significant cause of otitis media, pneumonia, and meningitis. Only seven
of the approximately 100 serotypes circulating worldwide were initially included in PCV in
2000 before the number of serotypes included was expanded in subsequent years. While
PCV reduced the disease incidence in regions of higher vaccine uptake, in part because of a
herd immunity effect, a replacement effect was observed whereby carriage and disease were

increasingly dominated by serotypes not included in the vaccine employed.

6.2 Summary of thesis aims and contributions

The aim of the research described in this thesis was to understand whether expanding valency
of PCVs is desirable, given the balance of the benefits (direct protection and herd immunity)
against the costs (financial and burden of serotype replacement) for past vaccines as well as
what they might be for future vaccines. Additionally, this thesis aimed to explore serotype

selection in expanded vaccines.

Dynamic transmission models can be employed to mimic the impact of serotype replacement
and herd immunity effects to describe post-vaccination scenarios, whereas economic eval-
uations focused on costs and benefits can enable decision-makers to compare vaccines of
increasing valency for implementation. In Chapter 2, I conducted a systematic literature re-
view to examine published epidemiological and economic models with a focus on Europe and
North America, and the assumptions made in these models for their potential contributions
to future research, including parameter estimation, and immunisation policy. Twenty-nine
dynamic transmission models and twenty-six economic models were identified and reviewed.
Published models employed various structures, revealing several key uncertainties regarding
the biology and epidemiology of pneumococcal infection. While models suggested that PCVs

will reduce the burden of disease, the extent to which they are predicted to do so depended
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on various assumptions regarding features of pneumococcal infection and epidemiology that
strongly influence PCV cost-effectiveness conclusions. Such features include the duration
of protection and competitive interactions between serotypes, both of which are unclear at
present, but which directly relate to herd immunity and serotype replacement effects. In
addition, few serotype-specific dynamic transmission models extend beyond two or three
serotype grouping categories. Economic evaluations were not typically based on transmis-
sion dynamic models and hence omitted the indirect benefits arising from herd immunity
in populations with sufficient vaccine coverage. The tools of transmission simulation and
economic evaluation should be used in conjunction to inform decision-makers on vaccine
implementation. To date, there have been few attempts to build economic evaluations on
transmission dynamic models, and none on the situation prevailing in Europe and North

America where vaccine uptake has in general been high.

In Chapter 3, I conducted a trend analysis assembling the available evidence for PCV impact
on national IPD in European, North American and Australian settings. Significant effective-
ness against VT IPD in infants was observed, although the impact on national IPD incidence
varied by country due to differing patterns of serotype replacement. Currently, NVT serotypes
8, 9N, 15A and 23B are increasing in the countries assessed, although a variety of other NVTs
are affecting each country and age group. Despite these common emerging serotypes, there
has not been a dominant IPD serotype post-vaccination as there was pre-vaccination (serotype
14) or post-PCV7 (serotype 19A), suggesting that future vaccines with additional serotypes
will be less effective at targeting and reducing IPD in global populations than previous PCVs.
The rise of diverse NVTs in all settings” top-ranked IPD-causing serotypes emphasises the
urgent need for surveillance data on serotype distribution and serotype-specific invasiveness
post-vaccination to facilitate decision-making concerning both expanding current vaccination
programmes and increasing vaccine valency. Based on the serotype trends of the countries
included, universal vaccine expansion is not favourable due to diverging replacement, and
results suggest that vaccines with different targeting mechanisms such as serotype agnostic

vaccines or vaccines targeting local serotypes may be preferred. Diverging trends may be due
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to pre-PCV bacterial population structures, environmental or sociological factors influencing
transmission and replacement, antimicrobial use influencing antimicrobial resistance patterns,
and variation in diagnostics and hospital practices [407]. All these factors may also influence

serotype invasiveness.

Invasiveness, quantified as the hazard of carriage progressing to diseases, has been observed
to be heterogeneous across pneumococci. Pneumococci are carried for varying durations,
dependent on serotype and host age. Estimating invasiveness and understanding whether it is
correlated strongly with serotype is crucial for designing effective vaccines. However, current
epidemiological methods of estimating invasiveness have been confounded by post-vaccine
changes in pneumococcal populations, necessitating the development of new methods to
estimate this key parameter. In Chapter 4, a novel Bayesian framework was implemented
to analyse epidemiological data from multiple locations to estimate both a dataset- and
serotype-specific invasiveness (local invasiveness) and a single serotype-specific invasiveness
across datasets (global invasiveness) for children less than 18 years and adults over 18 years.
These estimates are absolute, allowing a direct comparison across datasets and between
serotypes, which previous methods relying on relative measures, such as odds ratios, did
not. Using Bayes’ Factors, I was able to compare the two models to test whether serotype
invasiveness varied by population. Model comparisons favour global invasiveness, which
is unsurprising given that it is less complex as it estimates fewer parameters. However,
serotype-specific local invasiveness distributions imply that there is geographic heterogeneity
in serotypes’ invasiveness, suggesting that serotypes may not have a universal invasiveness.
There may also be population-independent factors that contribute to invasiveness, such
as strain characteristics or serotype interactions. Pre-vaccination, high globally-invasive
serotypes were 1, 4, 5 and 7F in children and 1, 4, 8 and 20 in adults although these estimates
arise from a variable number and combination of datasets. The analysis suggests serotypes
8, 9N, 20 and 22F were among the most invasive serotypes globally not included in current
vaccines. This framework will enable a strong evidence base to be built for future vaccine

development and policy design, as it will be publicly available for others to expand upon with
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their own datasets to re-estimate global invasiveness values. The analysis would particularly
benefit from more datasets post-vaccination to determine whether invasiveness changes post-
PCV implementation. Furthermore, a lack of consistent reporting on the number of swabs
taken excluded many studies that would otherwise have been eligible for the invasiveness
analysis. In the context of this thesis, invasiveness estimates were vital to translating modelled
carriage prevalence to observed or predicted disease incidence in the dynamic transmission

model.

In Chapter 5, I developed a multi-serotype individual-based dynamic transmission model
(IBM) to evaluate the epidemiological impact of increasing serotype coverage in PCVs. IBMs
are stochastic dynamic transmission models that simulate transmission based on a variety of
epidemiological parameter estimates and behavioural rules governing transmission events.
Using the local invasiveness estimates from Chapter 4, I applied this model to estimate the
IPD incidence rate ratios in a French setting as a representative high-income European country,
before and after vaccination with expanded valency based on three strategies. Because of
the resulting complexity from the inclusion of 69 serotypes, I first investigated expanding
serotype coverage to serotypes causing the most IPD, and then investigated expanding
serotype coverage to serotypes with the highest local and global invasiveness respectively.
Serotypes with both a high local and a high global invasiveness tended to be similar, although
this may not apply to lower income countries. Though the hypothetical PCVs were all mostly
successful in reducing VT carriage prevalence, implementing a PCV with increased serotype
coverage based on local serotype invasiveness or circulation in carriage (and therefore disease)
would be most effective in reducing IPD incidence on a country-level, as seen in practice. The
serotypes that were added in the disease incidence strategy and the invasiveness strategies
were very similar, and indicated that as PCVs are expanded the serotypes that cause the
most disease and that are highly invasive will begin to overlap. Unfortunately, I was only
able to compare multiple countries post-vaccination with the global invasiveness vaccine
strategy. This strategy demonstrated more success in the US compared to France, as highly

invasive serotypes in the US setting were more similar to highly invasive serotypes in the
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global dataset compared to France. Despite only comparing one vaccination strategy across
countries, this will be critical to understanding how differences in invasiveness shape the
divergence in serotype landscape found in Chapter 3. It may be detrimental to develop and
implement a PCV on a global level given stark differences between serotype landscapes and
as a result of different serotype replacement patterns in different countries. The additional
cost and complexity of developing such a vaccine should be evaluated against the potential

benefits.

6.3 Discussion

The work presented in this thesis builds on previous work on serotype replacement surveil-
lance, interpretation of serotype invasiveness, and dynamic pneumococcal transmission
models, but it has a number of limitations largely relating to parameter estimation and data

quality.

While Chapter 3 evaluated the serotype landscape in Europe, North America and Australian
settings, LMICs constitute the majority of the burden of pneumococcal disease. Therefore, the
global divergence in serotype replacement post-vaccination will be vital for vaccine impact
epidemiology and will be increasingly important for vaccine manufacturing. Currently,
serotype replacement in LMICs is not well-documented due to the dearth of robust disease
surveillance systems [445]. As illustrated in Chapter 3, PCV impacts countries in a seemingly
localised way, making a global transmission model highly ineffective at evaluating the impact
of vaccination. Despite taking settings that are socioeconomically and demographically
similar, and with similar pre-PCV serotype compositions in disease, I have shown that
expanding a globally-licensed PCV may not be a sustainable intervention for targeting the

pneumococcal disease burden as there is divergence in replacement even in similar settings.

In Chapter 4, results of the model comparison are by no means finalised because of the limited

datasets included in the global invasiveness. The code is freely available such that anyone can
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download it and upload their own studies to the datasets so that global invasiveness can be
re-estimated and refined as more datasets are included [357]. The more datasets are included,
the better we will understand whether invasiveness is truly a global phenomenon or whether
it is subject to local specification as indicated by the results so far. Additionally, expanding on
the limited datasets including both pre- and post-vaccination will hopefully provide some
further clarification on whether invasiveness changes with mass vaccination. For example,
such an analysis might clarify why similar serotype distributions were observed in the UK
and the US in carriage but not in disease [323]. As previously mentioned, investigating a
dataset-specific scale factor that may account for variations in local settings such that global
invasiveness is adjusted for each location would be interesting, but this was beyond the scope

of this thesis.

In order to keep the model in Chapter 5 as simple as possible, certain important hetero-
geneities within and between populations were not included. Certain populations, such as
Indigenous populations [105], or groups with comorbidities like chronic respiratory disease
or immunocompromising conditions [446], are at higher risk of carriage and disease. Men are
also at increased risk of IPD, even after vaccination [447, 448]. Pneumococcal pneumonia has
a higher disease burden than IPD [445]. Here IPD as a disease outcome was not disaggregated.
Differing vaccine efficacies to the individual serotypes included in PCVs, such as to serotype
3 in PCV13, or differences in dosing of vaccines was not included. Despite how crucial these
multi-faceted risk factors are, these were unfortunately not able to be explored in this thesis,
but would be interesting to investigate, as most of these have not been added as components
to published dynamic transmission models thus far but can be easily added in this model.
Further work on this chapter could also evaluate the effect of implementing a US-based
vaccine in a French setting or vice versa, and to expand the analysis to other, less similar

settings.

This work focused solely on the impact of vaccination on IPD. Although NIPD tends to follow
the same patterns as IPD [236], NIPD is worth exploring independently as it is a key driver

of vaccine cost-effectiveness. One reason for this is the frequency of AOM, often treated with
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antibiotics, and therefore also exacerbating antimicrobial resistance [317]. As such, as vaccines
prevent AOM and invasive disease, they also alleviate the burden of antimicrobial therapies
on the healthcare system. Furthermore, while S. pneumoniae is responsible for a majority
of severe bacterial pneumonia cases, vaccines are responsible for the marked decrease in
bacterial pneumonia, resulting in pneumococcal pneumonia only accounting for around 7%
of all severe pneumonia cases in children less than 5 years in a multi-site case-control study
in seven low resource high burden settings [449]. This highlights the importance of NIPD

surveillance, as another key measure of vaccine success.

More generally, infectious disease models are only as good as the data from which parameter
estimates are derived and that form the quality of epidemiological and biological under-
standing of what determines disease and transmission. The model that was developed in
this thesis was unfortunately limited by the complexity (and therefore the computational
requirements) of modelling each individual with over 60 serotypes, each of which may have
different degrees of infectivity (/3 - the per capita rate at which individuals get infected with
a defined serotype), which impacts the Ry. In the absence of other data, the model kept 3
constant, such that the Ry, varied only due to the serotype-specific carriage durations that were
fitted to data. Although the model was complex and computationally expensive, it serves as

a starting point for exploring the highly uncertain parameter space in the pneumococcal field.

Overall, key sources of uncertainty remain in the pneumococcal field of epidemiology. In-
consistency in surveillance and reporting practices across countries, such as differences in
age categories, made extrapolating information for comparison challenging. For example,
the cut off age for children used in Chapter 3 (18 years, sometimes 16), Chapter 4 (18 years)
and Chapter 5 (5 years) all differ due to the data available. More efforts should be made in
surveillance to differentiate between infants and older children, and more generally in creat-
ing consistency between surveillance practices and systems across countries as well as public
availability. A crucial aspect of IPD surveillance is tracking emerging serotypes, but many
surveillance systems such as the United States” Centers for Disease Control and Prevention

publicly report aggregated IPD cases by location and age but not by serotype. Prior to the
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coronavirus pandemic (COVID-19) when many surveillance systems were disrupted, the
World Health Organization’s (WHO) Global Invasive Bacterial Vaccine-Preventable Disease
(IB-VPD) Surveillance Network reported that only 50 of its 194 member states reported
data in August 2019 (Figure 6.1) [12]. These are countries that, at the lowest tier, report
suspected meningitis in children less than five years old, and at the highest tier, have an
active population-based surveillance. While almost half of African countries are included in
this surveillance network, fewer than six have a national or sub-national reference laboratory,
as these can be expensive to set up and operate. Although many European countries have
pneumococcal surveillance in place and are involved in annual reporting and aggregation by
the European Centre for Disease Control and Prevention (ECDC) [450], they are not included
in the WHO's global effort. This highlights a lack of global coordination in identifying
serotypes causing the greatest disease, despite the implementation of universal PCVs. It also
emphasises the inequity between countries, as poorer countries may not have the resources
to build expensive population-based surveillance systems. Recently, the The Pneumococcal
Serotype Replacement and Distribution Estimation (PSERENADE) Project was commissioned
by WHO to evaluate the impact of PCV10 and PCV13 on IPD incidence and serotype distribu-
tion [451]. The inclusion criteria for countries included age- and serotype-specific annual IPD
case counts, at least one complete year of post-PCV data, at least 50% of isolates serotyped
for at least one age stratum and at least 50% PCV uptake in at least one year post-PCV
introduction, and no biases regarding testing or reporting. The project’s results showed that
29 countries with PCV10/13 did not have surveillance in place, and 33 with PCV10/13 and
IPD surveillance were not eligible for PSERENADE according to their criteria. Unfortunately,
this project excludes countries that have not included PCV in their national immunisation
schedules, such as China and India, and countries that do not use PCV10/13 but may use
PCV7. Despite this, it will be a hugely beneficial step forward in the efforts to coordinate

pneumococcal serotype- and age-specific IPD surveillance.

Another opportunity for pneumococcal research is expanding genomic surveillance, which

has been ongoing since the 1990s but which has yet to be fully incorporated into interna-
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tional surveillance, particularly in LMICs [452]. India, Nigeria, Democratic Republic of the
Congo and Pakistan accounted for about 50% of the pneumococcal burden in 2015 but are
only represented by 114, 67, 1, and 102 samples on the Global Pneumococcal Sequencing
project database [453]. Beyond the UK, sampling in Europe has also been somewhat lacking.
Genomic surveillance has been and will continue to be pivotal in surveillance of antimicro-
bial resistance, outbreaks, vaccine efficacy and elimination. Genomic surveillance is also
important for detecting novel serotypes, something that will be critical to monitor as PCV

valency is altered or expanded.

Parameter selection was another critical source of uncertainty. The modelling papers in Chap-
ter 2 highlighted manufacturer bias that can easily be obscured in parameter selection when
reporting guidelines are not used. Beyond this, there are a number of key epidemiological
parameters that are still unknown and worth exploring in future research. First, because
carriage prevalence alone does not explain invasive disease incidence [410], more work on
transmission, competition or fitness parameters that encompass the interaction between
serotypes would be beneficial in understanding why certain serotypes out-compete others
and whether these would be good predictors of serotype growth. A key barrier in this work
is that serotype-specific data can be noisy and lead to inaccurate predictions [410]. Previous
work has shown that competition may be driven by capsule [306], and that between-serotype
competition reduces acquisition [427], however the biological mechanism of competition is
unknown and difficult to observe. Serotype-specific data disaggregated by age would be
beneficial for understanding and modelling transmission and competition. So far, few efforts
have been made to differentiate the transmission between age groups [436], and none have
estimated the transmission to or from the elderly population in the community or household
settings. Moreover, immunity parameters in dynamic transmission models are typically
simplified. Both naturally-acquired and vaccine-induced immunity will not develop in all in-
dividuals homogeneously. In Chapter 5, the model did not incorporate within-host immunity
that would be impacted by factors such as superinfection, bacterial load, or viral load, but this

may affect the immune response as a certain threshold may alter the infectious period and is
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necessary to trigger immunity [454]. Studies on key parameters from models involving herd
immunity, serotype competition and the natural history of infection will be crucial to pneu-
mococcal vaccine development and policy. These will also be crucial in determining the effect
of future vaccines, both multi-valent and serotype-agnostic. Cross-functional discussions
between industry and academia around parameters may help in setting a reasonable range
for some parameters, such as cross-protection to non-vaccine serotypes, which impacted the
results of the vaccine cost-effectiveness analyses. Such discussions would also organise and

streamline efforts toward the most pressing questions pertaining to pneumococci.
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Vaccines are generally cost-effective because of their impact on reducing the burden of
disease, in turn reducing hospital visits, freeing up bed capacity and reducing the burden
on caregivers [227]. However, vaccines are also the "victims of their own success’ [455],
whereby once vaccines have successfully removed disease from a population, their costs
are still visible [456]. The challenge with evaluating effectiveness and cost-effectiveness of
expanded PCVs are their longer-term impacts, such as the burdens of emerging serotypes and
antibiotic resistance which are difficult to predict. Tracking novel pneumococcal serotypes is
important and ongoing, as the origin of these are sometimes homologous to other species,
indicating uptake from exogenous species rather than previously undetected and/or low
prevalence types [29, 457]. Vaccine costs are a critical determinant of cost-effectiveness, but
these are usually vague estimates in cost-effectiveness analyses since tendering (i.e. vaccine
bid) contracts are unknown, as are manufacturing and storage costs. In 2018, PCVs were
reported to cost between US$3-US$132 per dose depending on the country [458], with ranges
of costs overlapping between lower, middle and high income countries. The demand for
pneumococcal vaccines is also expected to increase by more than 60 million doses over the
next 10 years to 2030 with the addition of PCV in infant routine immunisation in 42 countries,
including China and India [458]. Subsidised vaccines by GAVI and the Pan American Health
Organization (PAHO) have enabled LMICs to access PCVs, whereas non-GAVI non-PAHO
(i.e. self-procuring) middle income countries will hopefully overcome the affordability
challenge they face with new manufacturers entering the market that will also meet the
increasing global demand [458]. Assuming price parity across vaccines within a country,
increasing serotype valency of PCVs would be cost-effective as more disease is averted at
the same cost. However, one question that remains is whether it is more cost-effective to
universally increase valency in a global vaccine, reducing manufacturing and marketing
complexity for global vaccine manufacturers, or whether to locally increase valency on a
country- or region-specific basis. Eventually, the end-products will be similar as the serotypes
overlap between the two when a majority of serotypes are included, although it is unclear
whether PCVs would still be equally effective against each serotype if it were expanded to

this level of serotype coverage. A global optimisation comparing the disease cases averted
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from increasing valency with local versus global circulating serotypes and varying vaccine

efficacy for each serotype covered may elucidate this.

In conclusion, I sought to understand the impact of expanding serotype valency in PCVs in
Europe and North America and found that expanding PCVs may not be a sustainable method
for targeting pneumococcal disease in high income countries and therefore on a global level.
Despite Europe and North America having similar demographics, the divergent trends in
disease serotype replacement as well as differences in serotype-specific local invasiveness
in these settings diminish the incentives for producing a “one size fits all” global serotype-
targeting vaccine that is both biologically effective and cost-effective. This is particularly true
as PCV-induced serotype replacement may have indirectly increased the antibiotic resistant
population of pneumococci [459], further confounding the issue at stake, although this is

somewhat controversial [460].

6.4 Future directions in pneumococcal vaccine development

This research work has demonstrated how vaccine design may be shaped by serotype
invasiveness and the consequences of alternative targeting strategies. Ultimately, this work
shows that targeting only the most invasive serotypes in future vaccines may ignore the
prevalent serotypes that are causing disease but would still be effective at preventing disease
over time. Targeting only the serotypes causing the most disease will eventually encompass
the high invasive serotypes as the ability to cause disease hinges on the invasiveness. Based
on the invasiveness and modelling chapters presented here, the serotypes critical for inclusion
in PCVs are serotypes 8, 12F, and 33F. These serotypes were consistently included in both
invasiveness-targeting strategies as well as the disease incidence-targeting strategy in the
IBM developed here based on a French setting. These are included in the additional serotypes
in the PCVs in development but not yet licensed: serotypes 8, 10A, 11A, 12F, 15B, 22F, 33F
(Table 6.1). The other additional serotypes were frequently targeted by the vaccines modelled

in Chapter 5 and highlighted in Chapter 3 and 4, except serotype 11A which was not included
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in the global invasiveness strategy but has a high case-fatality rate [461] and is associated
with antimicrobial resistance [462], providing validation that these additional serotypes are

critical to target in the next formulations of PCV.

Alternative vaccines are being developed and tested to offset the effect of serotype replace-
ment and the persistence of pneumococcal disease (Table 6.1). Current PCVs are expensive
due to multi-step procedures involving many quality control steps as the product is het-
erologous. Limited licensing deals in other countries also leave countries susceptible to
monopoly pricing, which has prompted in-house (i.e. within country) manufacturing and
product innovation that will likely see an increase in pneumococcal vaccine suppliers in the
coming years (Table 6.1) [463]. Lower cost PCVs are finally a reality, thanks in great part to
key manufacturing optimisations in recombinant expression technology and conjugation
chemistry that have made development less costly, as in the case of the Serum Institute of
India’s Pneumosil [464]. Lower cost PCVs present an opportunity, especially for LMICs,
to create setting-specific vaccines to address diverging replacement trends. However, their
mechanism is likely still to be carriage-blocking and therefore perpetuate the cycle of replace-
ment in the nasopharynx with pathogens that may be more harmful. Other recent advances
in production of conjugate vaccines, such as protein glycan coupling technology (PGCT)
which does not require chemical conjugation and that uses S. pneumoniae carrier proteins,
show promise for low cost and flexible vaccines that target disease but may also provide a
degree of serotype-independent immunity [465]. These may be limited in which serotypes
can be included due to the incompatibility between certain serotypes and coupling enzymes
[466], as well as the varying degrees at which serotypes can be successfully expressed in the

synthetic glycobiological development process [467].

Serotype-agnostic vaccines may be beneficial for avoiding perturbing the nasopharyngeal
microbiota and the resulting replacement effect. The competition between VT and NVT would
not alter the effectiveness of these vaccines, as they would block disease rather than carriage.
Disease-blocking vaccines would require a higher vaccine coverage, since they would not

benefit from herd immunity as carriage-blocking vaccines do but would theoretically still
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offer the same if not better impact [480]. Due in part to the differences in demographics
and life expectancy, the impact of PCVs on IPD cases averted differs between LMICs and
HICs, as the pneumococcal burden is felt by different demographics [480]. The difference in
impact of a disease-blocking vaccine between these settings would ultimately depend on the
demographic being targeted for vaccination. Disease-blocking vaccines would supposedly
not incur herd protection, and therefore routine childhood vaccination would not be as

effective in HICs where the burden is primarily in adults and the elderly [480].

Furthermore, whether vaccination induces an increase [459, 481] or decrease [460] in frequen-
cies of antibiotic resistance, a serotype-agnostic vaccine would help with a more ubiquitous
targeting that would eliminate the need for antibiotics for pneumococcus and prevent vaccine-
induced selection pressure that may elicit novel antigenic diversity via recombination of the
capsule [482]. These benefits would only be reaped if the capsule-independent vaccines were
not used in conjunction with PCVs, something that is still being tested [480]. Additionally,
their success depends on vaccine targets being preserved in the pneumococcal population.
Antibiotic resistance increases with antibiotic use in a population. Recently, a study by Davies
et al. showed that the impact of serotype-independent vaccination on antibiotic resistance
depended on the mechanism of the evolution of resistance and that the impact is greatest on
the populations with the highest levels of antibiotic use and resistance [317]. As antimicrobial
resistance is rising and threatens to be a potential pandemic in the coming years, sustained
pneumococcal vaccination that reduces both the burden of invasive disease and the burden

of antibiotic therapy will be critical.

6.5 Conclusions

While PCVs are very effective in reducing the burden of serious disease, and a number of
lower cost vaccines will be entering the market in the next decade, the heterogeneity of
serotype replacement and serotype invasiveness across countries risks reducing the benefit

of universal PCVs of expanded valency. A number of exciting new technologies in vaccine
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development and manufacturing will make serotype-independent or country-dependent

targeting the future of preventing pneumococcal disease.
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Table 6.1: Non-exhaustive list of PCVs in the research and development pipeline. Adapted

from [4].
Vaccine (Man- Serotypes Phase Notes Reference
ufacturer)
(Walvax) 13 (PCV13) Approved China-based, awaiting WHO [468, 469]
pre-qualification
20vPnC 20 (PCV13 + 8, Phase3  FDA-approval expected soon [470]
(Pfizer) 10A, 11A, 12F (2021)
15B, 22F, and
33F)
V114 (Merck) 15(PCV13+22F, Phase3  Licensure application submit- [471, 472]
33F) ted end of 2020
(Beijing Min- 13 (PCV13) Phase 3  China-based [473]
hai Biotechnol-
0gy)
SkyPneumo 13 Phase3  Patent dispute with Pfizer has [4]
(SK  Chemi- delayed distribution
cals)
(Nanolek) 13 Phase 3  Russia-based [463]
12vPHiD-CV 12 (PCV10 + 6A, Phase2  Phase 1 recently completed [474, 475]
(GSK) 19A) (2020)
(LG  Chemi- N/A Phase2  South Korea-based [474, 475]
cals)
(Panacea 10 (PCV10) Phase2  India-based [4, 476]
Biotech)
EuPCV15 (Eu- 15 (PCV13+22F,  Phasel South Korea-based; mass- [477,478]
Biologics) 33F) production of CRM17 carrier
protein allows cheaper pro-
duction
(PnuVax) 13 (PCV13) Pre-clinical Canada-based [479]
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ISPOR checklist

Relevance
1 | Is the population relevant? Are the demographics similar?
Are risk factors similar?
Are behaviors similar?
Is the medical condition similar?
Are comorbidities similar?
2 | Are any critical interventions Does the intervention analyzed in the model
missing? match the intervention you are interested in?
Have all relevant comparators been considered?
Does the background care in the model match
yours?
3 | Are any relevant outcomes Are the health outcomes relevant to you
missing? considered?
Are the economic end points relevant to you
considered?
4 | Is the context (settings and Is the geographic location similar?
circumstances) applicable?
Is the health care system similar?
Is the time horizon applicable to your decision?
Is the analytic perspective appropriate to your
decision problem?
Credibility
Validation
1 | Is external validation of the Has the model been shown to accurately
model sufficient to make its reproduce what was observed in the data used to
results credible for your create the model?
decision?
Has the model been shown to accurately estimate
what actually happened in one or more separate
studies?
Has the model been shown to accurately forecast
what eventually happens in reality?
2 | Is internal verification of the Have the process of internal verification and its
model sufficient to make its results been documented in detail?
results credible for your
decision?
Has the testing been performed systematically?
Does the testing indicate that all the equations are
consistent with their data sources?
Does the testing indicate that the coding has been
correctly implemented?
3 | Does the model have Does the model contain all the aspects considered
sufficient face validity to relevant to the decision?
make its results credible for
your decision?
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Are all the relevant aspects represented and
linked according to the best understanding of
their characteristics?
Have the best available data sources been used to
inform the various aspects?
Is the time horizon sufficiently long to account for
all relevant aspects of the decision problem?
Are the results plausible?
If others have rated the face validity, did they
have a stake in the results?
Design
Is the design of the model Was there a clear, written statement of the
adequate for your decision decision problem, modeling objective, and scope
problem? of the model?
Was there a formal process for developing the
model design (e.g. influence diagram, concept
map)?
Is the model concept and structure consistent
with, and adequate to address, the decision
problem/objective and the policy context?
Have any assumptions implied by the design of
the model been described, and are they
reasonable for your decision problem?
Is the choice of model type appropriate?
Were key uncertainties in model structure
identified and their implications discussed?
Data
Are the data used in All things considered, do you agree with the
populating the model suitable | values used for the inputs?
for your decision problem?
Did the approaches to obtaining and processing
the data inputs meet the criteria from their
corresponding questionnaires?
Analysis
Were the analyses performed
using the model adequate to
inform your decision
problem?
Was there an adequate
assessment of the effects of
uncertainty?
Reporting
Was the reporting of the Did the report of the analyses provide the results
model adequate to inform needed for your decision problem?
your decision problem?
Was adequate nontechnical documentation freely
accessible to any interested reader?
Was technical documentation, in sufficient detail
to allow (potentially) for replication, made

348




APPENDIX A. SUPPLEMENTARY MATERIAL FOR SYSTEMATIC REVIEW OF DYNAMIC
TRANSMISSION MODELS AND ECONOMIC EVALUATIONS

available openly or under agreements that protect
intellectual property?

Interpretation

9 | Was the interpretation of
results fair and balanced?
Conflict of Interest

10 | Were there any potential
conflicts of interest?
11 | If there were potential
conflicts of interest, were
steps taken to address these?
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APPENDIX B. ODD PROTOCOL FOR INDIVIDUAL-BASED DYNAMIC TRANSMISSION
MODEL

IBM ODD standard protocol

1. Purpose

The purpose of the model was to evaluate the epidemiological impact of increasing serotype
valency in the pneumococcal conjugate vaccines in two countries: France and the USA. The
model predicts the number of carriers and disease cases before, during and after vaccination
with expanded PCVs over 50 years. For this, longitudinal carriage data from naive children in
a Thai refugee camp was used. Additionally, previously obtained invasiveness estimates in
those locations were used to convert the number of carriers (source of transmission) to
disease cases (vaccine clinical endpoints). An IBM was used because of the complexity of
age-stratified compartmental models with increasing number of serotypes.

2. State variables and scales

The model describes 5000 individuals who are either susceptible (0) to or carrying (1) one of
n serotypes. Each individual is characterized by their age (in days) which classifies them as
children, adults or elderly, and can, depending on whether they are a carrier or not, either
recover from carriage (1 = 0) at the recovery rate or get infected with the serotype (0 > 1) at
the force of infection (FOI). FOI is defined as the product of the transmission (or contact) rate
B, the number of infected people and the number of contacts per time between age groups.

2.1 Entities
Individual human
Variable States
Age Continuous
Epidemiological state for each serotype 0 (uninfected but susceptible) or 1 (carrier)
Number of serotypes carried 0 — 2 (max carrying capacity is 2 serotypes)
Serotype
Variable Values
Recovery rate (= 1/duration of carriage) Serotype-specific; fitted to Thai refugee
camp data
FOI Fitted to obtain 40% carriage prevalence in
original naive population; 0.000121
Number of carriers Varies over time
Invasiveness Serotype-specific invasiveness from either
local (country-specific) invasiveness dataset
or global (fitted across multiple datasets)
invasiveness dataset
Vaccine
Variable Values
Duration of protection 15 years
Efficacy 95%
Number of serotypes within vaccine 13, 20, 30

3. Process overview and scheduling

The processes in the model occur as part of a continuous time system, where people age and
are born/die, and a switching event takes place at each time step. The time step is fixed at 1
day and a fixed number of events happen each time step. This was fixed to about (# of
individuals)/50 events per time step based on trial and error, such that enough events occurred
to propagate infection in a naive child population without serotypes becoming extinct. The
simulation runs from 20 years pre-vaccination to 10 years post-vaccination with each vaccine.
The model works as follows: first, for each serotype, the total FOI was calculated for the whole
population. For each serotype, each individual was assigned either the FOI rate if they were
susceptible or the recovery rate if they were carriers. To choose the person that the switching
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event happens to, a random number is drawn from a uniform distribution x € U (0,1) and
multiplied by the sum of all individual rates. When compared to the cumulative sum of
individual rates, this number will be in the interval of the rate corresponding to the chosen
person. The chosen person will then have their serotype rates changed depending on how
many serotypes they are carrying at the time they were chosen. If they are carrying 2 serotypes
(i.e. the maximum carrying capacity), then all their other serotype FOI rates become 0 such
that no other serotypes can be acquired. The maximum carrying capacity was chosen to be 2
to avoid complexity and because this is the most common number of serotypes detected in
multi-serotype carriage [25]. The switching event happens to the serotype chosen using the
same method as the person-choosing. There is evidence for two mechanisms of immunity to
pneumococcus: anticapsular (serotype-specific) immunity and non-specific [26-29]. Serotype-
specific immunity reduces the likelihood of re-acquisition of a certain serotype, enhancing
serotype competition and potentially providing a mechanism to maintain serotype diversity. In
this model, it is a reduction in the FOI for the following colonizing serotypes of that type. Non-
specific immunity is evidenced by the higher disease incidence in children, particularly infants.
In this model, it is a reduction in the duration of carriage. The Unified Modelling Language
(UML) diagram of this process is below.
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4. Design Concepts
Key features of the IBM are as follows:

Emergence: Transmission dynamics emerge from the process of immunity and serotype
replacement. Serotype-specific immunity reduces the likelihood of re-acquisition of a certain
serotype, enhancing serotype competition and potentially providing a mechanism to maintain
serotype diversity. In this model, it is a reduction in the FOI for the following colonizing
serotypes of that type. Non-specific immunity is a reduction in the duration of carriage.
Additionally, as serotypes die out, they are replaced over time with new serotypes that emerge
(serotype replacement). The number of disease cases are an emergent property of the model
from the number of carriers and the serotype-specific invasiveness.

Adaptation: As individuals age, they are less likely to acquire carriage because of immunity.

In response to vaccination, VT serotypes are eliminated from carriage, enabling NVT
serotypes to become the more fit serotypes that cause disease.
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Stochasticity: The choice of person to which the switching event happens is a random process
drawn from a uniform distribution, as is the choice of the switching event.

Processes:
- Birth and mortality
- Serotype infection
- Serotype recovery

5. Observation
Parameters observed are the number of carriers and disease cases of each serotype following
vaccination in the different scenarios.

6. Input

Longitudinal carriage prevalence data pre- and post-vaccination are used to fit the model.
Previously obtained serotype-specific invasiveness estimates are used to convert carriers to
disease cases.

7. Initialisation

A population of 5000 people is initialized with ages following the age demographics of the
pertinent population and classified as children, adults or elderly. Each individual is
characterized as either susceptible or carrier of each serotype, with a maximum carrying
capacity of 2 serotypes, amounting to an initial carriage prevalence of 1% for each serotype.

8. Sub-models

Birth/mortality: individuals die when they reach the average life expectancy of the respective
country and are replaced by an infant.

Infection/recovery: The model works as follows: first, for each serotype, the total FOI was
calculated for the whole population. For each serotype, each individual was assigned either
the FOlI rate if they were susceptible or the recovery rate if they were carriers. To choose the
person that the switching event happens to, a random number is drawn from a uniform
distribution x € U (0,1) and multiplied by the sum of all individual rates. When compared to
the cumulative sum of individual rates, this number will be in the interval of the rate
corresponding to the chosen person. The chosen person will then have their serotype rates
changed depending on how many serotypes they are carrying at the time they were chosen.
If they are carrying 2 serotypes (i.e. the maximum carrying capacity), then all their other
serotype FOI rates become 0 such that no other serotypes can be acquired. The maximum
carrying capacity was chosen to be 2 to avoid complexity and because this is the most
common number of serotypes detected in multi-serotype carriage [25]. The switching event
happens to the serotype chosen using the same method as the person-choosing.

Immunity: Serotype-specific immunity reduces the FOI for the following colonizing serotypes
of that type. Non-specific immunity is reduces the duration of carriage and is modelled as an
exponential distribution.
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