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Abstract

)

Streptococcus pneumoniae, the pneumococcus, is an impoftant pathpgen globally,

' especially among children <5 years old. Pneumococcus colonises the human nasopharynx,.
and carriage is a prerequisite to disease. Understanding the concentration of
pneumococcal colonisation may help us to better understand the pathogenesis of

pneumococcal disease.

We hypothesized that If increased nasopharyngeal pneumococcal concentration is
important in the pathogenesis of pneumonia then the concentration would be lowest
among well children, intermediate among children with symptomatic upper respiratory
tract infection (URTI) and highest among children admitted to hospital with WHO-defined
pneumonia. We found that in fact, the nasopharyngeal pneumococcal concentration was
of similar distribution among all three groups of children, and was highest among the

v i \: \: \:

group with URTI.

R Lii) iy

We studied the nasopharyngeal concentration of pneumococcus among children <5 years
old before, during and after episodes of symptomatic URTI with respiratory syncytial virus
(RSV) or rhinovirus. Nasopharyngeal pneumococcal concentration increased 4-fold with

onset of the viral infection, which may contribute to risk.

We examined the response of nasopharyngeal pneumococcal concentration to

vaccination with the 10-valent pneumococcal conjugate vaccine (PCV-10) among children
aged 12-23 months. Vaccine-type (VT) carriage concentration did not change, while non-
vaccine-type (NVT) concentration increased over six months post vaccination, which may

have been a vaccine effect on VT relative to NVT concentration. There were large



differences in serotype-specific pneumococcal concentration within and between

individuals.

We investigated the performance of quantitative lytA PCR (qPCR) on blood samples in the
diagnosis of invasive pneumococcal disease (IPD) among children <13 years old at Kilifi
County Hospital, and among children 1-59 months old in a seven-country case-control
study of pneumonia aetiology. fytA qPCR Was not specific for the diagnosis of IPD, being
positive among 5% of control participants. Pneumococ;cal DNA is more commonly found
in the bloodstream of children in low and lower-middle income countries than has been

appreciated.

Studying nasopharyngeal concentration of pneumococcus demonstrated why it is difficult
to diagnose pneumococcal disease among young children in high-burden countries. Total
nasopharyngeal concentration of pneumococcus is similar in well children as in disease.
Serotype-specific concentration varies widely within and between children.
Pneumoco,‘tzpal bloodstream invasigp appearsto bea frequent occurrence, without

always leading to IPD.
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Chapter One

1 Thesis Outline

1.1 Introduction

Pneumonia is the leading cause of death among children <5 years of age worldwide, and
in Africa.! Streptococcus pneumoniae, as well as being a leading cause of pneumonia,2
causes invasive pneumococcal diseases (IPD) such as sepsis and meningitis, with a high
case fatality. The reservoir of S. pneumoniae, the pneumococcus, is carriage in the human
nasopharynx, particularly the nasopharynges of young children. Diagnosis of
pneumococcal pneumonia and IPD is difficult, especially among young children in low and
lower-middle income countries where carriage prevalence is highest and the burden of

disease is greatest.

1.2 Research Question v v \

it L i it

To better understand the relationship between healthy carriage of pneumococcus and
pneumococcal pneumonia/invasive pneumococcal disease, and how this relationship
affects our ability to diagnose pneumococcal disease in young children, using quantitative

PCR to measure pneumococcal concentration.
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1.3 Specific Objectives

1. To quantify the nasopharyngeal concentration of pneumococcus in different
disease states to understand the constraints on the diagnosis of pneumococcal

pneumonia in young children.

a. Is nasopharyngeal pneumococcal concentration greateriin children with
pneumonia than in children with symptoms of upper respiratory tract

infection (URTI) symptoms or in healthy children?

2. To describe the dynamics of pneumococcal concentration in the nasopharynx
during symptomatic URTI with respiratory syncytial virus (RSV), or rhinovirus in

children <5 years of age.

a. Do viral infections lead to an increase in nasopharyngeal pneumococcal
concentration?

\:. \; \. \o

Lt i it Jini

b. If viral infections increase nasopharyngeal pneumococcal concentration,

does this return to baseline after the viral URTI?

3. To describe the dynamics of pneumococcal concentration in the nasopharynx

after immunisation with 10-valent pneumococcal conjugate vaccine (PCV-10).

a. Does nasopharyngeal total pneumococcal concentration change after

PCV-10?
b. Does vaccine-type pneumococcal concentration decrease after PCV-107?
c. Does non-vaccine-type pneumococcal concentration increase after PCV-

10?
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4, To investigate the performance of IytA gqPCR in the diagnosis of invasive
pneumococcal disease using blood sampiles, in children in low and lower-

middle income countries.

1.4 Overview and context of the thesis

The pneumococcal pathogenic process begins with transmission and acquisition of
nasopharyngeal carriage of pneumococcus, followed by amplification, mucosal disease
and finally invasive disease. Nasopharyngeal carriage of pneumococcus is thus a
prerequisite for disease, but does not always lead to disease. Pneumococcal carriage is
very common, with highest prevalence among young children. Diagnosis of pneumococcal
disease is particularly difficult in young children in developing countries, precisely the

group with the highest burden of disease where diagnosis is important.

Thé thesis begins with the/\Study of nasopharyngegl pneumococcal concer:irations in P
health and disease, followed by an examination of the impact of symptomatic respiratory

virus infection on nasopharyngeal pneumococcal concentration, in young children. Next,

the effect of pneumococcal conjugate vaccination on nasopharyngeal pneumococcal
concentration is studied. Finally the diagnosis of invasive pneumococcal disease is

studied.

Naso.pharyngeal pneumococcal density and pneumococcal concentration are both terms
used in the published literature. Terms such as nasopharyngeal pneumococcal load or
pneumococcal burden are also used. Density is a measure of mass per unit volume; in this
case the mass of pneumococcus per unit volume in the nasopharyngeal secretions

adherent to the posterior nasopharyngeal mucosae. In estimating the pneumococcal
24



density in the nasopharynx all that we can actually measure is the concentration of
pneumococcus in a swab sample. For work performed in this thesis, the term

. nasopharyngeal pneumococcal concentration will be used. Methods exploring the
estimation of nasopharyngeal pneumococcal concentration from a nasopharyngeal swab

are detailed in the methodology section.

The research objectives in this thesis were nested within studies of respiratory and
pneumococcal disease that took place at the Kenya Medical Research Institute (KEMRI)-
Wellcome Trust Research Programme (KWTRP) in Kilifi, Kenya, and within a larger multi-
site pneumonia study. At Kilifi County Hospital (KCH), all paediatric medical admissions
(ie. all admissions excluding accidents, surgical cases, poisoning and fresh burns) were
invited to consent for collection of blood for invasive bacterial disease surveillance as part
of the Pneumococcal Conjugate Vaccine Impact Studies (PCVIS),? and Kilifi genome-wide
association studies. The Pneumonia Etiology Research for Child Health (PERCH) project 4
was a multi-site case-control study of the causes of pneumonia among children aged 1-59
\: v v \

‘Tonths that took place';ih Kilifi, Kenya, as well as in the Gambia, Mali, Zambia, South
Africa, Thailand and Bangladesh over 2011-2014.* Respiratory virus surveillance and
studies of the aetiology of pneumonia have been carried out longitudinally at KCH >7 and

data and sample collection for the PERCH study were introduced in a stepwise fashion in

this context.
1.4.1 Objective One

The first objective asked whether nasopharyngeal pneumococcal concentration was
greater in children with pneumonia than children with URTI symptoms or healthy
children, in order to better understand the constraints on pneumococcal pneumonia

diagnosis in young children. This objective used samples from the PERCH project.
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1.4.2 Objective Two

The second objective investigated whether pneumococcal concentration increased in
response to a RSV or rhinovirus URTI in young children. This was a sub-study of a
household RSV transmission study that took place in Kilifi County in 2009-2010.% In the
parent study, nasopharyngeal swabs were collected from all members of 47 households
with at least one infant and a sibling, twice weekly for six months. A multiplex PCR was

used to detect the presence of respiratory viruses.
1.4.3 Objective Three

The third objective examined the effect of PCV-10 on serotype-specific pneumococcal
concentration in the nasopharynx. This was a sub-study of a randomized controlled trial
of the immunogenicity, reactogenicity and impact on carriage of PCV-10 among children

aged 12-59 months that took place in Malindi, Kenya (PRISM)."®
1.4.4 Objective Four ‘ o . e

The fourth objective studied the performance of IytA qPCR from paediatric blood
specimens in the diagnosis of IPD. This study was carried out on two sample sets, the first
from ongoing paediatric invasive bacterial disease surveillance at KCH carried out at the
KWTRP, which included participants in the Kilifi arm of the PERCH project. The second

data set consisted of cases and controls from all sites participating in the PERCH project.
1.4.5 Declaration of the author’s role

The author of this thesis conceived the idea for this work as a whole and for each of the
objectives. She was the laboratory lead for the PERCH project in Kilifi and worked closely

with the PERCH core laboratory lead, Professor David Murdoch, in setting up and
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validating laboratory assays for the PERCH project. Likewise, she led the KWTRP

microbiology laboratory for the PRISM study and for the PCVIS project.

Method validation: The author designed and performed most of the work herself, or in
some instances supervised a laboratory team in the performance of experiments
designed by the author. In the comparison of DNA extraction instruments, experiments
using the ABI PRISM 6100 were performed by the Kilifi genome-wide association studies
laboratory team and were co-supervised by the author. Experiments designed by the
author on DNA extraction methods for nasopharyngeal swabs in skim-milk tryptone
glucose glycerol (STGG), and the effect of transport time of swabs in STGG on the
measured pneumococcal concentration, were performed by an intern supervised by the

author.

Obijective one: The author designed the study, set up the laboratory work, performed
some of the laboratory assays, supervised some of the laboratory assays, performed the

data analysis and interpretation. v v

Objective two: The author designed the study, performed all of the laboratory work,
performed the data analysis and interpretation. The STATA code used in the selection of
viral episodes to investigate from the parent study was written together with Patrick
Munywoki, the principal investigator of the parent study. Some of the illustrative figures

are by Patrick Munywoki, these have each been clearly cited.

Objective three: The author designed the study, set up the laboratory work, performed
some of the laboratory assays, supervised some of the laboratory assays, including DNA

extraction for microarray, but not the microarray itself, which was done in Jason Hinds’
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laboratory at St George’s University Hospital in London. The author performed the data

analysis and interpretation.

Objective four: The author designed the study and set up the laboratory work in Kilifi. She

drafted standard operating procedures for all the laboratories in the PERCH multi-site
project. She supervised the laboratory work in Kilifi on Kilifi samples and performed the
data analysis and interpretation for both the Kilifi sample set and the PERCH all-site

sample set.

1.4.6 Publications during the PhD period

Morpeth SC, Huggett J, Murdoch DR, Scott JAG. Making standards for quantitative real-

time pneumococcal PCR. Biomolecular Detection and Quantification. 2014. Accepted.

Hamniitt LL, OjalJ, Bashraheil\vM, Morpeth SC, Karani\’A, Habib A, Borys D, Go\ldbllatt D,
Scott)j'.'l\. Immunogenicity, im'gact on carriage and reéi:togenicity of 10-va|en‘t1; |
pneumococcal non-typeable Haemophilus influenzae protein D conjugate vaccine in
Kenyan children aged 1-4 years: a randomized controlled trial. PLoS One. 2014 Jan

21;9(1):e85459

Hammitt LL, Kazungu S, Morpeth SC, Gibson DG, Mvera B, Brent AJ, Mwarumba S,
Onyango CO, Bett A, Akech DO, Murdoch DR, Nokes DJ, Scott JA. A preliminary study of
pneumonia etiology among hospitalized children in Kenya. Clin Infect Dis. 2012 Apr;54

Suppl 2:5190-9
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Chapter Two

2 Background

Pneumonia is the leading cause of death in children <5 years of age globally, and in
Africa.! Streptococcus pneumoniae is the leading cause of pneumonia,’ causes invasive
pneumococcal diseases (IPD) such as sepsis and meningitis, and also causes mucosal
diseases such as otitis media and sinusitis. Pneumococcal disease is the leading cause of
childhood vaccine-preventable death in the world.™ Aetiological diagnosis of pneumonia
for both epidemiological studies and clinical care is difficult; only ~13% of cases of
radiologically-confirmed pneumonia are diagnosable by blood culture;*? sputum is not
spontaneously produced by young children and differentiating carriage from disease
using culture-positivity of sputum or nasopharyngeal samples is difficult; diagnostic
serology is insenvsitive in children and requires paired acute and convalescent sera;" and

urinary antigen tests are not sufficiently specific for use in young children, presumably
\ \. \: \-.

N Lo Livi

due to high)rvates of pneumococcal éérriage.14'15 Comprehensive pneumonia aetiology

. studies find high prevalence of putative viral and bacterial pathogens among cases and
controls that are difficult to interpret ® and interactions between respiratory viruses and
pneumococci are likely to be important. Many of these diagnostic assays are easier to
interpret for adults, but it is children under the age of five years, particularly in low and
middle-income countries, who have the highest burden of disease and thus the greatest

need for better diagnostic tests.

There are over 90 serotypes of pneumococcus that have been documented, with new
types being discovered every year.'®*” Prevention of IPD in children has largely been

achieved in the industrialised world by means of the 7-, 10- or 13-valent pneumococcal
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conjugate vaccines (PCV), providing protection against the most common invasive

-21
d.¥n

serotypes, but serotype-replacement disease is occurring and is being monitore
2011 Kenya introduced into the childhood vaccination programme PCV-10, a 10-valent

pneumococcal conjugate vaccine which covers 71% of the serotypes responsible for cases

of IPD in children in East Africa.??

2.1 Pathogenesis of pneumococcal pneumonia and invasive

pneumococcal disease

2.1.1 Biology of the pneumococcus

Streptococcus pneumoniae (the pneumococcus) is a gram-positive, encapsulated
diplococcus that is an almost exclusive human pathogen. The ecological reservoir for the
pneumococcus is the human nasopharynx, particularly the nasopharynges of young
children, although adults can also be carriers.”® IPD carries a high case-fatality, falling
from 52-98% before antibioti.cs were available to 7-48% with the introduction of
penicillin.?* The 93+ serotypes of pneumococcus are based on the polysacch;ride capsule,
the main virulence determinant. Invasion and colonisation potential are based largely on
capsule type, but within serotypes there are also inter-strain differences in invasion
potential.25 Indeed some common invasive serotypes, such as serotypes 1 and 5, are

seldom found in carriage studies.?*?’

A core genome has been proposed, comprising 73% of the pneumococcal genome, with
some regions of diversity associated with invasion and others with colonisation.®*° The
alternative coding DNA at the capsular locus alone consists of over 1.8Mbp, nearly as

large as the entire pneumococcal genome.’®
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The natural state of pneumococcal colonisation is in biofilms covering the mucosal
surfaces of the nasopharynx. The pneumococcus is capable of taking up extracellular DNA
from other pneumococci and related species by natural transformation, known as
competence, with an estimated 5% of the pneumococcal genome consisting of insertion
sequences.28 Entering the competent state is tightly regulated and involves quorum-
sensing and fratricide.>! The quorum-sensing mechanism may also produce bacteriocins,
which can also affect non-competent pneumococci to lyse and release DNA that is also

taken up for transformation.*

The pneumococcus exists in two phases, an opaque phase and a transparent phase, and
can spontaneously switch back and forward between phases. The opaque phase has more
capsular polysaccharide and less teichoic acid in the cell wall and the transparent phase
expresses less capsular polysaccharide and more teichoic acid. In addition there are
differences in expression of various cell surface proteins between phases. The
transparent phase is better at adherence to host epithelium in the nasopharynx and lung,
v \ \ \

Whereas the opaque phgse is more virulent and better suited to invasion.?*** The
polysaccharide capsule is crucial for evading opsonophagocytosis, protecting the cell-

surface proteins from complement and antibodies, and as such is the most important

pneumococcal virulence factor.

Pneumolysin is another key virulence factor. It is a pore-forming cytotoxin, lyses
eukaryotic cells, and is also important for bacterial recognition by the innate immune
system.* Pneumolysin is released from pneumococcus when the bacterial cells autolyse,
but may also be exported from the cell walls of intact pneumococci.?** Cell surface
proteins associated with the pneumocccal cell wall such as pneumococcal surface adhesin

A (PsaA), choline-binding proteins A and E (CbpA and CbpE), pilus protein, plasminogen
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and fibronectin-binding proteins (PfbA and PfbB), pneumococcal adherence and virulence
factors A and B (PavA and PavB) are important for adherence to nasopharyngeal

epithelium.36

2.1.2 Biology of the interaction between pneumococcus and the host; from coloniser

to invader

Certainly anti-capsular antibody provides protection against IPD in humans as is
evidenced by the success of pneumococcal conjugate vaccination *3%° but it is probably
not the chief mechanism by which natural immunity abrogates the likelihood of IPD as
unvaccinated children grow.?® The host inflammatory response to pneumococcal growth
and invasion is complex and requires modulation in order to control pneumococcus a_nd

limit host damage.>®

Infants, the elderly and the immunocompromised are at most risk of IPD. The specific

forms of immunocompromise that predispose to IPD are; B-cell
\:.

defects (including either
v . N

: v : v
an intrinsic B-cell problem or impaired T-cell help), deficiencies":(y)f early components of
the classical pathway of complement and C3 deficiency, asplenia, interleukin-1 receptor
associated kinase-4 (IRAK-4) deficiency, myeloid differentiation factor (MyD88)
deficiency, impaired nuclear factor-kappaB (NF-KB) activation and HIV infection.** We
can learn from these specific immunodeficiencies that antibody- and complement-
mediated opsonization, splenic macrophages and the Toll-like receptor and interleukin-1
receptor pathway to inflammatory cytokine production are vital for protective immunbity

to pneumococcus. 394042

Transforming growth factor (TGF)-B1 and regulatory T-cells are key in tolerance of

nasopharyngeal carriage of pneumococcus in mice and humans.* Clearance of
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pneumococcal carriage by macrophages is an IL-17-secreting CD4+ T-cell {Th17)-

354548 Macrophages are important in controlling pneumococcal

dependent process.
colonisation and also in preventing invasive and local pneumococcal disease.*’
Macrophage migration inhibitory factor (MIF)-deficient mice showed prolonged
pneumococcaj colonisation and had less macrophages in the upper respiratory tract than
normal mice. Macrophaées were dependent on pneumococcal pneumolysin to produce
MIF. Mice deficient in the immune-modulating, small non-coding RNA, microRNA-155,
were shown to have high-density colonisation and to be unable to clear pneumococcal
carriage, with reduced macrophage recruitment to the nasopharynx, but remained able
to prevent invasive disease.” Murine host gene expression in nasal lymphoid tissue in
response to asymptomatic pneumococcal carriage began with a type 1 interferon

inflammatory response for the first two weeks, followed by a T-cell response and mucosal

epithelial healing.*®

In a neonatal and infant mouse model|, clearance of pneumococcal nasopharyngeal
\: \ \ \

colonisation was delayed, infant mouse macrophages showed reduced cytokine
production and IL-17A production from adult CD4+ T-cells was delayed when infant
macrophages were used as antigen-presenting cells.*® The reduction in risk for IPD after
the first Year of life in humans is thought to be at least partly due to maturation of the

infant innate immune system.*

In a mouse model of immunosenescence, pneumococcal colonisation was prolonged in
elderly compared to young adult mice, with delayed monocyte/macrophage influx and an
altered innate immunity cytokine profile, but normal neutrophil responses. The authors
postulated that impaired clearance of pneumococcal carriage could contribute to the

increased risk of IPD in elderly humans.>® In an adult human experimental challenge
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model, pneumococcal carriage was shown to stimulate a mucosal and systemic antibody
response that was protective against further carriage on repeat challenge, and passive
transfer of these sera gave cross-serotype protection against invasive disease in mice.>!
The authors suggested that low carriage prevalence amongst elderly human populations

might result in a lack of immune boosting and thus an increased risk of IPD.

Prior nasopharyngeal colonisation with pneumococcus is known to be protective against
subsequent fulminant pneumonia and septicaemia in mice. The ability to prevent
subsequent invasive disease in previously colonised mice was shown to be
opsonophagocytic antibody-mediated protection from bacteraemia, as CD4+ T-cells were
not required, despite induction of Th17 cytokines during re-challenge.> This is unlike the
protection from subsequent colonisation afforded by prior nasopharyngeal colonisation
with pneumococcus in the mouse, which is CD4+ T-cell dependent.>® In humans, both
antibody (anti-capsular polysaccharide and anti-protein) and Th17 responses are likely to

be involved in protection from subsequent colonisation. **
\ \: \. \;

L it L St Lt

Complement-deficiency is a well-known risk factor for IPD in humans.** Depleting mice of
complement prior to challenge with intra-nasal pneumococcus resulted in the majority
developing IPD, with the protection from complement being neutrophil and antibody-
independent.** Both density of nasopharyngeal colonisation and density of infection of
nasal lymphoid tissue were no different in complement-deficient or control mice prior to
the development of septic symptoms, even though one-third of the complement-
deficient mice were already bacteraemic. By contrast, density of nasopharyngeal
colonisation among septic mice at the time of sacrifice was significantly higher than
among non-septic mice. The authors concluded that complement does not prevent

pneumococcal invasion of local lymphoid tissues but does prevent invasion into the
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bloodstream. They suggested that colonisation might frequently result in pneumococcal
bloodstream invasion, which is usually controlled by complement before IPD can become
established. We do need to be careful in extrapolating directly from mouse models to
human immunity. Studies have shown, for instance, that pneumococcal CbpA binds to
factor H, an inhibitor of the complement alternative pathway, in humans, but does not
bind to murine factor H.>* In studies of human bacteraemic pneumonia, the most
common invasive serotypes have not always been those with the highest case-fatality; it
has been suggested that host factors such as mannose-binding lectin deficiency (part of
the lectin pathway of complement activation) might allow less-invasive serotypes to

invade and cause fatal disease.”

Pneumococci that do invade the bloodstream are subject to phagocytosis by neutrophils.
Pneumococci deficient in nitric oxide (NO) defence systems were able to colonise mice
but NO defence genes were needed for bloodstream invasion, presumably to cope with

intracellular killing once phagocytosed by macrophages and neutrophils.>® Pneumococci
v, v . v

have been found to be capable of invaa‘ing human erythrocyte"!’s‘ in vitro and in the
presence of erythrocytes were more able to evade neutrophil phagocytosis.”’
Opsonophagocytosis is enhanced by the immunising effect of prior colonisation. Mice
previously colonised by pneumococcus were able to control and clear pneumococcal

infection even when the bacteria were intravenously administered.*?

In order to invade through the nasopharynx or, once in the bloodstream, into distal
tissues such as the brain, pneumococci must be able to get through epithelial and
endothelial cell barriers. CbpA, also known as pneumococcval surface protein C (PspC),
interacts with the polymeric immunoglobulin receptor (pIgR) to achieve pneumococcal

adherence and invasion into epithelial cells. plgR exists to transport secretory IgA and IgM
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across mucosal epithelium, and is then recycled back across the cell, during which
pneumococci may take advantage of the system for ingestion and transcytosis across the
epithelial cell barrier.*® The platelet-activating factor receptor (PAFR) is implicated in
/adhesion, invasion and translocation of pneumococcus through endothelial cells,
although it appears not to be an absolute requirement for the development of IPD.>
Human endothelial cells have been shown to uptake pneumococci by both a clathrin and
caveolae-dependent endocytosis in vitro; 90% of pneumococci were destroyed in the

lysosome but 10% achieved transcytosis to the basal cell surface.®

Dispersion of pneumococci from nasopharyngeal biofilms could help explain the switch
from asymptomatic carriage of pneumococci to the potential for invasion. Pneumococci
dispersed from biofilms were shown to express virulence factors and were more likely to
be in the opaque phase than pneumococci grown in planktonic culture or pneumococci
from intact biofilms. Dispersion of pneumococci from biofilms in vitro and in vivo was
achieved by infection with influenza A virus, or by application of host signals normally

\ v \ b
found in response to viral in?éctiori, such as hypertﬁgrmia, norepinephrine and
extracytoplasmic ATP.®* Transcriptome analysis demonstrated upregulation of
carbohydrate metabolism and bacteriocins and downregulation of genes associated with

colonisation (competence, fratricide and the transparent phenotype) among dispersed

pneumococci.®?

Pneumolysin is known to be an important virulence factor but we do not yet fully
understand all of its effects beyond its cytotoxic capacity. Mice colonised with
pneumolysin-deficient pneumococci had higher nasopharyngeal pneumococcal density
than mice colonised with pneumolysin-expressing bacteria.>® Pneumolysin activated an

inflammatory response that led to pneumococcal clearance, a finding that has not always
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been consistent. This could be because the effect of pneumolysin may depend on the

genetic background or context of the pneumococcal strain in question.®

Pneumococcal nasopharyngeal colonisation, particularly with a high density of organisms,
is thought to be a prerequisite for pneumonia and/or IPD, which is more likely to occur in
the presence of viral upper respiratory tract infection.’*% It is believed that it is the
recent nasopharyngeal acquisition of a virulent strain of an invasive serotype of S.
pneumoniae that is the event that leads to disease if immune mechanisms fail. However,
in the seminal study by Gray et al where this observation was made, 28 of the 31

pneumococcal infections observed were otitis media.®*®’

2.1.3 Are respiratory viruses a ‘trigger’ for pneumococcal invasion?

Certainly both respiratory viruses and bacteria such as Streptococcus pneumoniae,
Haemophilus influenzae, Moraxella catarrhalis and non-pneumococcal streptococci are all
very commonly found in the nasopharynges of healthy children.>®® Respiratory viral

\:. \

\

infection in humans fhay result in upper resbiratory tract symptoms’:such as coryza and

nasal congestion. In young children, such symptoms may last at least 10 days.*”°

Temporal associations between circulating viral infections such as rhinovirus,”* RSV and

727 and IPD in children and adults have been documented in ecological studies.

influenza
Influenza infection was associated with elevated blood pneumococcal concentration in
IPD in South Africa.”* Preceding inﬂuenza‘infection has been shown to be directly
associated with severe pneumococcal pneumonia in children,” bacterial co-infection has
been common among severe panderﬁic influenza infections ”® and considerable work has

been done to investigate the relationship between respiratory viruses and pneumococcus

in animal models.
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2.1.3.1 Invitro studies

Mucosal inflammation in response to viral infection for many respiratory viruses increases
host epithelial receptors, depending on the virus and on the cell type, augmenting

8777 Eor example,

pneumococcal binding and potentially promoting bacterial invasion.
RSV, HPIV-3 and influenza virus all enhanced pneumococcal adhesion to hufnan
adenocarcinoma epithelial cells (A549) and to primary human bronchial and primary
human small airway epithelial cells. RSV and HPIV-3 increased the expression of epithelial
cell receptors for bacterial adherence by primary bronchial epithelial cells and A549 cells
but not by primary small airway epithelial cells, and influenza virus did not increase
receptor expression.”” Human coronavirus NL63-infected human airway epithelial cells
markedly increased adherence for pneumococcus at day 4 Ipost viral infection, when viral

.”® Transcription of a set of host cell adhesion molecules was

replication was maxima
enhanced by infection of human pharyngeal cells by RSV, and adherence of pneumococci

to the host cells was increased by a factor of 1.3- 2.0 in the presence of vi‘rus.79 Platelet-
\r \; \: \.;‘_

activating factor (PAF) appears to be é:‘receptor for adherencgof S. pneumoniae to
human respiratory epith_elial cells, which is upregulated during RSV infection.®
Additionally, RSV G-protein expressed on the surface of RSV-infected respiratory
epithelial cells, was found to bind S. pneumoniae, further promoting bacterial

8182 This increased bacterial adherence to human cell lines infected with RSV

adherence.
has been demonstrated for both nasopharyngeal cells and pneumocytes, and for a range
of serotypes of S. pneumoniae, albeit with variation in degree of adherence between

serotypes.”®

As well as RSV, rhinovirus infection has been shown to increase adherence of S.

pneumoniae to human tracheal epithelial cells via PAF.2* Rhinovirus also increased
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adherence of S. pneumoniae to human nasal epithelial cells, 1.5-fold, and increased
expression of PAF from the cell lines.2> Human coronavirus NL63 infection of human
airway epithelial cells increased adherence of S. pneumoniae, but it was not clear how

important the PAF receptor is in the process.”®

Influenza virus infection does not seem to upregulate host epithelial cell receptors for
bacterial adherence ”’ but viral neuraminidase protein is probably important in prorﬁoting
bacterial growth ’® and increases in free sialic acid due to influenza or other virus
infection have been shown to augment pneumococcal nasopharyngeal biofilm density.?
Depletion of host sialic acid availability limited influenza-induced pneumococcal
replication.’” Indeed, not only influenia virus infection, but also application of host
responses to viral infection to epithelial cell lines or to mice, resulted in transformation of
pneumococci from a biofilm or planktonic phenotype to a phenotype capable‘of virulent

invasion.®

As well-as increasing numbers 'of bacteria adhered to respiratory epithelium, tespiratory
virus infection has been shown to be associated with reduced clearance of bacteria from
the respiratory tract. Human monocytes infected with RSV were less able to bind S.

pneumoniae, showed reduced intracellular killing and reduced production of TNF-a.2
2.1.3.2 Invivo studies

Influenza A ihfections in infant mice already carrying nasopharyngeal pneumococcus
increased pneumococcal concentration in the nasophérynx 50-fold, and in the lungs, 300-
. fold.® Transmission of pneumococcus between infant mice only occurred among those
infected with influenza A. Influenza A reduced the numbers of pneumococcus required to

establish pneumococcal pneumonia in mice from 100,000 to 100 colony-forming units

39



(CFU) and in turn pneumococcal infection increased established viral titres; influenza
appeared to reduce the bacterial clearance ability of alveolar macrophages and
pneumococcal infection enhanced viral release from infected cells.®° Influenza virus not
only increased pneumococcal nasopharyngeal density and carriage duration in mice, but
influenza vaccination significantly reduced this excess pneumococcal carriage density.”
Influenza virus infection in ferrets enhanced not only transmission of pneumococcal
colonisation from donor ferrets, but considerably enhanced acquisition of pneumococcal
colonisation in recipient ferrets, and also increased risk of disease, in a pneumococcal-
strain dependent manner.” Increased density of pneumococcal colonisation in
transmitting mice and Iipopolysaccharide-inducéd nasopharyngeal inflammation but not
neutrophil depletion in receiving mice also enhanced pneumococcal transmission in the
mouse model.”® In a mouse model of otitis media, influenza A co-infection overcame the
difference in colonisation propensity and ability to cause otitis media between

pneumococcal opaque or transparent phase variants.’*

\: \: \. \;

infection with both RSV‘g'nd pneumococcus in mice resulted in a higher incidence of
pneumococcal bacteraemia and a higher bacteraemic pneumococcal concentration than
in controls.82 RSV infection reduced bacterial clearance and induced functional changes in
the neutrophil response in mice. *> Human metapneumovirus infection predisposed mice

to severe pneumococcal pneumonia.”®

2.1.3.3 In human children

Frequent carriage of pneumococcus in the first two years of life was associated with
seroconversion to human metapneumovirus (hMPV) ?” but whether hMPV infection
predisposed to pneumococcal carriage or the other way around is not clear. In a cross-

sectional study of children attending day-care in Portugal, there was a significant
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association between respiratory viral infection (78% of which was picornavirus infection,
including rhinovirus) and pneumococcal colonisation density.”® Among children with
radiologically-confirmed pneumonia in Vietnam, nasopharyngeal pneumococcal
concentration was 15-fold higher with viral co-infection than without viral co-infection
and the difference was significant for influenza A, RSV and rhinoviruses. This finding was
not observed among children with lower respiratory tract infection without radiologically-

confirmed pneumonia.*®
2.1.3.4 Summarising respiratory viral - pneumococcal interactions

We have direct evidence from animal studies and human cell lines that respiratory viral
infections can increase pneumococcal nasopharyngeal adherence and decrease
pneumococcal clearance, increasing pneumococcal concentration. We have ecological
studies linking respiratory viral epidemics with pneumococcal disease, and we have
evidence that severe pneumococcal pneumonia can follow influenza virus infection in
pandemics. It may even be that respiratgyy viruses can trigger q}{iescent pneumococci \
colonising the nasopharynx in biofilms to change phase and become invasive. It has beeﬁ
postulated that respiratory viral infections may act synergistically with pneumococci of
capsular or clonal types of lesser invasive potential, leading to IPD with such types.'®
Some have suggested that such viral-bacterial synergy may in fact account for all cases of

IPD. 1%
2.1.3.5 Nasopharyngeal concentration and risk of disease

A high pneumococcal concentration in the upper airways may well be a risk factor for
pneumonia or IPD but it could also be a result of pneumococcal pneumonia. The

increased pulmonary secretions during pneumonia are expelled upwards by ciliary action
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and either swallowed or expectorated. This could either seed the nasopharynx with

pneumococci or provide direct sampling of such secretions during swab sampling.

Colonising pneumococci with invasive potential may have to reach a density threshold in
the nasopharynx before they can breach the mucosa or spill over into the lungs in
sufficient numbers to overwhelm the immune defences. Alternatively, the relationship
between pneumococcal concentration in the nasopharynx and pneumococcal disease
may be continuous. It may be oversimplifying the situation to consider all pneumococci to
have the same relationship between nasopharyngeal concentration and likelihood of
invasion. Respiratory viruses may trigger pneumococcal invasion - if so, do they do this by |
increasing pneumococcal carriage density? Young children are not only more likely to
carry pneumococcus in the nasopharynx than older children or adults,’® but they are also
prone to carry a higher concentration of pneumococcus '® and respiratory viruses are
frequently present in this age group.5 This high pneumococcal nasopharyngeal
concentration could be part of the reason that young children are most at risk for

v v v v
pnéiijmonia and invasive 'pr'\”e':umococcal disease. A'Higher nésopharyngeal concentration
of pneumococcal carriage could be part of the reason that children from lower socio-

economic groups or under-resourced countries are at higher risk for pneumococcal

pneumonia and IPD.

It may be that respiratory viral infection triggering an increase in pneumococcal
nasopharyngeal concentration coinciding with recent acquisition of an invasive
pneumococcal serotype is required for invasive disease to occur. However if density of
pneumococcal carriage or triggering by respirétory viral infection is more important for
the occurrence of invasion than recent acquisition of a virulent pneumococcal type, then

duration of carriage increases in importance epidemiologically. Duration of carriage
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declines with increasing age in young children, and with the number of carriage

66,104

episodes. Carriage duration ®® as well as other characteristics of carriage fitness,’®

~and invasion potential,>* is associated with serotype.

2.2 Molecular methods to diagnose pneumococcal pneumonia or invasive

pneumococcal disease

2.2.1 Development of pneumococcal PCR assays

Molecular methods to diagnose pneumococcal pneumonia or IPD have been in

106-127

development for the past three decades. Some gene targets of nucleic acid

amplification tests (NAATSs) have been found to be non-specific to S. pneumoniae, present

106,125,128

in non-pneumococcal Streptococcus species. This is perhaps not surprising, given

the propensity of S. pneumoniae to undergo genetic transformation, using donor DNA
from other Streptococcus species such as Streptococcus mitis as well as other strains of

i

pneumococcus.’?>13° A review of diverse studies carried out from 1993 to 2009 to assess

vt i T

PCR assays in the diagnosis of IPD from blood describes sensitivity of 57-66% and
specificity of 88-99%, with specificity varying considerably depending on what sort of

control groups were used.'?*

In general, specificity was higher when the control group
was healthy people than people with suspected but unproven IPD and was higher in |
adults than in children. Poor sensitivity has been thought to be due to low specimen
volume that can be tested by NAATs, timing of sample collection compared to that for
blood cultures, PCR-inhibitors and pneumococcal autolysis and DNA degradation from old

specimens, specimens stored at -20°C, or subjected to freeze-thaw cycles. 1622125127

There have been PCR assays developed using the pneumolysin gene ply, %3132 the

surface adhesion protein psaA,*” penicillin-binding protein PBP2b,'*’ a gene of unknown
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122,133 116,125,134,135

function spn9802, the autolysin gene IytA, capsular polysaccharide

13% and bacterial recombinase gene recA.">” Dagan et al found that

biosynthesis gene cpsA
of 202 healthy controls, 35 (17%) were positive for ply PCR from serum samples. Carriers
of pneumococci were more likely to be ply PCR positive from serum than non-carriers,
and ply-positivity was highest among 2-year old children, the group with the highest
nasopharyngeal pneumococcal carriage. Dagan and colleagues postulated that
pneumococci or pneumococcal DNA may have been detectable in the bloodstream of
some children that had escaped immune control in the nasopharynx but were cleared
successfully without any clinical disease. We now know the pneumolysin gene as a PCR
target detects not only pneumococcus but also other commensal streptococcal flora and

Dagan et al’s suggestion has received little further attention as a result.®*?

2.2.2 IytAPCR

Although the autolysin gene has been demonstrated in some S. pseudopneumoniaem

and S. mitis gehomes,'®

the gene squzgnce can be distinguis@gd from that in S. ‘
pneumoniae.**®** Most lytA assays have been demonstrated to have 100% analytical
specificity for S. pneumoniae. At the CDC, a panel of 104 non-pneumococcal isolates
including 11 non-pneumococcal viridans group streptococci and 10 S. pseudopneumoniae
were negative by CDC-lytA PCR, although four of the S. pseudopneumoniae isolates were
positive by the McAvin lytA PCR.2*>%** The lytA PCR published by Sheppard et al, was
negafive among all of 39 non-pneumococcal isolates including 18 Streptococcus species
116 and among all of 49 non-pneumococcal isolates including 22 mitis group
streptococci.”®® The Messmer lytA PCR Was negative among all of 51 viridans group

streptococci, including 16 closely related streptococci that appeared pneumococcus-like

when originally isolated.’®™* The Nagai IytA PCR was negative among all of 108 non-
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pneumococcal cocci, including 23 S. pseudopneumoniae, S. mitis or S. oralis strains and 54
other Streptococcus species.”****° A summary of these reports can be found in table 2.1
below. Worldwide experience with the IytA target for identification of IPD cases using
real-time PCR from whole blood is increasing, with most groups now using the CDC-IytA
assay.” 221417 1t remains possible that the CDC-IytA assay will be demonstrated not to
have 100% analytical specificity for pneumococcus, but there has been no evidence for

this to date. Further testing against collections of closely-related, well-characterised non-

pneumococcal streptococci would be helpful in this regard.

Table 2.1: Summary of published studies examining the specificity of lytA PCR for S.

pneumoniae against closely related organisms

No. of non-
pneumococcal ’ No. of S.
streptococci pseudopneumoniae
Reference IytA PCR assay  positive/tested positive/tested
Carvalho et al, JICM 2007 (1255  CDC-IytA 0/11 0/10
Carvalho et al, JCM 2007 (125) MCcAvin IytA (134) 0/11 4/10
Sheppard et al, IMM 2004 (116) Sheppard IytA 0/18
Greve & Moller,:JMM 2012 133) Sheppard IytA 0/22 o
Messmer et al, DMID 2004 (13399 Messmer IytA 0/51
Park et al, JIMM 2010 (136) Nagai IytA (140 0/54 0/23
Total isolates tested 156 33

2.2.3 Real-time lytA PCR from blood samples in the diagnosis of IPD

It appears that with current specimen handling and DNA extraction techniques, sensitivity
of the IytA real-time PCR assay is now better than the previous gold standard for IPD,
blood culture.”'m_"144 Specificity is more difficult to assess. In South Africa, IytA real-time
PCR on fresh whole blood detected four times as many cases of IPD as blood cultures
among adults and children, and only missed 1% of cases detected by blood culture, but
there was no control group and no estimation of clinical specificity.”* In Australia, a lytA

real-time PCR performed on 1,800 adults presenting to the emergency department
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alongside standard blood cultures detected 11 of 11 blood-culture-positive cases of IPD
and 9 blood-culture-negative cases which may have been IPD (clinical scenario

compatible with IPD and no other pathogen isolated).**!

In Italy IytA real-time PCR from blood was negative among 147 well children, half of
whom were demonstrably carrying pneumococcus in the nasopharynx *° and in South
Africa both lytA and psaA real-time PCR’s from serum were negative in 100 well children
with a mean age of 5.8 years, half of whom were carrying pneumococcus in the
nasopharynx.148 In Sweden, lytA PCR was positive in plasma of 9% of 92 adults with
community-acquired pneumonia and none (0%) of 91 adult control patients hospitalised
for skin or urinary tract infections, or arthritis or elective surgery, without respiratory

symp'coms.122

The lack of a sensitive gold-standard case-definition for IPD, and the use of well children
or adults who are not the target population for the diagnostic assay, in these types of
studies, pz‘]roduces a biased estiml‘gte of clinical specificityzgl A more a-ppropriate qgntrol
group would be children admitted to hospital with possible IPD who are proven not to
have IPD; such a control group is almost impossible to find because we know that blood

cultures themselves are insensitive in the diagnosis of IPD.

In Slovenia, IytA PCR was positive in plasma among 32% of 160 children and 23% of 180
adults with community-acquired pneumonia.’*® The authors also ran the assay on
controls; lyiA PCR was positive in plasma among none (0%) of 50 adults being
investigated for Lyme disease and two (7%) of 29 children with acute febrile illness that
was not pneumonia and in whom non-pneumococcal infections had been identified. The
mean age of the childhood controls was 1.5 years, and both control children that were

IytA PCR positive from plasma carried pneumococcus in the nasopharynx.
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2.2.4 Quantitative real-time lytA PCR from blood samples in IPD

Use of quantitative PCR from blood samples as a marker of pneumococcal disease
severity is also receiving interest, with higher pneumococcal concentrations associated

741451471499 Quantitative real-time lytA PCR from blood might also assist in

with mortality.
separating children with bacteraemia from children with PCR-positivity in blood
(“DNAemia”) from high nasopharyngeal concentration, or escape of pneumocoécus into
the bloodstream without resulting sepsis, if such a phenomenon really occurs. It is
possible that pneumococcal DNA could be detectable in blood specimens more often
than we realise. Pneumococcal invasion into the bloodstream may occur more frequently
than IPD as diagnosed by blood cultures from a clinically ill child occurs, but be controlled
by complement-mediated bacterial lysis and opsonophagocytosis. The frequency with
which such a phenomenon might occur would depend on the population carriage

prevalence and density of carriage, the age structure of the population, the attack rate of

circulating respiratory viruses, exposure to smoke and pollution, host genetics and the
\: \: \ \

circulating bacterial strains.

2.2.5 Nasopharyngeal pneumococcal concentration in the diagnosis of pneumococcal

pneumonia

A high nasopharyngeal concentration of pneumococcus has been associated with
pneumonia in HIV-infected adults in South Africa ' and with radiologically-confirmed
pneumonia among children in Vietnam % and Italy.* In South Africa, high
nasopharyngeal pneumococcal concentration has been associated with severity of

151

pneumococcal pneumonia in HIV-infected adults,™" and with IPD in adults and children

with pneumonia.’*?
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Young children do not expectorate sputum so lower respiratory tract specimens in this
age group are not easy to collect. Nasopharyngeal swabs, washes or aspirates can be

used to sample the upper respiratory tract and induced sputum or bronchoalveolar

lavage are uncommonly performed to access the lower respiratory tract. Detection of S.

pneumoniae in respiratory tract specimens of infants and young children by culture or

PCR is very common, as seen in table 2.2; understanding the clinical significance of it in

the diagnosis of pneumonia is difficult.>1>146:10:153:154
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There may be a continuum between low-level asymptomatic carriage of pneumococcus in
the nasopharynges of healthy children, to increased carriage during periods of immune-
stress or mucosal damage such as during exposure to smoke or viral infection, to local
mucosal disease such as sinusitis and otitis media, to highest nasopharyngeal
concentrations associated with pneumonia or IPD. If nasopharyngeal pneumococcal
concentration by quantitative real-time PCR is greater among children with
pneumococcal pneumonia than among children with viral respiratory tract infections or
well children then it might be possible to look for a threshold correlating with
pneumococcal pneumonia, as has been shown for adults.****** It has been assumed in the
adult study in South Africa, that the increased nasopharyngeal concentration was in the
causal pathway for pneumococcal pneumonia, which might be the case, but in fact we
don’t know the direction of causality for this associatidn. In Vietnam the median
pneumococcal concentration in the nasopharynx was 7.8 x 10°/mL in children under the
age of five years with radiologically-confirmed pneumonia compared to 1.3 x 108/mL in
children wnth other lower respiratoﬁy tract infection, or 7.9/}5(’ 10°/mL in healthy chi!gren
(p<0.001 for each comparison), but there was no suitable threshold for potential use as a

diagnostic assay for pneumococcal pneumonia.”®

The ideal study‘to describe the dynamics of the spread of pneumococci in the body from
healthy carriage through to bacteraemic pneumonia would be a cohort study of healthy
children with frequent sampling of the nasopharynx and blood, from the asymptomatic
state, through mild upper respiratory tract illness and into the development of naturally
occurring pneumonia and pneumococcal bacteraemia. Unfortunately such a cohort
would have to be extremely large in order to observe a rare event such as IPD in sufficient
numbers, and the frequency of sampling needed would not be tolerated. A more

epidemiologically efficient solution would be a series of cross-sectional samples of
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suitable populations of children along the continuum outlined above, to describe the
pneumococcal concentration in the nasopharynx and how this relates to pneumococci

detectable in the blood.

2.3 Nasopharyngeal pneumococcal concentration and pneumococcal

conjugate vaccines

As previously noted, there are more than 90 serotypes of pneumococcus, and only some
of them have the propensity to cause invasive disease. Pneumococcal conjugate vaccines

have been shown to reduce nasopharyngeal carriage of vaccine serotypes,!?%¢15

d.26%181 Reduction in carriage among

including in people not themselves vaccinate
vaccinated individuals and less transmission to unvaccinated individuals leads to less

invasive disease among the unvaccinated as well as the vaccinated. These are indirect

effects of vaccination — élso known as the herd effect. The herd effect has played a large

S i i

part in overall IPD reduction.’® Pneumococcal conjugate vaccination is thought to bring
about less carriage of vaccine-types by inducing mucosal immunity but exactly how this
works is unclear.®® IgG and IgA antibodies to capsular polysaccharide may be present at
the mucosal surface in response to vaccination, in line with the increase in systemic IgG
antibody production, but in the mouse model antibodies do not appear to be necessary
for clearance of pneumococcal carriage.’® The decrease in carriage of vaccine-types

associated with PCV vaccination may decay with time over subsequent years so that

mucosal immunity is lost, while immunity to invasive disease is retained.'®®

Reduction in IPD caused by vaccine-types has been concurrent with an increase in IPD

caused by non-vaccine-types, although in most populations this has not been sufficient to
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31820 Serotype replacement disease

negate the overall impact of vaccination on IPD.
would be particularly a problem if more antibiotic resistant strains replace the vaccine-
types in circulation. The drop in number of IPD cases in response to vaccination means
that monitoring the impact of pneumococcal vaccines, whether the currently available
polysaccharide-protein conjugated vaccines or new generation protein or whole cell
vaccines, benefits from the use of carriage studies in addition to IPD surveillance; carriage

18% 1t is possible to separate

is so much more common than IPD that it is easier to study.
out the direct and indirect effects of vaccination using carriage studies as part of vaccine
impact monitoring. The vaccine effect on carriage vin an individual is a direct marker of
protection against disease (protection against acquisition, density or duration of carriage
and protection against progression to dis'ease).64 The indirect effect of vaccination (the
herd effect) depends on the direct effect on carriage in order to reduce transmission.*®* It

would therefore be useful to examine the impact of vaccination on concentration of

vaccine-type (VT) carriage, not only on VT carriage prevalence.

v \: v

1234 Detecting mu'i{iple serotype carriage"f'or vaccine studies

Children can carry more than one serotype of pneumococcus at a time, and do so in up to

19165168 perhaps even up to 67% as

50% of children sampled using current methods,
measured by an Italian group — although this study used nasopharyngeal swabs collected

via the oropharynx and a real-time PCR method that could potentially detect capsular

genes among non-pneumococcal streptococci in addition to those of pneumococcus.lﬁ"’

Historically, multiple serotype carriage was detected by injecting aliquots of saliva
intraperitoneally into mice. Specimens yielding a pneumococcus were subsequently
injected into mice pretreated with antiserum to the serotype initially recovered and the

procedure repeated until no further serotypes were recovered.? Using this method,
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Austrian reports that Gundel and Okura found in 1933 that 70 of 95 school children were
harbouring more than one pneumococcal serotype.”® Subsequently, culture of
nasopharyngeal swabs on 5% blood agar media, with or without gentamicin, was
favoured as a more practical method for large-scale studies of nasopharyngeal carriage.
Gentamicin was found to increase the sensitivity of the blood agar plate method for
throat swabs in the detection of pneumococcus.'®® Serotyping more than one colony of
pneumococcus from culture plates was found to be both labour-intensive and inadequate
to detect multiple serotype carriage because of the dominance of the prevailing type.170
This method was standardised by a WHO working group but it was recognised that
multiple serotype carriage was not readily detected and a call for improved methods was

made.®®

The PneuCarriage project

(http://www.thLfi/roko/pneumocarr/pneucarriage project.html), an international

consortium funded by the Gates Foundation, recently set out to establish the optimum
\ \ \ \

it

methods for détection of multiple serotype carriage in order to publish updated
recommended standard methods.'”* Such standardisation is needed if we are to be able
to measure and compare pneumococcal vaccine effectiveness in different settings around
the world. Fift}een different methods were studied using a standard set of 81 spiked
simulated samples, the best five methods being; pneumococcal microarray,® latex

agglutination of a sweep from the culture plate,®

restriction fragment length
polymorphism (RFLP) analysis,’’? real-time PCR from cultured isolates *** and real-time
PCR directly from nasopharyngeal specimens.***1%3 These five methods went forward to
test a set of 260 nasopharyngeal swab samples and in addition traditional serotyping of

100 colonies was performed for each sample. The gold standard was a serotype found by

at least two different methods. Among these five methods the best scientific
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performance was displayed by the pneumococcal microarray at St George’s University

Hospital in London (http://www.bugs.sgul.ac.uk/node/1), with 96% sensitivity'and 94%

positive predictive value.'”*
2.3.2 Assessing pneumococcal carriage concentration in vaccine studies

Carriage density of vaccine-types, assessed by semi-quantitative culture, decreased in the
vaccine-arm of a PCV-7 randomised controlled trial among a Native American
population.®® In a cluster-randomised trial in the Gambia, carriage density was also
measured by semi-quantitative culture and found to decrease for both vaccine and non-

103

vaccine types after administration of PCV-7. Antibodies to polysaccharide capsule were

higher among individuals from fully-vaccinated than from control {infant vaccination only)

173 prneumococcal carriage

villages, and increased with age to a plateau at 10 years of age.
density was highest in the youngest children and decreased with age, beyond the plateau
in polysaccharide _antibody concentration, suggesting such antibodies were not solely
responsible for the changes in carriage.’® In Kenya, vaccine-type carriage prevalence
decreased after PCV-10 was given to toddlers in a randomised controlled trial, howéver
concentration of vaccine-type carriage was not assessed.™® Density of nasopharyngeal

colonisation by pneumococcus is presumably important for both transmission and

invasive disease ** but we don’t know what the nature of the relationships are.

Carriage prevalence as detected by culture is likely to be an indicator of colonisation
density, but the relationship between culture positivity and colonisation density by gPCR
seems to vary by method. In an experimental human pneumoc;)ccal carriage model,
culture of fresh nasal washes from adults was able to detect down to 10 CFU/mL.Y*'"® In
Peruvian children sampled by rayon nasopharyngeal swab into skim-milk tryptone glucose

glycerol (STGG) transport media, stored at -70°C, culture was significantly more likely to
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detect pneumococcus at a density of >10° CFU/mL by gPCR.*”® By measuring the
concentration of pneumococcus in a nasopharyngeal sample, whether by a sensitive
guantitative culture method or by quantitative PCR, we assume we will get more

information about changes in carriage associated with vaccination or viral infection.

A lytA gPCR will only tell us the overall concentration of pneumococcus in the
nasopharynx since the autolysin gene is common to all pneumococci and is not serotype-
specific. It would be worth knowing, not only what the concentration of nasopharyngeal
colonisation is, but also what the concentration of colonisation with vaccine and non-
vaccine types, and how that changes after vaccination. This is pertinent because we
expéct a direct vaccine effect on vaccine serotypes only, and because of the possibility of
serotype replacement disease; IPD caused by non-vaccine serotypes. This question could
be answered with the pneumococcal microarray revealing the relative proportions of
each serotype present, together with the lytA qPCR. It would also be possible to use a
singleplex quantitative PCR for each serotype that might be present, as long as the same
v v \; \

standards could be used to generate each standard curve in the PCR as'gays. Potential
difficulties with this latter approach include the fact that capsular gene targets for
serotyping assays may be found in non-pneumococcal streptococci that are also present

in nasopharyngeal or oropharyngeal swab samples.”’”"*’8
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Chapter Three

3 Initial lytA real-time PCR method validation

3.1 Introduction

The IytA quantitative real-time PCR (lytA qPCR) method used in this work was originally

125 and was

developed at the Centers for Disease Control and Prevention (CDC) in Atlanta
developed further by Dr Nicole Wolter at the National Instituvte for Communicable
Diseases (NICD) Laboratory in Johannesburg, South Africa. In brief, the method used DNA
extracted from a standard volume whole blood in a singleplex real-time PCR reaction run
alongside a set of standérds made from DNA extracts of pneumococcal isolates run in

triplicate in each plate. From the resulting standard curve, the Cycle Threshold (Ct) value

of the PCR reaction could be converted into a quantity in copies/mL.

'[he IytA qPCR assay in use at NICD was transferred to Kilifi and initial method validation v
;/;/as performed to ensu;é the method had anaI\‘/ﬁcal sensitivity and spé(;ificity for "
pneumococci found in Kilifi. Methods for making quantitation standards for the assay
were explored and experiments were performed to choose an appropriate matrix for
dilution of gPCR standards. The effect of different template volumes for the assay was

investigated. The lower limit of detection and lower limit of linearity of the assay were

examined.

-The final methods used across the PhD project for whole blood and nasopharyngeal

samples can be seen in chapter seven: General Laboratory Methods.
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3.2 Analytical sensitivity and specificity

As discussed in detail the chapter two, the IytA target is said to have 100% specificity for
S. pneumoniae. Having not used the assay in Kilifi before, we first aimed to demonstrate

analytical sensitivity and specificity on local isolates.
3.2.1 Methods

The IytA PCR method as described in section 7.11 in chapter seven was performed on; the
type strain of pneumococcus, ATCC 49619, 30 local strains of pneumococcus that had
caused invasive pneumococcal disease among children in Kilifi, 30 strains of non-
pneumococcal streptococci from the same collection, and 70 strains of pneumococcus
from nasopharyngeal carriage studies in Kilifi. DNA extracts for these isolates were a 1:10
dilution of samples extracted by a simple boilate method, (described in section 7.8,
chapter seven) which we were using in our laboratory for DNA extraction of invasive

. isolates for the conven\j;ional ‘pneumococcal ’sgrotyping’ PCR, adapted\'from the CDC

L L i

method.*”®
3.2.2 Results

The type strain of pneumococcus, the 30 local pneumococcal isolates that had caused IPD
and the 70 carriage isolates, including both serotypable and non-serotypable strains,
were all success_fully amplified by the lytA PCR assay. The 30 non-pneumococcal
streptococci were not amplified by the assay, giving an analytical sensitivity and

specificity of 100%, from isolates. The Ct values of these isolates can be seen in Table 3.1.
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Table 3.1: Analytical sensitivity and specificity of lytA real-time PCR for Streptococcus

pneumoniae in Kilifi

Isolate no. Genus Species/Group Serotype IytA Ct value
36003 Streptococcus viridans group negative
36191 Streptococcus Group F negative
36199 Streptococcus Group D negative
36205 Streptococcus Group B negative
36365 Streptococcus species negative
36679 Streptococcus viridans group negative
36780 Streptococcus viridans group negative
38044 Streptococcus Group F negative
38436 Streptococcus Group D negative
38451 Streptococcus viridans group negative
38461 Streptococcus Group D negative
38526 Streptococcus Group D negative
38527 Streptococcus Group F negative
38585 Streptococcus Group D negative
38783 Streptococcus Group B negative
38794 Streptococcus Group D negative
38795 Streptococcus viridans group negative
38861 Streptococcus Group D negative
39247 Streptococcus Group B negative
39258 Streptococcus Group B negative
39281 Streptococcus Group D negative
39421 Streptococcus viridans group negative
40348 Streptococcus viridans group negative
40818 Streptococcus Group A negative
41274 l\;"Streptococcus viridan/s,\,"group negative
42122 h Streptococcus viridans‘group negative
42250 Streptococcus Group G negative
42771 Streptococcus Group A negative
44867 Streptococcus viridans group negative
44871 Streptococcus viridans group negative
44929 Streptococcus viridans group negative
41488 Streptococcus pneumoniae 23F ©11.50
43188 Streptococcus pneumoniae 18C 11.85
45165 Streptococcus pneumoniae 1 11.93
41078 Streptococcus pneumoniae 23A 11.96
43874 Streptococcus pneumoniae 5 12.14
44608 Streptococcus pneumoniae 5 12.36
42860 Streptococcus pneumoniae 6A 12.45
43969 Streptococcus pneumoniae 1 12.48
43050 Streptococcus pneumoniae 6B 12.53
44261 Streptococcus pneumoniae 1 12.61
44656 Streptococcus pneumoniae 14 12.68
44655 Streptococcus pneumoniae 1 12.84
44527 Streptococcus pneumoniae i4 12.85
43639 Streptococcus pneumoniae 12F 13.19
44371 Streptococcus pneumoniae 14 13.27
44781 Streptococcus pneumoniae 13 13.40
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Isolate no.
44346
43429
44516
43203
44746
43766
38595
36880
37423
39316
36827
38827
38379
40169
38039
37013
2045
3113
3201
3391
30581
30831
31473
31477
31516
32303
34531
34749
34941
34991
35279
35328
35396
35421
35437
44229
44231
44280
44282
44285
44287
44291
44292
44395
44406
44408
44411
44470
44503
44519
44615

Genus

Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococc},'lts
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus

Species/Group
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae

Serotype
6B

19A

2

6A

19F

15A
10A

11A
9V

15B

13

21

untyped

untyped

untyped

untyped

nontypable

nontypable

nontypable

nontypable

nontypable

nontypable

nontypable

nontypable
"il nontypable
h nontypable

nontypable

nontypable

nontypable

nontypable

nontypable

19F

8

9N

6A

23F

6B

3

13

24F

15A

18F

6A

18A

23F

34

21

IytA Ct value
13.62
13.83
13.83
13.89
14.23
14.86
18.18
18.28
18.30
18.55
18.77
19.04
19.09
19.18
19.30
37.15
15.92
17.49
18.87
18.44
15.64
17.69
18.19
16.96
17.36
18.91
17.54
18.34

\17.72
“1717
17.62
17.84
18.00
17.82
17.18
16.40
17.51
15.78
18.69
16.55
17.75
16.96
19.59
15.45
18.42
17.23
17.38
14.95
16.70
17.20
16.77
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Isolate no. Genus Species/Group Serotype IytA Ct value
44621 Streptococcus pneumoniae 23B 17.30
44624 Streptococcus pneumoniae 6A 18.98
44672 Streptococcus pneumoniae 15C 16.35
44679 Streptococcus pneumoniae 14 18.23
44691 Streptococcus pneumoniae 15A 16.38
44692 Streptococcus pneumoniae 6B 17.29
44695 Streptococcus pneumoniae 19F 17.54
44716 Streptococcus pneumoniae 13 16.72
44808 Streptococcus pneumoniae 11A 16.53
44810 Streptococcus pneumoniae 5 16.86
44814 Streptococcus pneumoniae 22F 17.59
44818 Streptococcus pneumoniae 358 18.16
44819 Streptococcus pneumoniae 1 16.78
44820 Streptococcus pneumoniae 16F 17.55
44825 Streptococcus pneumoniae 3 19.58
44830 Streptococcus pneumoniae 7F 17.95
44839 Streptococcus pneumoniae 20 17.13
44910 Streptococcus pneumoniae 11A 15.79
44914 Streptococcus pneumoniae 19C 15.21
44987 Streptococcus pneumoniae 35F 18.32
45013 Streptococcus pneumoniae 6B 18.89
45051 Streptococcus pneumoniae 6A 18.95
45052 Streptococcus pneumoniae 158 16.99
45057 Streptococcus pneumoniae 18C 15.29
45061 Streptococcus pneumoniae 19A 16.65
45062 Streptococcus pneumoniae 35A 16.25
45079 Streptococcus pneumoniae 23F 17.55
45084 Streptococcus pneumoniae 6B 16.25
45128 Stre:'etococcus pneumoniae “ 19F 16.91
45131  Streptococcus  pneumoniae oV 17.59
45227 Streptococcus pneumoniae 13 16.41
45237 Streptococcus ,  pneumoniae 10A 15.87
45239 Streptococcus pneumoniae 6A 17.39
45297 Streptococcus pneumoniae 19F 18.45
90617 Streptococcus pneumoniae untyped 17.32

3.2.3 Conclusions

This initial validation demonstrated that the CDC primers and probe were able to detect a
range of locally circulating pneumococci in Kilifi with 100% analytical sensitivity and
specificity. The viridans group streptococci were alpha-haemolytic streptococci from
blood cultures at Kilifi County Hospital that were not S. pneumoniae because they were

resistant to optochin, but we were not able to characterize them further. It would have
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been preferable to have well-characterized local isolates of S. pseudopneumoniae and S.
oralis with which to test analytical specificity, but this has been done at other centres, as

discussed in chapter two.

3.3 Making standards for quantitative lytA PCR

The work described in this section has been accepted for publication.
3.3.1 Introduction

We set out to explore methods for making in-house standards for the quantitative real-
time IytA PCR assay. Research and Clinical Microbiology laboratories alike are embracing
qPCR for detection of putative microbial pathogens where simply presence of a target
organism is insufficient to determine pathogenicity. 125147180181 £ ayample.
Pneum\gcystis firovecii is knowQ to cause severe pneurgonia, but upon the adv\gnt of real-
time Pé'R diagnostics, it was di;;:overed that sensitive/'(‘q,ualitative PCRis gener‘;’lly non-
specific. It is frequently positive in well patients or those with another cause of illness.
Quantitative PCR, however, may predict which samples are indicative of P. jirovecii

181 | ikewise, detection of Streptococcus pneumoniae from respiratory tract

pneumonia.
samples by quantitative real-time PCR may distinguish nasopharyngeal carriage of
commensal S. pneumoniae from pneumococcal pneumonia.126 There is increasing interest
globally in quantitative real-time PCR for detection of pneumococcus from respiratory

tract samples, particularly utilizing the IytA assay. 1%

gPCR requires the use of standards of known concentration, serially diluted to form a
linear relationship between the quantification cycle threshold (Ct) value and the
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logarithmic value of the standard concentration. Methods for making these standards

are not always described in publications.'®?
3.3.2 Methods

One possible method was to make a suspension of pneumococcus, plate out serial
dilutions of the suspension, perform colony counting, and calculate the concentration of
the original suspension in colony-forming-units (CFU)/mL from which DNA would be
extracted for the standards.*® Another method was to extract the DNA from a
suspension of pneumococcus, measure the DNA concentration in ng/pL, from which the
concentration in genome-copies/mL calculated based on molarity (using Avogadro’s
number) (personal communication, Nicole Wolter, NICD). These methods are unlikely to
be equivalent because they assume a single viable bacterial cell produces a single colony-
forming unit; may be perfectly extracted by DNA extraction methods and will contain only
one genome, With only one gene copy. *® If they were the same then the ratio of the
/;\;f;oncentration in CFU/[h,L to the concentration}l\[i,n genome-copies/mL yy,ould be one. To
investigate the impact of pneumococcal autolysis, we used Escherichia coli as a
comparator organism. For the same reason, we used bacterial growth in broth at log
phase as well as bacterial growth harvested from solid media, to make the starting-point

suspensions.

S. pneumoniae ATCC 49619 and E. coli ATCC 25922 were grown to log phase in brain heart
infusion broth, or harvested from an overnight culture plate on blood agar and suspended
in normal saline, and adjusted to 3.0 McFarland. The suspensions were serially diluted 1:5
nine times and 100pL of each of the last three dilutions plated in duplicate on blood agar
for incubation bvernight at 35+/- 2°C in 5% CO,. In addition, 1mL of the suspension was

used for immediate extraction. To estimate CFU/mL, all countable plates underwent
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colony counting on the following day to calculate the concentration of the original

suspension.

DNA was extracted (QlJAamp DNA mini kit, Qiagen, Germany) with two elution steps as
described by the manufacturer to optionally maximise DNA recovery, and DNA
concentratibn estimated in ng/uL using the Nanodrop™ spectrophotometer
(ThermoScientific, USA). Genome copies were estimated using the formula mass = DNA
size (base pairs) x 1mole/6.023e23 molecules x 660g/mole. Twelve experiments were

performed per organism, by the same operator, on different days.

The ratio of quantities derived from colony counting/DNA concentration (CFU/genome-
copies) were compared by suspension method and by organism, using the Wilcoxon rank

sum test.
3.3.3 Results

.. The distribution of bacterial concentrations by colony counting (mean log [sd]
concentration for S. pneumoniae 8.4 [0.7] CFU/mL and for E.coli 8.9 [0.4] CFU/mL) was
wider than the distribution of bacterial concentrations as calculated by DNA
concentration (mean log concentration for S. pneumoniae 8.9 [0.2] genome-copies/mL
and for E. coli 8.6 [0.2] genome-copies/mL). The distributions can be seen in Figure 3.1.
For S. pneumoniae Spearman'’s rank correlation between the bacterial concentration as
measured by colony counting and the bacterial concentration as calculated from DNA
concentration was 0.69 (p=0.014) and for E. coli this was 0.10 (p=0.746). The correlations
can be seen in figure 3.2. The ratio of quantities derived from the two methods was

almost never one, and can be seen in Figure 3.3.
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Figure 3.1: Spr\eacl of bacterial concen\t_rations of standard su\spensions of . pneumo\_niae

il ik i it

and E. coli. A: Obtained by colony counting in CFU/mL. B: Obtained by DNA concentration

in genome-copies/mL.

64



10"

10

10

107 108 10° 10%0

genome-copies/mL by DNA concentration

CFU/mL by colony counting method

Figure 3.2: Poor correlation between methods of measuring bacterial concentration.

Colony counting in CFU/mL and DNA concentration in genome-copies/mL.

The median (IQR) ratio (CFU/genome-copies) for S. pneumoniae combining both culture
methods was 0.19 (0.1-1.2) and for E. coli was 1.74 (1.1-2.9), p=0.007. For either S.
pneumoniae or E. coli, there was no difference in the ratio (CFU/genome-copies) whether
culture,..\bn solid media or log pﬁ'ése growth in broth wa\é used to make the susﬁension, as

can be seen in figure 3.3.
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3.3.4 Discussion

There was poor correlation between the bacterial concentration as measured by colony

counting and the bacterial concentration as calculated from DNA concentration.

The ratio of bacterial concentration by colony counting to the bacterial concentration as
calculated from DNA concentration, whether the measured suspension was made in
saline from growth on solid media or from broth culture, was lower for S. pneumoniae

than for E. coli. This supports a possible role of pneumococcal autolysis in lowering the
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ratio of concentration in CFU/mL to concentration in genome-copies/mL, because the
autolysed nonviable cells in suspension could contribute to the quéntity measured by
DNA extraction but not to the quantity measured by colony-counting. Additionally, more
than one genome may be present per cell, depending on the phase in the cell division
cycle. It is not realistically possible for a single genome-copy to give rise to more than one
CFU but ratios of >1 in CFU/genome-copies serve to highlight the difficulty in accuracy
with either of'the measurement methods. DNA concentration may be underestimated
due to inefficiencies in nucleic acid extraction, nucleic acid degradation or sample
inhomogeneity or overestimated due to impurities in the extraction process. Colony
counting could overestimate or underestimate concentration due to sample
inhomogeneity, delays in plating out suspensions or inaccuracies in counting individual

colonies.

The lack of a difference between suspension methods for S. pneumoniae implies that log

phase growth does not sufficiently overcome the problem of autolysed cells in
\; \; \ \:

suspension, or that pneumococcal autolysis is not the only problem.

The DNA concentration method of quantification was less variable than the colony
counting method. Poor correlation between methods may be due to inherent differences
in measuring bacterial cells versus measuring their genomes, rather than simply
pneumococcal autolysis as it was more pronounced for E. coli than for S. pneumoniae.
Growing the suspension to log-phase before quantification did not alter the results, but
the median ratio of concentrations was lower for S. pneumoniae than for E. coli, also
suggesting that pneumococcal autolysis is not the sole cause of poor correlation between

quantification methods.
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It was noted that while the DNA concentration method for making standards may appear
to be a good choice for quantitative real-time PCR in a single laboratory, that there may
be considerable intra-assay variation between batches of standards by either method.
What is more, the lack of correlation between methods means that absolute
guantification of samples between laboratories using different methods would not give

comparable results.

It is important to be aware that the method used for assigning values to quantitative real-
time PCR standards will affect the results obtained. This is particularly pertinent when
applying thresholds or cut-offs that rely on quantification from an assay designed in one

laboratory and then used in another laboratory.
3.3.5 Conclusions

Neither method of preparing in-house standards was considered suitable for the PhD

objectives, nor for the Pneumonia Etiology
\: \

Research for Child Health (PERCH) multi-site

\ o

Lint

study, because thé{/lwould not be reprodu&ble across the length of each project, nor
sufficiently reproducible between laboratories. Instead, it was decided to obtain
commercially available plasmids containing the lytA target amplicon and serially dilute
the plasmids for each individual run (rather than storing diluted plasmids). These
plasmids came from Fast-Track Diagnostics (FTD) in LuxembOQrg. FTD also measure the
concentration of the plasmids by Nanodrop, but these are much more pure than whole
genomic DNA, thus the measurement is more reliable. Each batch of plasmids that FTD
produce is checked to ensure that the cycle thresholds are reproducible within +/- 2 Ct

values.
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3.4 Matrix for dilution of standards for IytA qPC}R

The intent was to serially dilute the FTD-supplied IytA standards for each lytA qPCR run in
molecular grade water. Samples of whole blood, of nasopharyngeal swab specimens in
STGG or nasopharyngeal swab specimens in viral transport medium that were to be run in
the IytA qPCR assay would be DNA suspended in eluate from the original sample type,
which could have different properties affecting PCR efficiency compared to the standards.
In order to ensure this was not the case, FTD IytA plasmid standards were serially diluted
in molecular grade water, in eluate from whole blood, in eluate from uninoculated STGG
and in eluate from uninoculated Copan universal transbport medium (UTM). The aim was
to compare Ct values of lytA gPCR from plasmids serially diluted in sample matrix to

plasmids serially diluted in molecular grade water, for each sample type.
3.4.1 Methods

UnirouIated sterile whole\_blood, STGG and Copan\:UTM underwent DNA %xtraction using
QIA;mp DNA blood mini k|ts (Qiagen, Germany) as’“(,jescribed in the chapté"; seven for
blood or nasopharyngeal swabs. Master stock of lytA plasmid standards at 10® copies/mL
was serially diluted 1:10 four times in molecular grade water and in whole blood eluate
and each dilution series were run in triplicate in the same PCR plate. lytA gPCR was
performed as in section 7.9 of chapter seven and mean Ct values plotted. Master stock of
IytA plasmid standards at 10° copies/mL was serially diluted 1:10 five times in molecular

- grade water and in STGG and Copan UTM eluates and each dilution series were run in

triplicate in the same PCR plate. Mean Ct values were again plotted for each plasmid

concentration.
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3.4.2 Results

The mean Ct values for IytA plasmid standards in molecular grade water and in whole

blood eluate matrix can be seen in figure 3.4.

40

35

Whole blood
extract
m atrix

H20 matrix

-V

10,000,000 1,000,000 100,000 10,000

lytA plasmid concentration

Figure 3.4: Standards matrix. Comparison of molecular grade water and whole blood

eluate as matrix for serial dilution of plasmid standards for lytA qPCR.

The mean Ct values for IytA plasmid standards in moiecuiar grade water and in STGG

eluate matrix and Copan eluate matrix can be seen in figure 3.5.
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Figure 3.5: Standards matrix. Comparison of molecular grade water, eluate of

uninoculated STGG and eluate of uninoculated Copan universal transport medium (UTM)

as matrix for serial dilution of plasmid standards for lytA gPCR.

3.4.3 Conclusions

Molecular grade water was considered to be a reasonable and convenient replacement

for sample extract matrix for serial dilution of standards for use in IytA qPCR. It was noted

that unsurprisingly there is more variation in Ct values at lower concentrations of the

plasmid standard.

3.5 Choosing a template volume for IytA qPCR

The original CDC method for lytA qPCR used 2.5pL of template in the PCR reaction, for

historical reasons (Bernard Beall, personal communication to David Murdoch). Other

laboratories have used 6pL#4or IOpL of template. 7 Increasing the template volume in
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the reaction may improve the sensitivity of the assay, but increasing it too much could
result in PCR inhibition. An experiment was therefore performed to see which of 2.5uL,

5uL or 10puL would perform best with the /ytA qPCR protocol.

3.5.1 Methods

Using the IytA PCR method as described in section 7.11 in chapter seven, and maintaining
the total reaction volume at 25pL, the water was adjusted in the mastermix according to
the change in template volume. A set of standards was made by serial 1 in 10 dilution in
molecular grade water of DNA extracted from a suspension of S. pneumoniae, the
concentration measured by the colony counting method (further details can be seen in
the chapter seven, section 7.2). The series of standards in triplicate was run for each of

the three templates, 2.5uL, 5uL or 10uL, in the same reaction plate.
3.5.2 Results

The mean cycle threshold values for standards run with the three alternative template

volumes can be seen in table 3.2.
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Table 3.2: Mean Ct values for a series of standards run in triplicate, comparing three

alternate DNA template volumes in lytA qPCR.

Standards Mean Ct for 2.5uL Mean Ct for 5.0pL Mean Ct for 10pL

CFU/mL template template template
10e6 23.06 22.37 23.41
10e5 26.80 26.07 27.87
10e4 30.65 29.66 32.32
10e3 34.56 33.67 35.62
10e2 37.34 36.44 39.11
10el negative 37.70 negative

3.5.3 Conclusions

As the 5uL template volume gave lower or equivalent Cycle threshold (Ct) values in the

PCR reaction than the 2.5uL or 10pL template volumes, this volume was chosen to

continue with. Since the PERCH project chose 10pL as a template volume, and methods

needed to be standardised across all seven sites, 10pL was used for the whole blood IytA

\:. \. \ \:
gPCR assay, but a 5puL template volume continued to be used for the nasopharyngeal

samples as these were likely to have a higher bacterial load.

3.6 Lower limit of detection and lower limit of linearity of lytA qPCR

Once satisfied with the standards, experiments were then performed to ascertain the

lower limit of detection of the IytA qPCR assay, and to establish the linear range.
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3.6.1 Methods

Using the IytA PCR method as described in section 7.11 in chapter seven, the plasmid
standards were run in triplicate five Itimes, with a fresh 1:10 dilution series made for each
run from a master stock vial of 10® copies/mL. Two different operators were included.
The standard curves were plotted overlaid and the mean and standard deviation of the Ct
value for each plasmid concentration plotted with and without the least dilution, of 10°

copies/mL.

Subsequently, after the project in chapter nine, nasopharyngeal pneumococcal
concentration before; during and after respiratory viral infection, was performed,
standard curves from another 11 runs of IytA qPCR were plotted overlaid and the mean

and standard deviation of the Ct value for each plasmid concentration were plotted.

The lower limit of detection was defined as the least lytA plasmid concentration that was
able to be detected 95% of the time and was extrapolated from these two sets of data.
\n \ \ \

The lower limit of linearity was defined as the least IytA'f)lasmid concentration at which

the standard curve remained linear.
3.6.2 Results and Conclusions

The reproducibility of five individual standard curves with lytA plasmids and the mean

standard curve with standard deviations about each point can be seen in figure 3.6.
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Figure 3.6: Reproducibility of lytA standard curves. A: Five standard curves using
commercially available /ytA plasmid standards. B: Mean standard curve with standard
deviations around each point. Slope = -3.1 C: Mean standard curve with standard
deviations around each point, omitting the 102copies/mL standards to demonstrate

improved linearity, slope =-3.4.

The slope of the mean standard curve was -3.1 with the 10? copies/mL standards
included, or -3.4 without these data points. Observation of the standard curves with and
without the 10° copies/mL data points revealed the lower limit of linearity to be 10°

copies/mL.

The lower limit of detection should be defined as the concentration at which 95% of the

samples can be detected. From these five initial method validation runs, 100% of 15
plasmid standards at 10* copies/mL were detected, 80% of 15 plasmid standards at 103

i \ \ \

: copies/mL were deteﬂc“ted and 60% of 15 plaéﬁﬁd standards at 10° chies/mL were

detected. We could therefore take the lower limit of detection to be approximately 10°

copies/mL or we could extrapolate from these points on a semilog line, which yields a

lower limit of detection of 5.62x10> copies/mL.

Taking the 11 runs of IytA qPCR data from chapter nine, where nasopharyngeal
pneumococcal concentration was assessed before, during and after respiratory virus
infections, the 33 plasmid standards at 10* copies/mL were detected 100% of the time,
the 33 plasmid standards at 10® copies/mL were detected 85% of the time, and the 33
plasmid standards at 10 copies/mL were detected 15% of the time. These standard

curves can be seen in figure 3.7. The lower limit of detection of the assay in this dataset
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was again approximately 103 copies/mL, or by extrapolation 4.64x103copies/mL. The

lower limit of linearity was also 103copies/mL

40- 2012.11.01
2012.11.07
2012.11 08
2012.11.09
201211.11a
201211.11b
201211.12a
201211.12b
2012.11.13a
2012 11.13b
201211.13¢

20-

I B SR S

101 102 103 104 10s 100 107 106
IytA standards copies/mL

30-

Ooow

IytA standards copies/mL

Figure 3.7: Reproducibility of lytA standard curves using plasmid standards during a

study of pneumococcal concentration from nasopharyngeal swabs in viral transport

medium. A: Eleven standard curves using lytA plasmid standards. B: Mean standard curve

with standard deviations around each point.
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Chapter Four

4 Validation of laboratory methods for whole blood specimens

4.1 Introduction

Having performed initial method validation for the IytA qPCR assay, the next step was to
consider the different specimen types that would be used in the upcoming projects. The

first specimen type considered was whole blood in EDTA.

Sources of variation in the assay considered included the volume of samples, PCR

inhibition, and the DNA extraction method.
4.2 Variation in sample volume

All specimens have had DNA extracted from 200pL of blood, unless there is less than
200uL available, which is sometimes the case with sick infants. In ’ghis case the volume

extracted was noted and taken into account in the calculation of pneumococcal

concentration.

4.3 PCR inhibitors

PCR inhibitors could have been present in some samples. Internal controls could have
been spiked into all samples, or a human gene target used, and amplified in multiplex but
this could cause amplification competition and reduce sensitivity of the lytA qPCR, so

d rl ” » » 441 » 1
116,122,124,125,135,144,145,184 as seen in table 4.1' and

after review of the published literature,
discussion with Nicole Wolter from the NICD and David Murdoch it was elected not to do

this.
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4.4 The DNA extraction method

The DNA extraction method required validation. It was important early on to establish a
DNA extraction technique for whole blood samples because it was thought that sensitivity
of pneumococccal PCR from blood would depend significantly on specimen quality and
handling, and the DNA extraction method. DNA should be extracted from blood while it
is as fresh as possible, prior to freezing, and the extraction method should be good

enough to extract even low concentrations of pneumococci.

The options for DNA extraction were constrained by the requirement to share the
specimens with other research projects such as the PERCH multi-site international study

and the Kilifi genome-wide association studies, and by limited sample volume.

Method validation for DNA extraction first compared the QlAamp DNA blood mini kit

< : \ :
i (Qiagen, Germany) m:'mual method, with the:ABI PRISM 6100 (Applie\d Biosystems, Life

Technologies, California, USA) semiautomated vacuum method being used by the Kilifi
genome-wide association project at the time, and the MagNA Pure DNA Ill (Roche,
Indianapolis, USA) automated silica beﬁd-based method (which was being considered by
the PERCH multi-site study team, was the method in use for whole blood DNA extraction
for IytA qPCR at the NICD, and was available in the virology department in the KWTRP
laboratory). This work was performed in conjunction with the Kilifi genome-wide
association project research team. The work led on to a comparison of the Qiagen manual
method with MagNA Pure extraction from pneumococcal spiked whole blood samples,

measured by lytA gPCR.
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4.4.1 Comparison of Qiagen manual method with ABI-PRISM-6100 semi-automated

method and MagNA Pure automated method

4.41.1 Methods

Details of extraction protocols for Qiagen and MagNA Pure methods can be seen in

sections 7.6.1 and 7.4 in chapter seven. The ABI PRISM-6100 method was as follows: 20pL

of Proteinase K Solution, 80l of PK Digestion Buffer and 200uL of whole blood sample

was placed in each well of a 96 deep well plate and mixed by pipetting up and down five

times. The plate was incubated at 65°C for one hour in a water bath before adding 300uL

of BloodPrep DNA Purification Solution for a total volume of 600uL per sample. After

mixing by pipetting again, the plate was loaded onto the instrument for a purification run

with the settings found in table 4.1.

Table 4.2: Settings for ABI PRISM 6100 semi-automated extraction instrument for DNA

extraction from whole blood samples.

\. \

L il

Step Description

\

it

Volume (mL) Position Incubation (s) Vacuum (%) Time (s)

1 Load Samples

2 Add BloodPrep DNA Purification Solution
3 Add BloodPrep DNA Wash Solution

4  Add BloodPrep DNA Wash Solution

5  Add BloodPrep DNA Wash Solution

6 Pre-Elution Vacuum

7  Touch Off

8 Elution Solution 1

9  Elution Solution 2

10  Touch Off

600
500
500
500
300

80
80

Waste
Waste
Waste
Waste
Waste
Waste
Waste
Collection
Collection
Collection

0
0
0
0
0
0

600
600

80
80
80
80
80
100

60
60

300
400
60
60
60
60
120
120

Numbers of whole blood samples in EDTA were as follows, because there was insufficient

specimen volume to test every sample by all three methods: ABI n=79, MagNA Pure n=31,

Qiagen n=12. Total DNA extracts from all methods were measured by the Nanodrop
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spectrophotometer (Thermo Scientific, Delaware, USA) for DNA éoncentration (in ng/uL)

and purity.
4.4.1.2 Results

The mean and standard deviation of DNA concentrations obtained by the three methods

can be seen in table 4.2.

Table 4.3: DNA concentration of extracted whole blood samples by ABI-6100 semi-
automated vacuum extractor, Qiagen manual method and MagNA Pure automated

extraction instrument.

Mean DNA

Extraction N Standard
N concentration . .. Range
method deviation
ng/uL
ABI-6100 79 51.44 41.21 3.66 150.80
Qiagen mini kit 12 198.86 148.13 48.52 581.00
MagNA Pure 31 14.63 5.62 5.72 31.28

It'was noted that some samples clogged in the ABI vacuum system, resulting in high

concentration, low volume DNA extracts.

When measuring DNA concentration with the Nanodrop spectrophotometer, the primary
indicator of DNA purity is the 260:280 ratio, which should be >1.8. A secondary measure
of DNA purity is the 260:230 ratio. The 260:280 and 260:230 ratios of extracted whole
blood samples using the ABI-6100 semi-automated vacuum extractor, the Qiagen manual

method and the MagNA Pure automated extraction instrument can be seen in table 4.3.
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Table 4.4: DNA purity of extracted whole blood samples by ABI-6100 semi-automated
vacuum extractor, Qiagen manual method and MagNA Pure automated extraction

instrument, as measured by the Nanodrop 260:280 and 260:230 ratios.

Extraction Mean Standard
Method N 260/.280 deviation Range
ratio
ABI-6100 79 1.9 0.71 141 5.60
Qiagen mini kit 12 1.85 0.06 1.68 191
MagNA Pure 31 2 0.19 1.66  2.56
. Mean
e R e
ratio
ABI-6100 79 0.19 0.13 0.02 0.57
Qiagen mini kit 12 1.43 . 036 0.98 2.15
MagNA Pure 31 0.64 0.16 0.35 1.09

4.4.1.3 Conclusions

The Qiagen manual method gave the greatest DNA concentration as measured by
Nanodrop, but is not a high-throughput method. The MagNA Pure method gave the most
pure DNA as measur\é‘d by Nanodrop. The Al\él method gave a good BNA concentration
most of the time but tended to clog meaning some samples were lost. The Qiagen
method appeared to be best so far, and it was decided to compare the IlytA gPCR results

from DNA extracted by Qiagen compared to MagNA Pure as a next step.

4.4.2 Comparison of Qiagen manual method with MagNA Pure automated method

using pneumococcal spiked whole blood samples, measured by lytA qPCR
4.4.2.1 Methods

A heavy (McFarland 3.0) suspension of Streptococcus pneumoniae ATCC 49619, was
spiked into whole EDTA blood and serial 1:10 dilutions were performed, each dilution was

extracted by both MagNA Pure and Qiagen methods before undergoing lytA PCR in
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duplicate, and had colony counting perforrhed. Chapter seven, sections 7.4, 7.6.1 and
7.11, has details for the MagNA Pure and Qiagen extraction protocols and the lytA PCR

method. The IytA PCR method in use was as described for bacterial isolates.
4.4.2.2 Results

The Ct values of IytA PCR performed on duplicate spiked whole blood specimens
extracted by the Qiagen manual method and the MagNA Pure automated instrument can

be seen in table 4.4.

Table 4.5: Ct values from JytA real-time PCR of whole blood extracted by the Qiagen

manual method or the MagNA Pure automated method.

Colony counting Ct from Qiagen  Duplicate Ct from MagNA  Duplicate from

CFU/mL extract from Qiagen Pure extract MagNA Pure

10e0 negative negative negative negative

10el1 negative negative negative negative

10e2 37.45 negative negative negative

10e3 35.75 34.65 negative negative

10e4 31.27 31.21 33.14 32.41

10e5 27.39 27.66 29.16 29.16

10e6 23.89 23.89 \ 24.69 24.69 v
10e7 21.54 2156 21.57 20.98
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4.4.2.3 Conclusions

The limit of detection using the lytA PCR was 2 log higher from MagNA Pure-extracted
DNA than from Qiagen-extracted DNA, so the Qiagen method appeared to be more

sensitive in combination with the lytA PCR than the MagNA Pure method.

At that point in time whole blood specimens being collected on all children who were
admitted to Kilifi County Hospital and qualified for a blood culture, began being extracted
using the QlAamp DNA blood mini kit manual method, within three days of collection of

the specimen.

We next compared the manual Qiagen extraction to automated QlAxtractor extraction —
also from Qiagen, and using the same chemistry as the manual Qiagen method. The
experiments included the QIAxtractqr as being considered by the genome-wide
association studies research group for high throughput extraction of frozen stored blood
samples and the EasyMag extraction method because a subset of these samples were

\ v\ v\ \;

included in the PERCH multi-site stud‘y'lf’which by that stage re&hired automated Easyi(/iag

extraction as a standard method across sites.

4.43 Comparison of manual Qjagen method with QlAxtractor and EasyMag

‘automated methods, using pneumococcal spiked whole blood samples.

The aim was to compare the three extraction methods’ ability to extract pneumococcus
from whole blood at a range of concentrations. A secondary objective was to compare

robustness of the extraction methods using fresh and one month-old blood samples.
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4.4.3.1 Methods

EDTA whole blood was spiked with a 0.5 McFarland suspension of Streptococcus
pneumoniae ATCC 49619. This was serially diluted 1:10 in fresh whole blood, and
extracted in duplicate by each of the EasyMag (Bio-Merieux, France) and QiaXtractor
(Qiagen, Germany) automated instruments and by the Qia‘gen manual method using the
QlAamp blood minikit (Qiagen, Germany) (Details of the extraction protocols can be seen
in chapter seven, sections 7.7, 7.5 and 7.6.1). Extracted DNA was stored at -80°C. Aliquots
of each spiked sample were retained for one month at 2-8°C and were subsequently
extracted again by each method, also in duplicate, to check for robustness of the method
with older samples. IytA PCR was performed according to the description in section 7.9 in

chapter seven.
4.43.2 Results

The IytA PCR Ct values of aliquots of pneumococcus-spiked blood samples from which
\r \, \. A

DNA was extracted by three different methods while gamples were fresh and’“'again after

one-month of storage can be seen in figure 4.1.
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n Fresh blood QiaXtractor mean
Ct

V Old blood QiaXtractor mean
ct

n Fresh blood Qiagen mean Ct

4 Old blood Qiagen mean Ct

8®Fresh blood EasyMag mean Ct

Old blood EasyMag mean Ct

A B C D E F G H

Serial 1:10 dilutions of pneumococcus-spiked whole blood

Figure 4.1: lytA PCR Ct values of pneumococcus-spiked blood samples processed fresh

and after one month at 2-8°C

4.4.3.3 Conclusions

Ct values of lytA gPCR from pneumococcal-spiked whole blood samples were comparable

by the three extraction methods; manual Qiagen, automated QlAxtractor and EasyMag.
QlAxtractor gave the lowest Ct values, followed by the manual Qiagen method, followed
by EasyMag. All methods returned linear results over the range of dilutions. DNA

extracted from fresh samples performed better in the /ytA PCRthan DNA extracted from

samples stored at 2-8°C for one month only in the lowest concentrations.

It was notable that the QIAxtractor method uses a 96 well plate and consumables which
are wasted if less than 96 samples are run at atime, which is a problem for extracting

from fresh, rather than batched frozen, samples.
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The fresh whole blood samples from all admissions therefore continued to be extracted
by the manual Qiagen method, within 3 days of sample collection. Blood samples from
patients also enrolled in the PERCH study additionally underwent EasyMag extraction, but
this was from frozen blood samples most of the time as thé EasyMag instrument had

technical problems and had to be replaced.
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Chapter Five

5 Validation of laboratory methods for nasopharyngeal swabs in

viral transport medium

5.1 Introduction

Potential sources of variation in lytA concentration in nasopharyngeal swab samples are
high compared to blood specimens. DNA extraction, possible PCR inhibition and the
volume of posterior nasopharyngeal secretions were considered as sources of variation.

Reproducibility of results was assessed.

5.2 DNA extraction method

For pragmatic reasons, the total nucleic acid (TNA) extracts of the viral transport medium

(VTM) specimens that had been performed in the parent study of respiratory virus

Lint it

transmission® were used for objective two, the study of pneumococcal concentration
before, during and after respiratory virus infection. The method that had been used in the
parent study was the MagNA Pure (Roche, Indianapolis, USA) instrument, an automated
magnetic silica bead extraction method, with the MagNA Pure High Performance Total
Nucleic Acids kit, ® to extract nucleic acids from Copan nasopharyngeal flocked swabs in
an in-house VTM. The VTM had been made from 5g veal infusion broth (BD Difco, USA},
1g bovine albumin fraction V (MP Biomedicals, France), 20mg gentamicin, 400ug
amphotericin in 200ml of sterile distilled water. Reproducibility of pneumococcal DNA
amplification from these samples was assessed for the present project using unneeded

participant samples from the parent study.
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For the study of the performance of fytA qPCR on whole blood, nasopharyngeal
pneumococcal concentration was assessed as part of the Pneumonia Etiology Research
for Child Health (PERCH) project. These nasopharyngeal f’Iocked swabs were collected into
Copan universal transport medium (UTM) (Copan Diagnostics, California, USA) and

extracted using the EasyMag automated extraction instrument (Bio-Merieux, France).

The aim was to ensure both EasyMag and MagNA Pure LC instruments could successfully
extract known quantities of pneumococcus from the transport medium used for

nasopharyngeal swabs that had been collected for viral detection.
5.2.1 Methods

Streptococcus pneumoniae ATCC 49619 was grown on blood agar overnight and a
suspension made in phosphate buffered saline at an optical density of 0.12 (Biowave
colorimeter, Biochrom, UK), estimating a concentration of 10" — 10® cells/mL. 140pL of

pan UTM to make a 1:10 dilution, and a further

\ \; S\

the suspension was added to 1260pL of Co
\:

five 1:10 dilutions f;{ade in UTM, resulting |n six different concentf’a;'tipns labelled Ato F.

These were aliquoted such that duplicates of each concentration underwent EasyMag

extraction and duplicates of each concentration underwent MagNA Pure extraction.

EasyMag extractions were performed from 400puL of spiked UTM into 110uL of eluate,

and MagNA Pure extractions were performed from 200uL of spiked UTM into 60pL of

eluate, to mimic the PERCH and household viral transmission study methods from which

it was expected study samples would be drawn. All nucleic acid extracts underwent lytA

gPCR, as described in section 7.10 of chapter seven.
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5.2.2 Results

Both EasyMag and MagNA Pure were able to extract pneumococcus from UTM to an
estimated concentration of between 10° to 10 cells/mL. The mean IytA Ct values from
the duplicate reactions, and the mean quantity of /ytA detected adjusted for
extraction:eluﬁon ratio, for each extraction method, can be seen in table 5.1 and figure

5.1
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Table 5.1: IytA gPCR results from EasyMag and MagNA Pure extractions of

pneumococcus-spiked Copan universal transport medium samples

Spiked serially Expected EasyMag EasyMag MagnaPure MagnaPure
diluted sample quantity mean Ct mean quantity mean Ct mean quantity
cells/mL
A 10,000,000 23.8 2,041,853 23.7 2,312,376
B 1,000,000 26.8 362,808 27.4 262,896
C 100,000 295 65,438 30.8 33,460
D 10,000 34.1 4,280 34.6 4,121
E 1,000 36.6 968 36.9 878
F 100 374 651
EasyMag

mean quantity

MagnaPure
mean quantity

A B Cc D E F

Serial 1:10 dilutions of pneumococcus-spiked viral transport medium

Figure 5.1: Pneumococcal concentration in spiked Copan transport medium, by /ytA

gPCR after EasyMag and MagNA Pure DNA extraction
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5.2.3 Conclusions

EasyMag and MagNA Pure extraction methods for pneumococcal DNA from UTM were
equivalent within the range of 10’ — 10° cells/mL. Concentrations obtained by either
method were slightly less than the approximate expected concentrations, but colony

counting had not been performed to confirm the expected concentrations.

5.3 The possibility of PCR inhibitors present in nasopharyngeal swab

samples

It is possible that nasopharyngeal swabs in transport medium cdntain PCR inhibitors
inherent to the sample type itself, which cannot be sufficiently tested by spiked samples.
This inhibition can usually be overcome by diluting the sample, which dilutes the
inhibitors. Therefore actual samples from the parent viral transmission study used in
objective two were tested to check for the presence of sample inhibition. If sample

inhibition is present then the diluted.sample should have the same or lower Ct value than

i St N

the undiluted sample, and the amplification curve will be more efficient. It was not
possible to do this for all samples, due to limitations of sample volume, so a subset was

tested.
5.3.1 Methods

Seventeen nucleic acid extracts from the household viral transmission study that were to
be used in the pilot study for objective three were selected as a convenience sample.
These samples underwent /ytA qPCR neat and diluted 1:10 in molecular grade water, as

described in section 7.10 in chapter seven.
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5.3.2 Results

Fifteen of 17 samples were positive for lytA. On dilution, Ct values increased for 14 of 15
samples that were positive for lytA, and one sample became negative. These can be seen

in figure 5.2.

40.0 §

w
e
=)
N~
NN

NN NN SNNS NSNS T =

n CT

© qrh—ino
N
o
o
N~ NN NSNNN==N

f. Ct - diluted 1:10

R N e N NN

NSNS N — NSNS~

2
IE ————
&
>
2
8

AAA/\AAKRQA

Swab number

Figure 5.2: IytA gPCR Ct values of nasopharyngeal swab samples in viral transport

medium tested neat and diluted 1:10

5.3.3 Conclusions

No evidence of lytA qPCR sample inhibition was noted; all Ct values increased except for
one that became negative with dilution. Dilution of all nasopharyngeal swab samples
from the parent viral transmission study before running the lytA gPCR was not
recommended because some samples that were actually positive might have become

negative on dilution.
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5.4 The volume of posterior nasopharyngeal secretions sampled

In attempting to measure the nasopharyngeal pneumococcal concentration using a
nasopharyngeal swab, we are only estimating the true value. In reality all we can measure
is the pneumococcal concentration in a vial of transport medium. During processing of a
nasopharyngeal swab collected into transport medium, the sample is vortexed and then
nucleic acids are extracted from a standard volume of transport medium and eluted into
a standard volume of eluate. The quantitative PCR then measures the concentration of
pneumococcus present in the eluate. This concentration can be multiplied by the ratio of
the eluate to extraction volume, to give the concentratidn of pneumocoécus in the
transport medium, in copies/mL. This concentration would then need to be multiplied by
the dilution factor of nasopharyngeal secretion in the transport medium to get the

concentration of pneumococcus in the nasopharyngeal secretion; this value is not known.

The nasopharyngeal swab can be collected according to a standard method *%® and some
\: R \. . \; \:

groups have taken'a pragmatic approach.of assuming a standard volume of

nasopharyngeal secretion is collected into the transport medium, for example 100uL of

b.® In reality there will be

nasopharyngeal secretion from a nasopharyngeal flocked swa
individual variation in the quality and volume of the specimens, both due to the
collector’s technique and to the study participant’s degree of coryza. If the swab is not
collected from the actual posterior nasopharynx, but from the anterior or mid-nares, the
specimen will not be of adequate quality. If the swab is collected too quickly, it may not
contain an adequate volume. Any of these problems would lead to less posterior
nasopharyngeal secretion volume in the transport medium. If a study participant has
copious coryza, then it is possible the volume put into the transport medium could be

greater than expected.

95



To account for this problem in measuring the pneumococcal concentration in
nasopharyneal secretions, the measurement could be adjusted using a marker of
sampling vériation. One way to achieve this is to measure lytA DNA relative to the
concentration of DNA from human cells. Quantitative PCR for a gene present in human
nasopharyngeal squamous epithelial cells would provide an estimate of the concentration
of human cells present in the sample. Since the nasopharyngeal flocked swab is designed
td collect posterior nasopharyngeal epithelial cells in order to detect cell-associated virus,
this would be a good measure of the adequacy of sample collection. Potential limitations
of this method include amplification competition in a multiplex quantitative PCR, so that
the target of one set of primers is preferentially amplified. Performing the gPCRs in

singleplex would avoid this.

A study carried out by swab manufacturers Copan, on adult volunteers, demonstrated

that the quantity of human beta-actin DNA present in a nasopharyngeal flocked swab

(NPFS) specimen correlated with the quantity of epithelial cells present, counted directly
\ \: \: \;

with immunofluorescent stain.’® Other groups have used other reference genes such as

albumin *® or RNAseP,'®® instead of beta-actin,"® to detect presence of human DNA in a

clinical sample. A multi-copy human gene, alu,**® was recommended on a European

Molecular Biology Laboratory (EMBL) quantitative PCR course

(http://www.embl.de/training/events/2012/MIQ12-01/) for this purpose, because of the

sensitivity of the assay (personal communication, Jim Huggett, LGC, London, UK).

Ideally, the method should be compared against a gold standard. The gold standard
would be a measure of the true pneumococcal concentration on the posterior
nasopharyngeal mucosa, which is difficult to achieve. Instead we hypothesised that

quality of nasopharyngeal sampling would affect the human DNA quantity obtained from
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the sample, so that human DNA concentration would increase as quality of sampling
increases. A secondary hypothesis was that the protein concentration measured
spectrophotometrically should correlate with the human DNA quantity by quantitative

PCR.
5.4.1 Methods

Six adult volunteers were sampled from the nasopharynx three times in succession using
nasopharyngeal flocked swabs in Copan universal transport medium (Copan Diagnostics,
California, USA). The first swab sampled the anterior nares only, the second swab
sampled the mid-nasopharyngeal cavity on the other side, and the third swab sampled
the posterior nasopharynx on the first side of the nose. These swabs were labelled a, b
and c respectively. In the laboratory, each sample was aliquoted for extraction firstly
without any vortexing, then briefly vortexed and aliquoted again, and finally vortexed for
10 seconds before the final aliquot. Each aliquot was labelled x, y and z respec’;ively.
200pl from gach sampling conditioq‘;‘was extracted using the MagNA Pure High  *
Performance Total Nucleic Acid kit (Roche, Indianapolis, USA) and eluted into 100pL.
These nucleic acid extracts were then tested using the alu PCR for human DNA
quantification and the DNA quantity compared to the quality of the nasopharyngeal
sampling. In addition, each aliquot underwent total protein measurement using the

Nanodrop (Thermo Scientific, Delaware, USA) and a bovine serum albumin control

(Biolabs, Maryland, USA).

To choose a human DNA gPCR to account for the potential variability in sampling of the
posterior nasopharynx a beta-actin real-time qPCR (personal communication, Clayton
Onyango, KWTRP) was initially tested and compared with the alu real-time qPCR *° and

the alu PCR was carried on because it gave more efficient amplification curves.
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The alu qPCR method used was as described in section 7.12, chapter seven, except that
for this experiment the quantity of alu detected from each sample in the plate was
multiplied by 100/200 (to account for the extraction:elution ratio) and samples were not
diluted 1:1000. If samples gave inefficient amplification curves they were repeated aftera
1:10 dilution of the nucleic acid extract and if results were similar, omitted from

subsequent analysis.

The DNA concentration as measured by alu qPCR underwent natural log transformation
and the difference between the highest quality swab (deepest swab with longest vortex
time) and the lowest quality swab (anterior nasal swab with no vortex) was calculated for
each participant. A one-sample t-test was used to compare the mean difference in natural
log DNA concentration to zero for the change in swab quality. Spearman’s correlation was
applied to the human DNA concentration by alu gPCR and the total protein concentration

of the sample.
5.4.2' Results ¥ v ' S

The DNA concentration as measured by alu qPCR increased as swab quality improved, for
all six participants. This can be seen in figure 5.3. The mean change in DNA concentration
from the lowest to highest quality nasopharyngeal swab collection was a 35-fold increase
(95% confidence interval 7-183 fold increase), p=0.003. Figure 5.4 shows Spearman’s
correlation co-efficient between DNA concentration as measured by alu qPCR and the

total protein concentration of the sample.
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Individuals

Human DNA concentration ng/jiL

Swabs

a = swab in anterior nares only
b = swab in mid nasopharynx
c = swab in posterior nasopharynx

x = no vortexing before DNA extraction

y = briefvortex before DNA extraction
z = prolonged vortex before DNA extraction

Figure 5.3: Human DNA concentration by alu qPCR as swab quality increases among

adult volunteers
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Figure 5.4: Correlation between human DNA concentration by alu qPCR and protein
concentration measured by Nanodrop spectrophotometer, by time spent vortexing

before DNA extraction. A: no vortexing. B: brief vortex. C: prolonged vortex.

5.4.3 Conclusions

The quantity of DNA in the nasopharyngeal swab sample in transport medium as
measured by alu qPCR, did increase with the quality of sample collection as hypothesised.
The alu qPCR measurement correlated better with the total protein concentration in the
vortexed samples than the non-vortexed samples. The alu qPCR measurement is likely to
be a reasonable measure of the nasopharyngeal sample present in the transport medium
with which to adjust the pneumococcal concentration to allow for sampling variability. A
limitation of this experiment is that none of the adult volunteers had purulent nasal

secretions, which might be expected to impact on resu
\ \ \

Its of the alu qPCR in real
. \:

conditions when studying children.

Further method validation was planned for alu qPCR before use in the main study
objectives; to improve PCR efficiency by removing potential PCR inhibitors by diluting the

samples before performing alu gPCR, and to assess the reproducibility of alu qPCR.

5.4.4 Testing sample dilution for alu qPCR

The aim was to select the best sample dilution ratio for alu gPCR.
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5.4.4.1 Methods
5.4.4.1.1 Experiment One: 1:10 vs. 1:100 dilutions

Thirty-two nasopharyngeal swab samples from the respiratory viral transmission parent
study for objective two of this thesis that had been extracted by MagNA Pure with the
High Performance Total Nucleic Acid kit (Roche, Indianapolis, USA) from 200uL of sample
into 60ul of eluate were used. A new buffy coat extract was made (details can be found
in section 7.6.4 of chapter seven) and the DNA concentration measured using Nanodrop,
to get a higher concentration of total human DNA in the standards, with seven 1:10 serial
dilutions from 16.1ng/pL. The 32 samples were each run at a 1:10 and a 1:100 dilution, by
diluting the nucleic acid extracts in molecular grade water. al/u PCR primers were as
previously described in section 7.12, chapter seven, but were used in a mastermix of
0.75ul forward primer, 0.75uL of reverse primer, 6.25uL of SYBR green (Applied
Biosytems, Life Technologies, California, USA), 2.25uL of molecular grade water and 2.5uL
bf template DNA per rejgction. Quantitative st;‘i‘pdards were runin trip,lri‘cate as were
negative template controls and a negative extraction control. Cycling conditions were as
described in the section 7.12, chapter seven. Quantitative results were adjusted for

dilution factor and for the extraction ratio.
5.4.4.1.2 Experiment Two: 1:100 vs. 1:1000 dilutions

Twenty unneeded nasopharyngeal swab samples in VTM from the parent respiratory viral
transmission study used objective two were extracted by MagNA Pure with the High
Performance Total N ucléic Acid kit (Roche, Indianapolis, USA) from 200pL of sample into
60pL of eluate. There was insufficient sample volume to use the same samples as in

experiment one. The standards and controls were as in experiment one above. The 20
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samples were run at a 1:100 and a 1:1000 dilution, by diluting the nucleic acid extracts in

molecular grade water. alu gPCR was carried out as for experiment one above.
5.4.4.2 Results
5.4.4.2.1 Experiment One: 1:10 vs. 1:100 dilutions

For each pair of results the Ct value was either the same, was shifted to the right as
expected for a 1:10 dilution factor (a 1:10 dilution factor should shift a Ct value
approximately three cycles to the right), or the Ct value was shifted to the left with an

improvement in the efficiency of the amplification curve.
5.4.4.2.2 Experiment Two: 1:100 vs. 1:1000 dilutions

All except one sample (which was unchanged) had a shift in Ct value to the right, with a

mean shift of 2.25 cycles.

Figure 5.5 shows the graphs of the Ct values and the DNA concentration for each pair of

results comparing 1:10 to 1:100 and 1:100 to 1:1000 dilutions.
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C alu gPCR Ct values for swabs diluted 1:100 and 1:1000

30i
Swab numberand dilution factor
White bars = 1:100 dilution
Black bars = 1:1000 dilution
D Human DNA concentration by alu g°PCR
1000-1
a 100
CcT
D

Swab number and dilution factor

\Miite bars = 1:100 dilution
Black bars = 1:1000 dilution

Figure 5.5: Comparing Ct values and human DNA concentration by alu gPCR from DNA
extracted from nasopharyngeal swab samples after 1:10,1:100 and 1:1000 dilutions. A:
alu qPCR Ct values for 1:10 compared to 1:100 dilutions. B: Human DNA concentration
obtained for 1:10 compared to 1:100 dilutions. C: alu gPCR Ct values for 1:100 compared

to 1:1000 dilutions. D: Human DNA concentration obtained for 1:100 compared to 1:1000
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dilutions. Swabs in Experiment 2 (C and D} are different than those in Experiment 1 (A and

B) due to sample volume limitations.

5.4.4.3 Conclusions

For all samples at least a 1:100 dilution is recommended but for some samples a 1:1000
dilution is needed. This improves the efficiency of the PCR by diluting out sample
inhibitors and by not overwhelming the reaction with template. Because the alu target is
found thousands of times in the human genome, this does not result in samples
becoming negative and means that the alu PCR is likely to be very sensitive to even very

small amounts of human specimen being present in sample transport medium.

5.4.5 Reproducibility of JytA gPCR and alu qPCR
v \ \ \.

L . it Sl R

Before commencing work on objective two the reproducibility of lytA and alu gPCRs on

nasopharyngeal swab samples was assessed.
5.4.5.1 Methods

The same 20 unneeded samples from the parent study of respiratory virus transmission
as in experiment two of section 5.4.4.1.2 above were used, extracted on three different
days by three different laboratory technologists, using the MagNA Pure LC instrument

with the High Performance Total Nucleic Acid kit (Roche, Indianapolis, USA). This was to

ensure the replicates would be true extraction replicates, and not just PCR replicates.
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5.4.5.1.1 Experiment Three:

The samples were diluted 1:1000 in a two-step procedure and the alu qPCR run as per the
method outlined in section 5.4.4.1.1 above. The replicate sets were labelled A, B and C,
and each set was run on a separate plate, with separate mastermix, a separate serial
dilution of the standard and on a separate ABI-7500 real-time PCR cycler. In addition, the
IytA qPCR was run on each replicate set, also with separate plates, mastermix, standard
dilution and cycler. The lytA qPCR method was as outlined in section 7.10 in chapter

seven.
5.4.5.1.2 Experiment Four:

In an effort to reduce variation introduced by the alu qPCR step, the alu gPCR method
was modified slightly from experiment three above, in that the 1:1000 dilutions were
performed in a single step and the reaction mix volume was doubled. The lytA qPCR was

not repeated.
. \; \; Y
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5.4.5.2 Results

The IytA Ct values and pneumococcal concentration detected in the three replicates, and
the mean and standard deviation of the Ct values and of the log transformed

concentrations of the nasopharyngeal samples can be seen in figure 5.6.
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Figure 5.6: Reproducibility of lytA gPCR. Three extraction replicates of nasopharyngeal
flocked swabs in viral transport medium. Experiment 3. A: lytA gPCR Ct values. B: IytA
concentration in copies/mL. C. Mean and standard deviation of /ytA Ct values. D: Mean

and standard deviation of logio lytA concentration in log copies/mL

The olu Ct values, DNA concentration measured by alu gqPCR, mean and standard
deviation of log transformed human DNA concentration, IytA copies/pg human DNA and
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mean and standard deviation of log transformed lytA copies/pg human DNA, for

experiments three and four, can be seen in figure 5.7.
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Mean and standard deviation of alu gPCR Ct values
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Figure 5.7: Reproducibility of alu gPCR for human DNA quantification in experiment
three. Three extraction replicates of nasopharyngeal flocked swabs in viral transport
medium. Experiment 3. A: alu qPCR Ct values. B: Human DNA concentration. C. Mean and
standard deviation of alu Ct values. D. Mean and standard deviation of natural log human

DNA concentration.
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Figure 5.8: Reproducibility of alu qPCR for human DNA quantification in experiment
four. Three extraction replicates of nasopharyngeal flocked swabs in viral transport
medium. Experiment 4. A: alu gPCR Ct values. B: Human DNA concentration. C: Mean and

standard deviation of natural log human DNA concentration.

The mean intra-swab standard deviation of natural log transformed human DNA
concentration by alu qPCR in experiment three was 1.41ng/pL, and in experiment four
was 1.48ng/uL. This compares with the inter-swab standard deviation in natural log
human DNA concentration of 1.96ng/uL, 2.02ng/ulL and 1.87ﬁg/uL for each set of

replicates respectively.

The mean intra-swab standard deviation of natural log transformed pneumococcal
concentration in lytA copies/ug human DNA was 1.25 copies/pg in experiment three and

1.14 copies/pg in experiment four. The inter-swab standard deviation in pneumococcal
\ v \ \:

St

concentration |n natural log IytA copie§/ug human DNA was 2:’,0 copies/pg, 2.63
copies/pg and 2.35 copies/pg for each set of replicates respectively, in experiment four.
The mean natural log pneumococcal concentration per pg of human DNA for each set of

replicates was 14.93 copies/pg, 12.60 copies/pg and 12.99 copies/pg.

The standard curves for lytA gPCR from these reproducibility experiments are shown in
chapter three, figure 3.6. For alu qPCR the standard curves from the reproducibility

experiments are shown in figure 5.9.
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A Five individual standard curves from alu qPCR
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Figure 5.9: Variability in five standard curves from alu qPCR reproducibility
experiments. A: Individual standard curves. B: Mean and standard deviation of Ct values

for five alu qPCR standard curves.
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The IytA gqPCR standard curves from objective two, the study of pneumococcal
concentration during episodes of viral upper respiratory tract infection, have been been
shown in chapter three, figure 3.7. The alu qPCR standard curves from objective two can

be seen in figure 5.10.
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A Standard curves from 12 olu gPCR runs
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Figure 5.10: Standard curves for alu gqPCR from nasopharyngeal swabs in viral transport

medium from objective two. A: Standard curves from 12 olu gPCR runs. B: Mean and

standard deviation of Ct values from 12 olu gPCR runs.
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5.4.5.3 Conclusions

Pneumococcus is reproducibly detected by IytA qPCR from nasopharyngeal flocked swabs
in VTM extracted by MagnaPure. Human DNA concentration by alu gPCR is more variable
than pneumococcal concentration, and as this variatidn did not appear to come from the
quantification standards it probably came from the dilution step, which had been shown
to be necessary. Pneumococcal concentration adjusted for human DNA concentration

had reasonable reproducibility, considering extraction replicates.
5.4.5.4 Next steps in human DNA quantification

Since the alu gPCR was not as reproducible as the single target copy IytA PCR, it was
decided to try two other human DNA targets, with the alu qPCR to fall back on.
Accordingly, a keratin gene target qPCR and an SFTPC (human surfactant protein C, NCBI
accession number U02948) gene target qPCR were set up. The keratin gene target came
fror\n an NCBI BLAST search\and primer BLAST was ?sed to design the prim\grs as well as
theﬂi’nfold website ! to ch/é‘ck the amplicon foldingstructure. For the SFfi;C qPCR, the
primers came from a published paper,'*® and the mastermix recipe and cycling conditions
were adapted for locally available reagents and instruments. Both PCRs were successful,
but the SFTPC PCR was pursued because it was working first. The SFTPC gPCR was
demonstrated to be more reproducible than the alu qPCR and worked for
nasopharyngeal samples in VTM and in STGG transport media. Unfortunately, when
initially used for participant samples in the pilot study for objective two, from the
household study of viral transmission, a half of the samples were completely negative for

the SFTPC gPCR, presumably because the SFTPC gPCR is not as sensitive to low levels of

human DNA as the multi-copy target alu qPCR is able to be. This line of work was
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therefore dropped and the alu qPCR was used for human DNA quantification for the

remainder of the project.

It was decided a priori, to examine objective two, nasopharyngeal pneumococcal
concentration before, during and after viral URTI, both with and without adjustment for
human DNA concentration by alu qPCR. Discussion of the effect of the alu qPCR

adjustment can be found in chapters nine and twelve.
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Chapter Six

6 Validation of laboratory methods for nasopharyngeal swab

specimens in STGG

6.1 Introduction

Skim-milk-Tryptone-Glucose-Glycerol (STGG) is the WHO-recommended transport
medium for bacterial culture of nasopharyngeal swabs for pneumococcal carriage.’® This

sample type was used in objectives one and three.

Sources of variation considered include the DNA extraction method, time during

168) ‘and the volume of

transport from the field (following the 2003 WHO guidelines
posterior nasopharyngeal secretions in the specimen. The serotype of pneumococcus was
also considered as a potential source of variation, but it was beyond the scope of this

. . A . v . \
mvestlgatlonzto examine. i i i

6.2 The DNA extraction method

Potential DNA extraction methods were compared, using spiked samples and several
different available extraction kits, as part of an intern’s project, under the author’s
supervision. Manual methods rather than automated methods were considered, since we
were not looking for a high-throughput method. The first objective was to choose the

most appropriate kit for DNA extraction.
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6.2.1 Methods

A suspension of the type strain of S. pneumoniae, ATCC 49619 was made in normal saline
and adjusted to approximately 10° CFU/mL using a nephelometer (TREK Diagnostic
Systems, Thermo Scientific, USA). STGG was then spiked with this pneumococcal
suspension, to three different concentrations (107, 10* and 10? CFU/mL) to mimic patient
specimens. Both colony counts and DNA extraction were performed on aliquots of the
spiked specimens. Colony counting was performed by serial 1:5 dilution of the starting
suspension (the simulated patient sample) with sterile STGG, then from each expected
countable concentration dispensing in duplicate 100uL onto a pre-warmed 5% horse
blood agar plate and spreading it using a wide-mouthed sterile wire loop, allowing the
plate to absorb the suspension, then turning it upside down and placing in a 5% CO2
incubator at 35°C for 18-24 hours. Colony counting was performed manually the following
day from all countable plates and a mean concentration for the starting suspension

calculated.
\;. \; \: \.
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DNA extraction was performed from 1mL aliquots of the starting suspension using four
different extraction kits (ZR Fungal/Bacterial DNA Miniprep, Zymo, California, USA; Quick-
gDNA Miniprep, Zymo, California, USA; Agilent gDNA kit, Agilent, California, USA; QlAamp
DNA minikit, Qiagen, Germany) according to the manufacturer’s instructions, prior to lytA
gPCR. The experiment was repeated once for the gDNA Zymo kit and twice for the Qiagen
kit, to check fér reproducibility (one repeat sample was spiked at 10° cells/mL instead of
10’ cells/mL). The lytA QPCR method can be seen in section 7.10 of chapter seven, and
was performed according to lytA qPCR method for nasopharyngeal swab specimens, but
with standards made from DNA extracted from S. pneumoniae ATCC 49619, measured

against /ytA plasmid standards (Fast-Track Diagnostics, Luxembourg).
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6.2.2 Results

The pneumococcal concentrations by colony counting and the pneumococcal
concentrations by quantitative PCR, for each concentration and extraction method

studied, can be seen in table 6.1.

Table 6.1: Pneumococcal concentration from four different DNA extraction kits over a
range of expected concentrations, by lytA qPCR and by colony-counting, from '

pneumococcus-spiked STGG. STGG = skim-milk tryptone glucose glycerol

Extraction method and PCR quantity
expected concentration in IytA Colz?ny count
spiked STGG, cells/mL copies/mL quantity CFU/mL
Qiagen mini 10e6 133,080 1,562,500
Qiagen mini 10e4 2,606 1,562
Qiagen mini 10e2 89 16
Qiagen mini 10e7 2,975,580 11,718,750
Qiagen mini 10e4 5,236 11,719 .
Qiagen mini 10e2 53 117
Qiagen mini 10e7 1,556,000 38,650,000
Qiagen mini 10e4 2,480 38,650
\:Qiagen mini 10e2 N 32 v 387
-“Bact/Fung Zymo 10e7 A 44,900 60,000,000
Bact/Fung Zymo 10e4 71 60,000
Bact/Fung Zymo 10e2 negative 600
Agilent 10e7 343,333 3,030,000
Agilent 10e4 353 3,030
Agilent 10e2 18 30
gDNA Zymo 10e7 222,500 5,450,000
gDNA Zymo 10e4 515 5,450
gDNA Zymo 10e2 negative 55
gDNA Zymo 10e7 157,750 65,450,000
gDNA Zymo 10e4 272 65,450
gDNA Zymo 10e2 negative 655



6.2.3 Conclusions:

The Zymo kits (Zymo, California, USA) failed to extract pneumococcal DNA at the lowest
concentrations, and the most consistent results were obtained for the QlAamp DNA mini

kit extractions (Qiagen, Germany).

6.3 Time during transport of specimen after collection

The length of time a nasopharyneal swab in STGG spent traveling back from the field after
collection, before reaching the laboratory for culture or DNA extraction, might affect
quantitative results. Different serotypes of pneumococcus might have different survival
characteristics in the nasopharyngeal swab STGG transport medium. We aimed to detect
loss of viability of pneumococcus in STGG transport media over eight hours and loss of
detectable pneumococci in STGG transport media by qPCR over eight hours. Although not
v \ \: \

powered to detect individual differences by serotype, each of the serotypes present in

the 10-valent pneumococcal conjugate vaccine was included.
6.3.1 Methods:

A QC Type Strain, S. pneumoniae ATCC 49619, and 30 clinical pneumococcal isolates,
three of each PCV-10 serotype (i.e. 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F) were spiked into
vials of STGG at five concentrations (10°-10 cells/mL) to mimic nasopharyngeal swab
inoculation. A nephelometer (TREK Diagnostic Systems, Thermo Scientific, USA) was used
to measure the density of the pneumococcal suspensions prior to spiking, at 0.5
McFarland. Spiked STGG was held in a cool-box with an ice-pack in a tropical climate for

eight hours, to mimic specimen transport from the field, as per the WHO
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recommendations.® Aliquots were taken from each vial at 0, 2, 4, 6 and 8 hours for
culture, and for DNA extraction (QiaAmp DNA minikit, Qiagen, Germany) for qPCR.
Cultures were performed on 100uL of 1:5 serial dilutions in STGG of each aliquot in
duplicate on 5% horse blood agar in 5% CO, at 35°C for 18-24 hours, and the mean colony
count from all countable plates was taken for analysis. DNA extraction was performed
from 1mL aliquots from each vial, otherwise according to the description of DNA
extraction using the QlAamp manual method, from nasopharyngeal swabs in STGG, in

section 7.6.2 in chapter seven.

IytA qPCR was performed as described in IytA gPCR for nasopharyngeal swab specimens
in section 7.10 in chapter seven, except for the final extraction:elution ratio adjustment,
and with in-house standards. Standards for lytA qPCR were made by extracting DNA
(QiaAmp DNA minikit, Qiagen, Germany) from a dense suspension of pneumococcus,
performing colony counting on the original suspension and making a 1:10 serial dilution
of the extracted DNA in molecular grade water. Subsequently, the standards were

v \; v \;
calibrated agains"f ycommercially available 7ytA plasmid standardéh(Fast-Track Diagnosticé:’
Luxembourg). Data points with <1000 copies/mL by gPCR were dropped from the analysis
as this was considered to be below the limit of linearity for the qPCR. Linear regression of
logio-transformed mean counts at two hour intervals in CFU/mL from culture and
copies/mL from gPCR was performed to look for trends over time. A Wilcoxon signed-

rank test was used to assess concentration by the culture method in CFU/mL compared to

gPCR in copies/mL.
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6.3.2 Results

The mean log;p concentration of 10 serotypes of pneumococcus recovered from STGG by
culture and colony counting in CFU/mL and by IytA qPCR in genome-copies/mL over eight

hours under swab transport conditions can be seen in figure 6.1.
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Mean log10concentration in genome- Mean logiOconcentration in CFU/mL by
copies/mL by PCR colony counting
(95% confidence intervals) (95% confidence intervals)

Figure 6.1: Mean logio concentration of pneumococcus recovered from STGG by culture
and colony counting in CFU/mL and by /ytA gPCR in genome-copies/mL, over 8 hours

under swab transport conditions, by serotype. Time on the x-axes is in hours.

The overall mean log concentration of pneumococcus recovered from STGG by culture
and colony counting in CFU/mL and by lytA gPCR in genome-copies/mL, over eight hours

under swab transport conditions, can be seen in figure 6.2.

Pneumococcal quantity in STGG over time
in genome-copies/mL and in CFU/mL
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[=]
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Time (hours)
-~— mean log per 4--------- 1 95% confidence
* mean log cfu intervals

Figure 6.2: Mean logio concentration of total pneumococcus recovered from STGG by
culture and colony counting in CFU/mL and by lytA qPCR in genome-copies/mL, over 8

hours under swab transport conditions.
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6.3.3 Conclusions

Over eight hours there was no demonstrable loss in detection of pneumococcus from

STGG by either colony counting or by quantitative /ytA PCR over ten invasive serotypes.
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6.4 The volume of nasopharyngeal secretions in the STGG specimen

Following on from the work on human DNA quantification from the nasopharyngeal swab
in viral transport medium, the same principles were considered for nasopharyngeal swabs
in STGG. The mean and standard deviation of Ct values for standards in olu gPCR over ten

runs performed on different days can be seen in figure 6.3.

A Ct values from olu gPCR standard curves

30-1
2013 10_11
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B Mean and standard deviation of Ct values from olu qPCR standard curves
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Figure 6.3: Standard curves for alu gPCR from nasopharyngeal swabs in STGG. A: Ct
values for standard curves from 10 individual runs of o/lu g°PCR. B: Mean and standard

deviation of Ct values for standard curves from 10 individual runs of o/lu qPCR.
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The specimen quality, sample dilution and reproducibility experiments described in
chapter five were considered sufficient and not repeated for nasopharyngeal swabs in

STGG.

It was decided a priori, to examine objectives one and three, the study of nasopharyngeal
pneumococcal concentration in pneumonia and in health and the study of pneumococcal
concentration after PCV-10 vaccination, using nasopharyngeal swabs in STGG, both with
and without adjustment for human DNA concentration by alu qPCR. Discussion of the
effects of alu qPCR on results and conclusions from objectives one and three, can be

found in chapters eight, ten and twelve.
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Chapter Seven

7 General Laboratory Methods

7.1 Pneumococcal culture

From stored frozen pure isolates: Streptococcus pneumoniae was cultured on 5% horse

blood agar for 16-24 hours in 5% CO; at 35-37°C.

From nasopharyngeal swabs in STGG by the WHO standard method:*®® STGG was
vortexed at 2500rpm for 20 seconds. 10pL of sample was aspirated with a pipette and
dispensed onto half a 5% horse blood agar with 2.5ug/mL gentamicin plate and streaked
with a sterile wire loop. Plates were incubated for 18-24 hours in 5% CO, at 35-37°C.
Suspected pneumococcal colonies were subcultured to a 5% horse blood agar plate with
an optochin disk and incubated for 18-24 hours in 5% CO, at 35-37°C. Isolates with a zone

of inhibition of 214mm to optochin were considered to be S, pneumoniae. Isolates with a

L Lt Lt

zone of inhibition of 9-13mm to optochin underwent a bile solubility test and were

considered to be S. pneumoniae if they were bile soluble.

From nasopharyngeal swabs in STGG by the broth enrichment method:'®® STGG was
thawed and vortexed for 10-20 seconds. 200pL of STGG was transferred into 5mL of Todd
Hewitt broth (Becton Dickinson, MD, USA) supplemented with 5Smg/mL yeast extract
(Becton Dickinson, MD, USA) and 1mL rabbit serum (TCS Biosciences, Buckingham, UK).
The inoculated broth was vortexed and incubated at 35-37°C for 4 hours in 5% CO,. The
broth was again vortexed and 10puL inoculated onto 5% horse bloéd agar plates with
2.5ug/mL gentamicin. Plates were incubated for 18-24 hours in 5% CO, at 35-37°C. S.

pneumoniae was identified as above.
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Isolates of S. pneumoniae were serotyped by latex agglutination and the quellung

reaction, with conventional multiplex PCR ‘serotyping’ used as an internal quality control.
7.2 Colony counting

Starting suspensions for colony counting were always harvested from fresh overnight
growth of bacteria on 5% horse blood agar at 35-37°C in 5% CO,. Colony counting was
performed by serial 1:5 dilution of the starting suspension in either sterile normal saline,
phosphate-buffered saliné or sterile STGG, up to nine times, labelling tubes A-I.
Depending on the McFarland standard of the starting suspension, assuming that 0.5

McFarland is 1.5 x 10® cells/mL (http://www.pro-lab.com/inserts/McFarland.pdf), the

expected countable concentrations of 30-300 cells per 100uL were calculated. From
dilutions E-1 100uL was dispensed in duplicate onto pre-warmed 5% horse blood agar
plates and spread using a wide-mouthed sterile, cooled wire loop. The agar plates were
allowed to absorb the sUspension before inversion and placement in a 5% CO; incubator
at 35-37°C for 16-2213 hours. Colony countiné'was then performed n\ianually from all
countable plates and a mean concentration for the starting suspension calculated in

CFU/mL.

7.3 Serum antibiotic bioassay

20pL of serum was dispensed onto a blank 6mm filter paper disk that had been placed on
a Mueller-Hinton agar plate streaked evenly with a lawn of Staphylococcus aureus ATCC
25923 at 0.5 McFarland, and incubated for 18-24 hours at 35-37°C with the agar side up.
Any zone of inhibition was considered a positive result and indicative of the presence of

antibiotics in the subject’s serum.

132


http://www.pro-lab.com/inserts/McFarland.pdf

7.4 DNA extraction using MagNA Pure

Whole blood in EDTA tubes was stored at 2-8°C for up to a week before DNA extraction.
Whole blood samples were extracted using the MagNA Pure LC instrument (Roche,
Indianapolis, USA) with the MagNA Pure LC DNA Isolation kit lll according to the
manufacturer’s instructions. DNA was eluted from 200uL of whole EDTA blood into 100uL
of elution buffer. The MagNA pure LC DNA isolation Kit Ill is optimised for extraction of
bacterial and fungal DNA. It lyses bacterial cells with lysis buffer and proteinase K, and
purifies DNA based on magnetic bead technology. DNA binds to the silica surface of the
magnetic beads in the chaotropic salt conditions of the high ionic strength binding buffer.
A negative extraction control (molecular grade water) and a positive extraction control
(supernatant from a BACTEC blood culture bottle positive for Streptococcus pneumoniae
added to whole EDTA blood) were included in each run. Up to 32 samples, including

controls, could be run at a time.

Ao \.
7.5 DNA extraction using QlAxtractor

Whole blood EDTA samples underwent extraction of DNA from 200uL of sample in the
QlAxtractor (Qiagen, Germany) automated instrument using the QlAxtractor DX kit for
DNA (reference number 950107 for DX reagents and 950037 for DX plasticware) and Q
Protocol ‘OXT Liquid DNA’, accordihg to the manUfacturer's instructions. The QlAxtractor
DNA procedure uses the specific binding of nucleic acids to silica membranes using the
bind, wash, and elute steps similar to the manual QiaAmp chemistry, but is a vacuum
system rather than a centrifugation-based system. After nucleic acids in lysates bind to
the membrane, contaminants are washed away and purified nucleic acids are

subsequently eluted from the membrane. A negative extraction control (molecular grade

133



water) was included in each run. Up to 96 samples, including controls, could be included

in each run.

7.6 DNA extraction using the QlAamp manual method

7.6.1 From whole blood samples

Whole blood in EDTA tubes was stored at 2-8°C for up to 72 hours before DNA extraction.
DNA was extracted from 200pL of whole blood EDTA using the QlAamp DNA blood minikit
(Qiagen, Germany) according to the manufacturer’s instructions in the QlAamp DNA
blood mini kit handbook. Working surfaces and pipettes were cleaned with DNA-off and
70% ethanol. Any sample that was less than 200uL was noted so as to adjust the
extraction:elution ratio later when calculating the original DNA concéntration from the
quantity obtained by gPCR. 200pL of buffer AL was placed into labelled 1.5mL eppendorf
tubes and 200uL of whole blood sample added to each tube, with negative controls
(moleculgr grade water) at the e{]d. 20pL of proteinase Iswas added to the AL-b\!:ood
mixture ;r;d vortexed to mix. Sa;ples were then incubaééd in a heating block or water
bath at 56°C for 10 minutes. 200uL of ethanol was added to each tube, then vortexed and
briefly spun in a microfuge to remove droplets from the lid. Thé total solution was then
carefully transferred using a pipette onto a QlAamp Mini spin column in a collecting tube,
avoiding wetting the rim. These were centrifuged at 6000 xg (8000 RPM) for 1 minute at
room temperature. Columns were removed and placed in a fresh collecting tube and the
filtrate discarded. 500uL of buffer AW1 was added to each column and centrifuged‘ at
10,000 x g (13,000 RPM) for 1 minute at room temperature. Again the column was
removed to a fresh collection tube and the filtrate discarded. 500uL of buffer AW;was

then added to the column, centrifuged at 10,000 xg (13,000 RPM) for 3 minutes at room

temperature, the column removed to a fresh collection tube and the filtrate discarded.
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An additional dry spin at 10,000 xg (13,000 RPM) was then performed for 30 seconds.
Carefully the column was transferred into a labelled sterile eppendorf tube with the cap
removed and the collection tube discarded. 100uL of buffer AE was added onto the
column membrane and incubated for 5 minutes at room temperature before
centrifugation at 6000 xg (8000 rpm) for 1 minute. The columns were then discarded and
the eluted DNA immediately transferred to screw-capped Apex tubes for storage at -80°C.

Working surfaces and pipettes were cleaned with DNA-off and 70% ethanol after use.
7.6.2 From nasopharyngeal swabs in STGG

Nasopharyngeal swabs in STGG transport medium {NP-STGG) were stored at -80°C and
thawed on ice for DNA extraction. DNA was extracted from 200pL of STGG using the
QlAamp DNA minikit (Qiagen, Germany). Before beginning, the working surfaces, racks
and pipettes were cleaned using DNA-off and 70% ethanol. The thawed STGG tubes were
vortexed for 20 seconds for proper mixing and immediately 200ul of STGG was pipetted
into a 1.5mL microtentrifuge tube. STGG aliquots were centrifuged for 10 minutesat
5000 xg (7500 rpm). Using a fine tipped pastette, the supernatant was carefully aspirated,
without touching the pellets, and discarded. 180uL of Buffer ATL was added to the pellets
and then 20pL of proteinase K. This was then vortexed until the pellet dislodged from the
bottom of the microcentrifuge tube. Samples were placed in the thermomixer at 56°C for
1 hour while shaking at 1000 rpm, or were vortexed 3 times during 1 hour in a heat block
at 56°C if the shaking thermomixer was not available. After a brief centrifugation to
remove condensate from the lids, 200pL of Buffer AL was added and the sample pulse
vortexed 30 times. Samples were incubated at 70°C for 10 minutes, and briefly

centrifuged again. 200pL of 100% ethanol was added to each sample, pulse vortexed, and

briefly centrifuged. Using a pipette with 1000pL barrier tips, the mixture was transferred
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to a QlAamp Mini spin column in a collecting tube without wetting the rim. This was
centrifuged at 6000 xg (8000 rpm) for 1 minute, the spin column placed in a new
collection tube and the tube containing the filtrate discarded. 500puL of Buffer AW1 was
added to each sample, centrifuged at 6000 xg (8000 rpm) for 1 minute, the spin column
placed in a new collection tube and the tube containing the filtrate discarded. 500puL of
buffer AW2 was added to each sample, centrifuged at 20,000 xg (14,000 rpm) for 3
minutes, the spin column placed in a sterile 1.5mL microcentrifuge tube with the cap
‘removed and the collection tube containing the filtrate discarded. 60pL of Buffer AE was
added to each safnple and incubated at room temperature for 1 minute before
centrifugation at 6000 xg for 1 minute. Eluates in the microcentrifuge tube were
transferred to screw-capped 0.5mL Apex tubes labelled with barcode cryolabels using the
extract identification number (unique identification for that extraction, as samples could

be extracted more than once). Extracted DNA was stored at -80°C.

7.6.3 From bacterial suspensions for pneumococcal microarray
v \ - \
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NP-STGG samples were vortexed for 10-20 seconds and 1:10 and 1:100 dilutions were
made in brain heart infusion broth (Oxoid, UK). 50pL of neat STGG suspension, the 1:10
and 1:100 dilutions were pipetted onto individual COBA media plates (streptococcal
selective agar, Oxoid, UK) and spread evenly over the agar surface using sterile L-shaped
plastic spreaders. Plates were incubated overnight at 37°C in 5% CO,. The plate with the
best high-density of distinct colony growth was selected for processing, and the
approximate number of alpha-haemolytic colonies recorded. One mL of sterile
phosphate-buffered saline (PBS) was added to the plate and the surface of the agar
scraped gently using a sterile L-shaped plastic spreader, to make a suspension of all the

colonies present. A ImL pipette was used to transfer the resulting suspension to a 1.5mL
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eppendorf tube. The suspension was centrifuged at 13,000 rpm for 5 minutes to pellet
the bacteria. A lysozyme solution in lysis buffer for pre-extraction lysis was freshly
prepared on each day of use. This consisted of 2190puL of H,0, 50uL of 1M Tris-HCI, 10uL
of 500mM EDTA and 250pL of Triton, for a total of 2.5mL of lysis buffer. Lysozyme (Sigma-
Aldrich, Switzerland) was then dissolved into the lysis buffer at a concentration of
20mg/mL. 180uL of lysozyme solution was added to each bacterial pellet and it was
incubated at 37°C for 60 minutes. Following this pre-extraction lysis, the QlAamp DNA
mini kit (Qiagen, Germany, catalogue number 51304) was used according to the
manufacturer’s insfructions. 20uL of proteinase K and 200pL of Buffer AL was added to
each sample, which was then mixed by vortexing and incubated at 56°C for 60 minutes.
Four pL of 100mg/mL RNase A was added to each sample, mixed by vortexing, incubated
at room temperature for 5 minutes and briefly centrifuged. Samples were then incubated
at 70°C for 10 minutes and briefly centrifuged again. 200pL of ethanol was added to each,
mixed by vortexing and briefly centrifuged. The entire sample was then transferred to a
QlAamp spinﬁkﬁ:}olumn in a collection t‘l:j")be, without wetting thg'rim, and centrifuged zﬁ
8000 rpm for 1 minute. The filtrate was discarded and the spin column placed in a clean
collection tube. 500pL of buffer AW1 was added to the spin column and it was
centrifuged at 8000 rpm for 1 minute. Again the filtrate was discarded and the spin
column placed in a clean collection tube. 500pL of buffer AW2 was added to each to spin
column and centrifuged at 13,000 rpm for 3 minutes. The filtrate was discarded and the
spin column placed in a clean 1.5mL eppendorf tube. This was centrifuged at 13,000 rpm
for 1 minute to remove any residual ethanol. The spin column was placed in a clean
1.5mL eppendorf tube. 100uL of molecular grade H,0 was pipetted on to the spin column
membrane and allowed to stand for 1 minute at room temperature. This 100uL elution

volume was reduced for plates with low colony counts, down as far as 20pL for samples
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with <10 alpha-haemolytic cblonies. Elution was performed by centrifugation at 13,000
rpm for 1 minute. The eluate containing extracted bacterial DNA was stored at 2-8°C for
up to 24 hours until the DNA concentration could be measured using the Qubit
Fluorometer (Life Diagnostics, California, USA) with the Qubit dsDNA high-sensitivity

assay kit (catalogue number Q32851) and then stored at -80°C until use.

7.6.4 Buffy coat preparation for genomic DNA standards using the QlAamp DNA blood

mini kit

Two vials of 10mL each of whole blood collected in EDTA were spun at 2500xg for 10
minutes at room temperature. Using a sterile Pasteur pipette, the buffy coat was
collected from the middle layer of blood between the clear fraction and the erythrocytes
from each tube and transferred into a clean 1.5mL eppendorf tube, obtaining
approximately 1600pL of buffy coat. Twenty pL of proteinase K and 200pL of buffy coat
extract were placed in each of eight sterile eppendorf tubes. Four uL of RNAse A was
added to each tube and vortexed to mix before incubation at 56°C for 10 minutes; Tubes
were briefly centrifuged and then 200pL of ethanol added to each. Again tubes were
vortexed to mix and centrifuged before opening. The contents of each tube were
carefully transferred into QlAamp mini spin columns and centrifuged at 8000 rpm for one
minute before transferring the columns into clean collection tubes. Next 500uL of wash
buffer AW1 was added and centrifugation for one minute at 8000 rpm was repeated.
Then 500pL of wash buffer AW2 was added and centrifugation at 13,000 rpm was
pefformed for three minutes. Fresh collection tubes were applied and a dry spin was
performed for 30 seconds at 13,000 rpm before transferring the columns to sterile 1.5mL
eppendorf tubes. Elution buffer at 100pL was added to each column and incubated at

room temperature for two minutes. The columns in eppendorf tubes were then
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centrifuged at 8000 rpm for one minute to collect the eluted DNA. DNA from all 8 tubes
was combined, vortexed to mix and the concentration determined using a Qubit

fluorometer (Life Technologies, California, USA), before storing at -20°C.
7.7 DNA extraction using easyMAG

The NucliSens easyMAG instrument (Bio-Merieux, France) uses silica extraction
technology for automated isolation of nucleic acids. The sample is pre-processed to
remove PCR inhibitors and release nucleic acid for isolation, diluted in lysis buffer to
further remove any PCR inhibition effects and then isolation of total nucleic acid (TNA) is
performed on the easyMAG instrument. TNA binds to silica particles in the presence of a
high salt concentration. The silica particles have an iron core. A magnet is then used to
extract silica particles with bound nucleic acid from solution containing organic sample
matrix. Once the TNA has been removed from solution it is then purified by washing and
eluted for downstream analysis.

\. \; \. v
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Whole B;ood EDTA sample tubéé were inverted gently .;;éveral times to ensure ,tvhe sample
was homogeneous without vortexing. 200uL of whole blood sample was then
immediately added to the respective labelled eppendorf tubes containing 800pL of
Extraction Buffer 3. The entire 1mL of whole blood-Extraction Buffer 3 mixture was then
added to the NucliSENS 2mL lysis buffer tube and vortexed immediately, holding the tube
midway down the shaft to prevent sample splashing onto the tube cap. 140pL of
vortexed, undiluted silica was then added to the sample-lysis buffer mix and vortexed
immediately. The lysed samples were transferred from the NucliSENS lysis buffer 2mL
tubes (total volume now 3mL) to the sample strips using a Pasteur pipette, without
caﬁsing foam or droplets. A positive (a suspension of S. pneumoniae ATCC 49619 at

approximately 10° cells/mL in whole blood) and negative (molecular grade water)
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extraction control were included at the end of each run. The sample strips were then run
on the NucliSENS easyMAG using the following parameters: Matrix = Whole blood,
Protocol = Specific B 2.0.1, Volume = 1 mL (this refers to the 200uL of whole blood plus
800uL of Extraction Buffer 3 from the pre-processing step), Elute = 100pL, Type = Lysed,
Priority = Normal, Lot number = |ot of the 2mL lysis buffer. Extracted nucleic acids were

removed for storage within 30 minutes of the run ending, and stored at -80°C.

7.8 DNA extraction from isolates using the boilate method

DNA extraction directly from bacterial isolates of Streptococcus pneumoniae was
performed by the simple boilate method. A loopful of pure overnight growth from a
blood agar plate was suspended in 60puL of Tris-EDTA (TE) buffer in an eppendorf tube,
capped and placed into a heat block set at 100°C for 10 minutes. Each sample was then
transferred to the centrifuge for a 10 minute spin at 14,000 rpm. Without disturbing the
pellet, 50uL of supernatant confaining bacterial DNA was pipetted with a barrier tip into a

S \; \ \
labelled cryovial for storage at -20°C until use.

7.9 IytA qPCR on whole blood specimens

IytA qPCR: Forward primer (F373): 5-ACGCAATCTAGCAGATGAAGCA-3’, Reverse primer
(R424):5-TCGTGCGTTTTAATTCCAGCT-3’, Probe (Pb400): 5'-
TGCCGAAAACGCTTGATACAGGGAG-3’ (5' FAM; 3' MGB).'*® Mastermix containing 12.5uL
of Gene Expression Mastermix (Applied Biosystems, Life Technologies, California, USA),
0.5pL of each of the forward and reverse primers and probe, 1puL of molecular grade
water and 10pL of template DNA per reaction. Quantification standards consisting of /ytA
plasmids (Fast-Track Diagnostics, Luxembourg) diluted 1:10 from 10’ copies/mL to 10?

copies/mL were run in triplicate on every plate. Negative controls consisting of molecular
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grade water were likewise run in triplicate. Cycling conditions of 95°C for 10 min followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min were applied on an ABI-7500 real-time
PCR instrument (Applied Biosystems, Life Technologies, California, USA). Exponential
amplification curves with a cycle threshold (Ct) value of <40 cycles were considered
positive and quantified using the standard curve. Standard curves had to have a slope
between -3.1 and -3.6, for a PCR efficiency of at least 89%, and a correlation of >0.9. This
was often achieved by omitting the 10° plasmid standard from the calculation, as
discussed in chapter three, section 3.6. Quantified results were multiplied by a factor of
0.5, because the extraction was performed from 200uL of original sample and eluted into
100p.L to be used for PCR. Data points with detected pneumococcal concentration below
the lower limit of linearity and lower limit of detection of the assay were retained in the

data set, with the understanding that accuracy and precision are affected in that range.
7.10 IlytA gPCR on nasopharyngeal swab specimens

IytA GPCR: Forward primer (F373): 5-ACGCAATCTAGCAGATGAAGCA-3’, Reverse primer
(R424):5-TCGTGCGTTTTAATTCCAGCT-3’, Probe (Pb400): 5'-
TGCCGAAAACGCTTGATACAGGGAG-3’ (5' FAM; 3' MGB). *° Mastermix containing 12.5ulL
of Gene Expression Mastermix (Applied Biosystems, Life Technologies, California, USA),
0.5pL of each of the forward and reverse primers and probe, 6uL of molecular grade
water and 5L of template DNA per reaction. Quantification standards consisting of lytA
plasmids (Fést-Track Diagnostics, Luxembourg) diluted 1:10 from 10® copies/mL to 10°
copies/miL were run in triplicate on every plate. Negative controls consisting of molecular
grade water were likewise run in triplicate. Cycling conditions of 95°C for 10 min followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min were applied on an ABI-7500 real-time
PCR instrument (Applied Biosystems, Life Technologies, California, USA). Exponential
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amplification curves with a cycle threshold (Ct) value of <40 cycles were considered
positive and quantified using the standard curve. Standard curves had to have a slope
between -3.0 and -3.7, for a PCR efficiency of at least 86%, and a correlation of >0.9. This
was often achieved by omitting the 107 plasmid standard from the calculation, as
discussed in chapter three, section 3.6. Quantified results were multiplied by a factor of
60/200, because the extraction was performed from 200uL of original sample and eluted
into 60uL to be used for PCR. Data points with detected pneumococcal concentration
below the lower limit of linearity and lower limit of detection of the assay were retained
in the data set, with the understanding that accuracy and precision are affected in that

range.

7.11 IytA PCR on bacterial isolates

IytA PCR: Forward primer (F373): 5'-ACGCAATCTAGCAGATGAAGCA-3’, Reverse primer
(R424):5’-TCGTGCGTTTTAATTCCAGCT-3’, Probe (Pb400): 5'-
TGCCGAAAACGCTTGATACAGGGAG-3’ (5' FAM; 3' MGB). 25:Mastermix containing 12.5pL
of Gene Expression Mastermix (Applied Biosystems, Life Technologies, California, USA),
0.5uL of each of the forward and reverse primers and probe, 8.5puL of molecular grade
water and 2.5l of template DNA per reaction. A positive control consisting of IytA
plasmids (Fast-Track Diagnostics, Luxembourg) at 10* copies/mL, or a boilate made from
Streptococcus pneumoniae ATCC 49619, was included on every plate. Negative controls
consisting of molecular grade water were run in triplicate. Cycling conditions of 50°C for 2
minutes, 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1
minute were applied on an ABI-7500 real-time PCR instrument (Applied Biosystems, Life
Technologies, California, USA). Exponential amplification curves with an exponential

multicomponent rise were considered positive.
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7.12 alu qPCR

alu gPCR: Forward primer; CAACATAGTGAAACCCCGTCTCT, Reverse primer;
GCCTCAGCCTCCCGAGTAG. '*° Mastermix containing 12.5uL SYBR green (Applied
Biosystems, Life Technologies, California, USA), 1.5uL forward primer, 1.5ul reverse
primer, 4.5ul molecular grade water and 5uL of template DNA per reaction. Standards for
quantification were made from total human DNA, extracted from a whole blood buffy
coat preparation using QiaAmp DNA blood mini kit (Qiagen, Germany), the concentration
measured using a Qubit fluorometer (Life Technologies, California, USA) and serial 1:10
dilutions made such that the highest standard used was 19ng/pL with six subsequent
dilutions, all run in triplicate on every plate. Negative controls consisting of molecular
grade water were likewise run in triplicate. Nucleic acid extracts were diluted 1:1000 in
molecular grade water before being subjected to alu qPCR because alu is a multi-copy
gene found thousands of times throughout the human genome. Cycling conditions were
50°C fc\):r 2 minutes, 95°C for 1(3»minutes, then 40 cycl§§ of 95°C for 15 secondg, 59°C for 1
minutél followed by a slow ra‘;r‘\p to a melt of 95°C fo)r’f’30 seconds and 59°C f;r‘ 15
seconds, on an ABI-7500 (Applied Biosystems, Life Technologies, California, USA). Melt
curves were examined for all positive samples, with a broad peak at 77-79°C expected.
The quantity of alu detected in the negative template controls was subtracted from each
sample in the plate, before being multiplied by 1000 (to account for the dilution factor)
and multiplied by 60/200 (to account for the extraction:elution ratio). Any samples with a
quantity the same or less than the negative template controls, were repeated at a

dilution of 1:100 instead of 1:1000.
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7.13 Pneumococcal microarray

DNA extracts Were stored at -80°C before shipping frozen to St George’s University
Hospital, London, UK, for microarray analysis.l":’2 Briefly, DNA was fluorescently labelled
with ULS-Cy3 or ULS-Cy5 with the Genomic DNA ULS Labelling Kit (Agilent, California,
USA). Fluorescently Iabelled samples were hybridized overnight to the BuG@S SP-
CPSv1.4.0 microarray at 65°C, according to the Agilent array comparative genomic
hybridization (CGH) protocol. The microarrays were then washed and scanned with an
Agilent microarray scanner and intensity data analysed using feature extraction software.
Intensity data was sfatistically analysed using a custom Bayesian hierarchical model to
determine the serotype, or combination of serotypes, present in the sample and assign a
relative abundance of each serotype detected. (Personal communication, Jason Hinds, St

George’s University Hospital, London, UK).

The serotype is determined by oligos concentrated on capsular locus (cps) genes; taking
,i\hto account all capsula;:rlocus genes present. Fx\ir discrimination of clos\ély related
serotypes, oligos were designed targeting the functional mutation causing the difference
in polysaccharide structure, so that all 90 fully-sequenced serotypes could be

distinguished.®

The genome backbone is determined by oligos targeting all genes in the core and
accessory genomes of S. pneumoniae TIGR4 and R6, outside of the cps locus. The
combination of serotype (from the cps locus) and microarray type (from the genome
backbone) correlates with multi-locus sequence types (MLST) or whole-genome
sequence-based clustering. Microarray type nomenclature does not apply across different
serotypes e.g. type 2 serotype 23F does not have the same genome backbone as type 2

serotype 14. Serotype switches can be seen, such as vaccine escape mutants, where the
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genome backbone does not change but the serotype does, as can acquisitions of a new
strain with the same serotype. The genome backbone can be confounded by multiple
serotype carriage, depending on the relative abundance and the types present. The
genome backbone can also discriminate between non-pneumococcal streptococci and S.

pneumoniae.
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Chapter eight

8 Objective one: Nasopharyngeal pneumococcal concentration

in different disease states

8.1 Introduction

Pneumonia is the leading cause of death in children less than five years of age both in
sub-Saharan Africa and in the world * and pneumococcus is the leading cause of
pneumonia.’ Yet despite having the highest burden of disease, pneumococcal pneumonia
remains difficult to diagnose in young children. Children do not expectorate sputum for
sampling, lung aspirates are usually considered too invasive to perform and blood
cultures are too insensitive. Urinary antigen testing is probably helpful in the diagnosis of
community-acquired pneumonia in adults,’*® but nasopharyngeal pneumococcal carriage

is thought to cause false-positives in urine antigen testing in children.'®* Culture of
v \ v v
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.nasopharyngeal swab§ reveals pneumococcus émong the majority of i:[hildren under the
age of five years.”” It has been shown that quantitative methods such as quantitative PCR
can be helpful in making the diagnosis of pneumococcal pneumonia among adults in
South Africa ' and that children with pneumonia had higher nasopharyngeal
pneumococcal concentration than healthy controls in Vietnam.” We thought it possible
that quantitative nasopharyngeal pneumococcal concentration could be the key to

understanding nasopharyngeal sampling in the diagnosis of pneumonia among children.

Pneumococcal disease is thought to occur soon after nasopharyngeal acquisition of a
virulent strain of pneumococcus.®® It is plausible, but not proven, that an increase in

pneumococcal density in the nasopharynx by the virulent strain is the next step which
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then leads to pneumonia or invasive disease. This putative increase in pneumococcal
nasopharyngeal concentration could be potentiated by presence of a viral upper
respiratory tract infection (URTI). It is known that viral infections are temporally

71,73

associated with pneumonia, that viral URTI may directly precede pneumococcal

pneumonia,75 that respiratory viruses increase nasopharyngeal pneumococcal density,

82,89,95

transmissibility and invasiveness in mice and increase bacterial adherence to

respiratory cell lines in vitro.”’

If the supposition that an increase in pneumococcal concentration in the nasopharynx is
the step which then leads to pneumonia or invasive disease is correct, then
nasopharyngeal pneumococcal concentration ought to be lowest among healthy children,
increased among children with symptoms of URTI, and highest among children with
pneumococcal pneumonia. If this is the case, then quantitative methods of sampling the
nasopharynx could potentially be used as part of the paediatric diagnosis of pneumonia.

A caveat to this is that while Albrich et al were able to set a threshold for nasopharyngeal
\: . \: \

pneumococcal concentration in the diagnosis of pneumonia in adults,*?® Vu et al were '

unable to do so in their study of childhood pneumonia.”®

It was not practical to study a large cohort of well children through the continuum of
good health, viral URTI, pneumonia and bacteraemic pneumonia, sampling théir
nasopharynx at each point along the way. Instead we aimed to describe the
concentration of S. pneumoniae in different groups of children by using the IytA

quantitative PCR assay on nasopharyngeal swab specimens from the following groups;

(i) healthy children recruited as community controls from a large study of childhood

pneumonia.
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(ii) children with symptoms of upper respiratory tract infection recruited as community

controls from a large study of childhood pneumonia.

(iii) children with WHO-defined severe or very-severe pneumonia admitted to Kilifi

County Hospital from a large study of childhood pneumonia.

It was assumed that children in the latter group, with severe or very severe pneumonia,

would contain cases of pneumococcal pneumonia.
8.1.1 Hypotheses

Nasopharyngeal pneumococcal concentration is higher in children with WHO-defined
severe or very severe pneumonia than in children in the community who have URTI
symptoms. Nasopharyngeal pneumococcal concentration is lowest among children in the

community who are well.

8.2 Methc\)ds

Litd i L

8.2.1 Sample selection

The samples for this study came from the Pneumonia Etiology Research for Child Health
(PERCH) project. PERCH is a multi-site case-control study of the causes of pneumonia in
children aged one month to five years, which took place in Kilifi, Kenya as well as in the
Gambia, South Africa, Mali, Zambia, Thailand and Bangladesh over 2011-2014. In Kilifi,
children residing in the Kilifi Health and Demographic Survey System (KHDSS) area
admitted to Kilifi County Hospital with the syndromes of WHO-defined severe or very-
severe pneumonia were enrolled from August 2011. Community controls who were well,
or who had symptoms of acute URTI were age-matched monthly from the KHDSS.™® The

presence of URTI was defined as cough or runny nose or at least one of; ear discharge,
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wheeze, difficulty breathing and at least one of fever or sore throat. In August 2012 after
one year of enrolment, 70 community controls with URTI, the most constrained group,
were randomly selected in four age strata; 1-5 months, 6-12 months, 13-24 months and
25-59 months. Seventy children from the group with WHO-defined severe or very severe
pneumolnia as well as 70 healthy children from the community control group were

matched for month of enrolment and for age to the controls with URTI.

The selected children were stratified by age because younger children are more likely to
carry pneumococcus *>° and were expected to have higher pneumococcal nasopharyngeal

concentration.®

Assuming a mean nasopharyngeal pneumococcal concentration of 7
logio pg/mL in the group with pneumonia and 6 log pg/mL in either of the control groups,
with a standard deviation of 1.5 logso pg/mL in both groups,” and a sample size of 60 in
each group, a two-sample comparison of means power calculation **’ yielded 95% power

to detect the 1 log difference in pneumococcal concentration with a significance level of

0.05. Seventy participants were then selected from each group to allow for missing
\ \ \ \:
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sampleé,.”
8.2.2 Laboratory methods

Nasopharyngeal swab samples in STGG collected at enrolment into thé studies of
pneumonia were taken from -80°C storage, DNA was extracted using the QlAamp DNA
mini kit from Qiagen (a full description of the method can be found in section 7.6.2,
chapter seven). lytA qPCR was performed to quantify pneumococcal load and alu gPCR to
quantify the amount of human DNA present in the nasopharyngeal swab transport
medium (sections 7.10 and 7.12 in chapter seven). As most swabs were IytA positive, it
seemed possible that among the few cases where pneumococci were not detected that

this might just as easily be attributable to the sensitivity of the assay as to an indication of
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true negativity. Additionally, the lower limit of linearity of the éssay was at the
approximate lower limit of detection, 1000 copies/mL, so values <1000 copies/mL could
be assumed to be inexact. Therefore all swabs with a raw pneumococcal concentration
(unadjusted for extraction:elution ratio and for human DNA) of less than 1000 copies/mL,
including negatives, were set to half this value, 500 copies/mL. Data on the lower limit of
detection of the assay can be found in section 3.6 of chapter three. The pneumococcal
concentration per pug of human DNA present in the transport medium was then

calculated.

All children had whole blood samples at enrolment collected into EDTA, DNA extracted by
either the QlAamp DNA mini kit from Qiagen, or by the EasyMag automated extraction
instrument from BioMerieux (sections 7.6.1 and 7.7 in chapter seven). These then
underwent lytA qPCR (section 7.9 in chapter seven) both for the PERCH study, and for

objective four of this thesis.

As laboratory lead for the PERCH study in Kenyaf:-',the author had access to additional data |
on the participants; for pneumonia cases this included presence of pneumococcal
bacteremia by blood culture, presence of pneumococcus in culture of induced sputum,
administration of antibiotic therapy prior to nasopharyngeal swab collection, and
presence of radiologically-confirmed pneumonia. Data available for cases and control§
included evidence of antibiotic use by serum bioassay (section 7.3 in chapter seven);
growth of pneumococcus from NP-STGG by broth enrichment culture (section 7.1 in
chapter seven); presence of 33 respiratory viruses and bacteria in a nasopharyngeal
flocked swab and oropharyngeal swab combined in Copan universal transport medium
(UTM), extracted using the EasyMag (BioMerieux, France) automated instrument, by

multiplex real-time PCR (Fast-Track Diagnostics [FTD], Luxembourg). The FTD respiratory
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multiplex PCR also included a /ytA target. For this analysis, presence of Mycoplasma
pneumoniae, Chlamydophila pnéumoniae or Bordetella pertussis were included in the
definition of respiratory-virus positive together with the respiratory viruses influenza A, B
and C, parainfluenza viruses 1, 2, 3 and 4, human metapneumovirus, respiratory syncitial
virus A and B, coronaviruses OC43, NL63, 229E and HKU1, bocavirus, adenovirus,

cytomegalovirus, parechovirus/enterovirus and rhinovirus.
8.2.3 Analysis

Log transformation was performed to improve visualisation of the data, but did not
completely normalise the data so non-parametric analysis of non-transformed data
proceeded. A Kruskal-Wallis test was used to compare the median pneumococcal load
between all three groups (pneumonia cases, URTI controls and well controls), and a two-
sample Wilcoxon rank-sum test for each two-group comparison. The output was box-and-

whisker plots of log;o pneumococcal load by symptomatic group.

\:. \ \: \.

i

The intention was to analyse the group \ﬁith WHO-defined seve)r”é/very severe pneumoﬁia
in several strata including: presence or absence qf respiratory virus in nasopharyngeal
samples; finding of pneumococcus from bacterial culture of induced sputum;
radiologically-confirmed pneumonia; and pneumococcal bacteraemia. The effect of these
stratified or restricted analyses on the matching for age group and month of enrolment
was checked by constructing tables of proportions in each group and by using Fisher’s
exact test. Presence of respiratory virus was assumed to have the potential to increase
nasopharyngeal pneumococcal concentration in both the URTI and pneumonia groups.
Presence of pneumococcus in bacterial culture of induced sputum, presence of

radiologically-confirmed pneumonia and presence of pneumococcal bacteraemia were all

assumed to concentrate pneumococcal aetiology cases among the WHO-defined
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pneumonia cases, to improve the likelihood of seeing a difference between this group

and the control groups.

The variation in pneumococcal concentration by group, age, season, presence of a
respiratory virus, growth of pneum‘ococcus in bacterial culture of induced sputum,
radiologically-confirmed pneumonia, antibiotics given prior to sample collection and
positivity of /ytA PCR in whole blood was described using a Kruskal-Wallis or Wilcoxon

rank-sum test depending on the number of categories of the dependent variable.

In addition a multivariable logistic regression, by backwards stepwise selection, was
performed in order to adjust for age and month of enrolment in case of loss of matching
in the stratified/restricted analyses. The likelihood ratio test was used to examine the

variables in the final model for interactions.

The analysis comparing median pneumococcal concentration between the three

symptomatic groups was repeated without adjustment for the concentration of human
\: \. \ \.
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DNA present in the transbort medium for comparison.

The proportion of pneumonia cases and of controls with URTI who had coryza

documented was compared by chi-squared test.
Statistical analyses were performed in STATA version 11.

8.2.4 Ethical Clearance

The study was approved by the Kenyan National Ethical Review Committee (SSC 1932). In

the original PERCH study consent was obtained from guardians of all children studied.
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8.3 Results

The IytA qPCR assay was positive among 206/209 (98.6%) of swabs in STGG. By broth-
enrichment culture 149/209 (71.3%) of nasopharyngeal swabs had grown pneumococcus;
51/60 (73.9%) of healthy controls, 62/70 (88.6%) of controls with URTI symptoms and
36/70 pneumonia cases (51.4%), p<0.001. None of the swabs that were lytA qPCR
negative had grown pneumococcus, but 57 swabs that failed to grow pneumococcus
were lytA qPCR-positive. Looking at the nasopharyngeal/oropharyngeal swab in UTM, the
IytA target in the FTD respiratory multiplex PCR was positive in 168/208 (80.8%) samples.
The distribution of loge-transformed pneumococcal concentration from the
nasopharyngeal swab in STGG, after setting all IytA results <1000 copies/mL to a value of
500 copies/mL, adjusting for extraction:elution ratio and for human DNA concentration,

can be seen in figure 8.1.
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Figure 8.1: Distribution of nasopharyngeal pneumococcal concentration in logio /lytA

copies/pg of human DNA by case-control status.

The variation in median pneumococcal concentration per pg of human DNA present in
the transport medium in this entire sample set can be seen in table 8.1. The median
nasopharyngeal pneumococcal concentration per pg of human DNA present in the
transport medium was 148,148 copies/pg human DNA among pneumonia cases, 415,288
copies/pg human DNA among controls with URTI symptoms and 265,695 copies/pg
human DNA among healthy controls. A Kruskal-Wallis test found a statistically significant
difference between the three groups with a p-value of 0.046. Comparing each group with
the other, by Wilcoxon rank sum test, only the difference between the cases and the

controls with URTI symptoms was significant. This can be seen in figure 8.2.
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Table 8.1: Variation in nasopharyngeal pneumococcal concentration by /ytA qPCR by

clinical characteristic

Median lytA
concentration

Characteristic n (copies/ug human DNA) IQR p-value*
Age group: 0.999 .
1-5 months 34 358,129 28,444 1,828,694
6-12 months 51 298,899 41,854 1,001,807
13-24 months 32 378,638 79,251 971,056
25-59 months 21 265,695 15,473 1,709,503
Month of the year: 0.114
January-March 78 169,243 17,587 985,799
April-June 47 275,336 12,803 1,742,496
July-September 41 597,780 76,986 1,944,094
October-December 42 319,934 43,957 653,641
Case/control status: 0.046
healthy controls 69 265,695 26,057 980,885
controls with URTI 70 415,288 76,986 1,742,496
cases of WHO-defined pneumonia 70 148,149 5,795 877,187 ‘
Respiratory virus in nasopharynx: 0.108
Absence of respiratory virus 51 223,751 3,773 1,081,401
Presence of respiratory virus 157 265,695 43,982 1,513,495
Induced Sputum culture: 0.142
Absence of pneumococcus 48 91,608 1,408 625,711
Presence of pneumococcus 18 460,490 126,181 1,960,489
Chest X-ray: 0.552
No radiologically-confirmed pneumonia 41 126,181 16,815 653,641
Radiologically-confirmed pneumonia 12 N 278,956 5,967 2,040,614
Antibiotics: - 0.203"
No antibiotics given in hospital prior to
sample collection and antibiotic bioassay
negative 165 285,389 36,469 1,650,351
Antibiotics given in hospital prior to sample
collection or antibiotic bioassay positive 30 207,773 17,587 597,780
IytA PCR from whole blood: 0.199
IytA PCR negative from whole blood 175 255,884 26,057 1,059,737
IytA PCR positive from whole blood 15 398,715 117,685 3,630,154

*Kruskal-Wallis where >2 categories; Wilcoxon rank-sum where 2 categories
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Nasopharyngeal pneumococcal concentration in lytA copies/pg of human
DNA among pneumonia cases and community controls

p=0.290
p=0.103 P=a°19
!
I
S
1
Healthy controls, n=69 UK 11 controls, n=70 Pneumonia cases, n=70
Nasopharyngeal pneumococcal concentration without adjustment for
human DNA concentration
p=0.677
=0.012 p=0.015
8
3
2
C
8
1
u.
Healthy controls, naé9 UR 11 controls, n=70 Pneumonia cases, nsTU

Figure 8.2: Nasopharyngeal pneumococcal concentration among healthy community
controls, community controls with upper respiratory tract infection (URTI) symptoms,
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and cases of WHO-defined severe or very severe pneumonia. P-values are by Wilcoxon
rank-sum test. A: Pneumococcal concentration adjusted for the concentration of human
DNA in the nasopharyngeal swab transport medium. B: Pneumococcal concentration

without adjustment for human DNA concentration.

The pattern of the pneumococcal concentration across the three groups of healthy
controls, controls with URTI and pneumonia cases did not change when stratified by

presence of a respiratory virus in the nasopharynx. This can be seen in figure 8.3.

Nasopharyngeal pneumococcal concentration stratified by presence of respiratory virus

With respiratory virus Without respiratory virus

[>=0.136 between groups p=0.490 between groups
A 2.
7, 0-
contr Healthy controls URT1controls Pneumonia cases
n=50 n=54 u=53 rF@ ) n=16

Figure 8.3: Nasopharyngeal pneumococcal concentration stratified by presence of a
respiratory virus. Pneumococcal concentration in logio lytA copies/pg human DNA among
healthy community controls, community controls with upper respiratory tract infection
(URTI) symptoms, and cases of WHO-defined severe or very severe pneumonia, stratified
by presence of a respiratory virus by multiplex PCR of a combined nasopharyngeal and

oropharyngeal swab specimen. P-values are by Kruskal-Wallis test.
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Cases from whom S. pneumoniae was grown in culture of induced sputum samples did
not have a statistically significant difference in quantity of pneumococcus in the
‘ nasopharynx than controls. Controls did not have induced sputum collected. The

distribution can be seen in figure 8.4.

Restricting cases to those with radiologically-confirmed pneumonia did not substantially

alter the distribution of results, as can be seen in figure 8.4.
None of the cases had pneumococcal bacteraemia diagnosed by blood culture.

When pneumonia cases were restricted to only those who had not yet received antibiotic
therapy in hospital and who had no evidence of antibiotic use on a serum antibiotic
bioassay, and controls were restricted to those who had no evidence of antibiotic use on
the bioassay, the differences in nasopharyngeal pneumococcal concentration between
groups were reduced and the overall pattern was similar. This can be seen in figure 8.4.
There was no statistically significant difference be\tween groups overall (p=0.173),

v \ ; \:

between healthy and URT! controls, between heélthy controls and pneurﬁonia cases, or

between URTI controls and pneumonia cases.
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A: S pneumoniae in induced sputum B: Radiologically-confirmed pneumonia

p=0.249 between groups p=0.241 between groups

LN

»

Healthy controls URTI controls Pneumonia cases Healthy controls URTI controls Pneumonia cases
11=69 n=70 n=18 n=69 n=70 n=12

C: No antibiotics

p=0.128 between groups

Figure 8.4: Nasopharyngeal pneumococcal concentration, restricted analyses.
Pneumococcal concentration in logio lytA copies/pg human DNA among healthy
community controls, community controls with upper respiratory tract infection (URTI)
symptoms, and cases of WHO-defined severe or very severe pneumonia. A: Pneumonia
cases were restricted to those with growth of S. pneumoniae on culture of induced
sputum. B: Pneumonia cases were restricted to those with radiologically-confirmed
pneumonia. C: Controls were restricted to those without evidence of antibiotic use by the
serum antibiotic bioassay and cases of pneumonia were restricted to those without
evidence of antibiotic use by the serum antibiotic bioassay and without antibiotics having

been given in hospital prior to sample collection.
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Repeating the analysis without adjusting the pneumococcal concentration for the amount
of human DNA present in the specimen transport medium gave similar results. The
median log nasopharyngeal pneumococcal concentration was 138,281 copies/mL among
pneumonia cases, 1,079,054 copies/mL among controls with URTI symptoms and 376,047
copies/mL among healthy controls. The Kruskal-Wallis test yielded a p-value of 0.017
between the three groups. Comparing each group with the other, only the controls with
URTI symptoms were significantly different from either the pneumonia cases or the

healthy controls. This can be seen in figure 8.2.

The distribution of the proportions of each age group across healthy controls, controls
with URTI and pneumonia cases was not significantly different; after stratification for
presence of respiratory virus; on restriction to presence of pneumococcus on culture of
induced sputum among cases; on restriction to radiologically-confirmed pneumonia
among cases; and on restriction to cases and controls without evidence of antibiotic use.

These can be seen in table 8.2.
\. \o AV \
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Table 8.2: Effect of stratification and restriction on matching by age and month of
enrolment. A: Stratification by presence of respiratory virus. B: Restriction to cases with
culture of pneumococcus from induced sputum. C: Restriction to cases with
radiologically-confirmed pneumonia. D: Restriction to cases and controls with no

evidence of antibiotic use prior to sample collection.
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A
No respiratory virus

n Healthy % Healthy n URTI % URTI
Age group at enrolment  controls  controls controls controls n Cases % Cases
1-5 months 6 33.3 5 31.3 5 31.3
6-12 months 5 27.8 3 18.8 2 12.5
13-24 months 4 22.2 3 18.8 2 12,5
25-59 months 3 16.7 5 31.3 7 43.8
Fisher's exact p=0.762
With respiratory virus
1-5 months 11 22.0 12 22.2 12 22.6
6-12 months 20 40.0 23 42.6 23 43.4
13-24 months 12 24.0 13 24.1 14 26.4
25-59 months 7 14.0 6 11.1 4 7.6
Fisher's exact p=0.981
No respiratory virus

n Healthy % Healthy n URTI % URTI
Month of enrolment controls  controls controls controls n Cases % Cases
Aug 2011 0 0 0 0 1 6.2
Sep 2011 2 11.1 1 6.3 0 0
Oct 2011 2 11.1 3 18.8 2 12.5
Nov 2011 3 16.7 2 12,5 3 18.8
Dec 2011 1 5.6 1 6.3 0 0
Jan 2012 0 0 1 6.3 4 25
Feb 2012 4 22.2 2 125 1 6.3
Mar 2012 "3 16.7 2 12,5 2 12.5
Apr 2012 1 5.6 1 6.3 0 0
May 2012 N 0o 0 0 v 0 1 6.3
Jun 2012 A 1 ' 56 2 12,5 1 6.3
Jul 2012 1 5.6 0 0 1 6.3
Aug 2012 0 0 1 6.3 0 0
Fisher's exact p=0.850
With respiratory virus
Aug 2011 3 6 4 7.4 2 3.8
Sep 2011 0 0 1 1.9 2 3.8
Oct 2011 3 6 3 5.6 3 5.7
Nov 2011 4 8 4 7.4 4 7.6
Dec 2011 1 2 1 1.9 2 3.8
Jan 2012 9 18 8 14.8 5 9.4
Feb 2012 2 4 4 7.4 5 9.4
Mar 2012 8 16 9 16.7 9 17
Apr 2012 2 4 2 3.7 3 5.7
May 2012 5 10 6 11.1 5 5.7
Jun 2012 6 12 5 9.3 6 11.3
Jul 2012 5 10 6 111 5 9.4
Aug 2012 2 4 1 1.9 2 3.8

Fisher's exact p=1.000
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B
Cases restricted to those with induced sputum culture of pneumococcus
n Healthy % Healthy n URTI % URTI
Age group at enrolment controls controls controls controls n Cases % Cases

1-5 months 17 25 17 24.3 4 22.2
6-12 months 25 36.8 26 37.1 8 444
13-24 months 16 23.5 16 22.9 4 22.2
25-59 months 10 14.7 11 15.7 2 11.1

Fisher's exact p=0.999

Cases restricted to those with induced sputum culture of pneumococcus
n Healthy % Healthy n URTI % URTI

Month of enrolment controls controls controls controls n Cases % Cases

Aug 2011 3 4.4 4 5.7 1 5.6
Sep 2011 2 2.9 2 2.9 0 0
Oct 2011 5 74 6 8.6 1 5.6
Nov 2011 7 10.3 6 8.6 1 5.6
Dec 2011 2 2.9 2 2.9 1 5.6
Jan 2012 9 13.2 9 12.9 1 5.6
Feb 2012 6 8.8 6 8.6 2 111
Mar 2012 11 16.2 11 15.7 4 22.2
Apr 2012 3 4.4 3 4.3 1 5.6
May 2012 5 74 6 8.6 1 5.6
Jun 2012 7 10.3 7 10 2 111
Jul 2012 6 8.8 6 8.6 2 11.1
Aug 2012 2 2.9 2 2.9 1 5.6

Fisher's exact p=1.000
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C
Restricted to radiologically-confirmed pneumonia in cases
n Healthy % Healthy n URTI % URTI
Age group at enrolment controls controls controls controls n Cases % Cases

1-5 months 17 . 25 17 24.3 4 33.3
6-12 months 25 36.8 26 37.1 3 25
13-24 months 16 235 16 22.9 1 8.3
25-59 months 10 14.7 11 15.7 4 333

Fisher's exact p=0.704
Restricted to radiologically-confirmed pneumonia in cases
n Healthy % Healthy n URTI % URTI

Month of enrolment controls controls controls controls n Cases % Cases

Aug 2011 3 4.4 4 5.7 1 8.3
Sep 2011 2 2.9 2 2.9 0 0
Oct 2011 5 7.4 6 8.6 0 0
Nov 2011 7 10.3 6 8.6 3 25
Dec 2011 2 2.9 2 2.9 0 0
Jan 2012 9 13.2 9 129 0 0
Feb 2012 6 8.8 6 8.6 1 8.3
Mar 2012 11 16.2 11 15.7 4 333
Apr 2012 3 4.4 3 43 1 8.3
May 2012 5 7.4 6 8.6 1 8.3
Jun 2012 7 10.3 7 10 0 0
Jul 2012 6 8.8 6 8.6 1 8.3
Aug 2012 2 2.9 2 2.9 0 0

Fisher's exact p=0.998
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D
No antibiotics by bioassay or given in hospital
n Healthy % Healthy n URTI % URTI
Age group at enrolment controls controls controls controls n Cases % Cases

1-5 months 15 25.0 13 20.6 8 19.5
6-12 months 20 33.3 24 38.1 18 43.9
13-24 months 15 25.0 15 23.8 9 22.0
25-59 months 10 16.7 11 17.5 6 14.6

Fisher's exact p=0.973
No antibiotics by bioassay or given in hospital
n Healthy % Healthy n URTI % URTI
Month of enrolment controls controls controls controls n Cases % Cases

Aug 2011 2 3.3 4 6.3 1 2.4
Sep 2011 1 1.7 1 1.6 1 24
Oct 2011 2 3.3 6 9.5 2 4.9
Nov 2011 7 11.7 5 7.9 3 7.3
Dec 2011 2 33 2 3.2 2 4.9
Jan 2012 9 15 8 12.7 5 12.2
Feb 2012 6 10 6 9.5 4 9.8
Mar 2012 8 13.3 9 14.3 6 14.6
Apr2012 3 5 3 4.8 2 4.9
May 2012 5 8.3 5 7.9 6 14.6
Jun 2012 7 11.7 7 111 3 7.3
Jul 2012 6 10 5 7.9 5 12.2
Aug 2012 2 3.3 2 3.2 1 2.4

Fisher's exact p=1.000

. v
On mﬁltivariable logistic regression, seen in table 8.3, not very much variation in
nasopharyngeal pneumococcal concentration was associated with the variables
examined, in keeping with the findings from the stratified or restricted analyses. Only the
6-12 month age group in the presence of a respiratory virus, had a significantly different

(higher) pneumococcal concentration than the youngest age group, and July 2012 had

samples with higher concentration than other months.

“Runny nose” also known as coryza, was part of the definition of URTI symptoms but
could also be present among cases. It was present among 60/70 (86%) controls with URTI

symptoms and among 33/69 (48%) pneumonia cases, p<0.001.
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8.4 Discussion

Pneumococcal concentration in the nasopharynx of children admitted to hospital with
WHO-defined severe or very severe pneumonia was not higher than community controls
with or without symptoms of URTI. In fact, control cﬁildren with URTI symptoms had
slightly higher nasopharyngeal pneumococcal concentration than those hospitalised with
pneumonia. The difference between groups, while statistically significant, is not great,
with median pneumococcal loads all within half a log of one another and considerable

overlap in distributions.

This finding differs from that of Vu et al in Vietham where swabs were all collected before
commencing antibiotic treatment,” and it was initially thought this might be due to
antibiotic use among children with pneumonia. Restriction of the pneumonia group to
cases who had had a swab collected before commencing antibiotic therapy in hospital
and who had,no evidence of prior an;ibiotic use in a serum antibiotic bioassay, and v
restriction 01; ;the control groups to tgose who had no evidel;ce of antibiotic use in the
bioassay, only somewhat attenuated the variation between groups, with loss of statistical
significance. There may be residual confounding by antibiotic use that we were not able
to detect. We have previously shown that the antibiotic bioassay is more sensitive from
urine than from serum, but is harder to perform, because of the difficulty in collecting
urine from hospitalised sick children prior to administration of antibiotic therapy
(unpublished data). PCR-based methods such as the lytA real-time gPCR ought to be less
susceptible to alteration by antibiotic use than culture-based methods, but this may

depend on timing of antibiotic use. A course of oral antibiotics in the community in the

days prior to study enrolment and sample collection would be expected to have more of
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an effect on qPCR estimation of nasopharyngeal pneumococcal concentration than would

an intravenous antibiotic dose in hospital within minutes to hours of sample collection.

Another possible explanation of our findings is that significantly more control children
with URTI symptoms than those in the pneumonia group had documented coryza, and
coryza may have made it easier to detect pneumococci from a nasopharyngeal swab, so
that estimation of nasopharyngeal pneumococcal concentration was relatively elevated.
However, we did try to adjust for this possibility with the alu qPCR and, this does not
explain the fact that healthy controls, none of whom had coryza, had a similar median

nasopharyngeal pneumococcal concentration to the pneumonia group.

Stratifying the samples by presence of a respiratory virus, M. pneumoniae, C. pneumoniae
or B. pertussis, did not markedly alter the distribution of the nasopharyngeal
pneumococcal concentrations by group. We can suppose that a respiratory virus in the
context of an URTI may have been both causing coryza and stimulating an increase in the
carried nasopharyngeal pneumococtal concentration, makihg it easier to detect. A
respiratory virus or ‘atypical’ bacterial pathogen in the context of pneumonia may have
been causing pneumonia alone, without any pneumococcal aetiology. In the Viethamese
study presence of a respiratory virus increased pneumococcal nasopharyngeal carriage
concentrations among cases of pneumonia carrying pneumococcus 15-fold, but presence

of respiratory viruses among control children was not reported.”

Pneumococcal pneumonia may be becoming less common than is recognised, due to the
introduction of the pneumococcal conjugate vaccine in Kenya in 2011 and to the
amelioration of poverty in Kilifi District over time,"® so that the WHO-defined syndrome
of severe or very severe pneumonia probably did not include many cases of true

pneumococcal pneumonia. In fact, this syndromic definition may have included children
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with heterogenous conditions other than pneumonia but- who were severely unwell,

which is a limitation of this sample set.

Restricting cases to those from whom S. pneumoniae was grown in culture of induced
sputum, or to those with radiologically-confirmed pneumonia, and so might reasonably
be expected to be more likely to have had pneumococcal pneumonia, still did not reveal
any statistically significant variation to the distribution of nasopharyngeal pneumococcal
concentration among cases and controls. This may have been partly due to loss of power.
Restricting cases to those with radiologically-confirmed pneumonia and growth of
pneumococcus from induced sputum might be expected to better concentrate true cases
of pneumococcal pneumonia but this would have led to further loss of power and so
would need to have been done before initial sample selection. There is not much
published experience with culture of sputum from young children in the diagnosis of
pneumonia, but a study in Finland found that induced sputum sampling from children
with pneumonia was possible, yielded mostly high quality samples, and culture of induced
\. \ \o. \r
sputu’rlﬁ was useful in determi;r[{ing likely aetiological 65thogens, including Strébtococcus

pneumoniae.”*

In a study of paediatric community-acquired pneumonia with RSV or Rhinovirus infection
by Esposito et al in Italy, children with alveolar pneumonia on chest X-ray had higher
nasopharyngeal pneumococcal loads by IytA qPCR than children with non-alveolar
pneumonia, but controls without pneumonia were not studied.** For those with RSV
infection, the mean pneumococcal nasopharyngeal concentration with alveolar
consolidation was 4.5 logso copies/mL compared to 3.8 logio copies/mL without alveolar

consolidation (p=0.04). For those with rhinovirus infection, the mean pneumococcal
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concentration with alveolar consolidation was 4.2 log;o copies/mL and without was 3.4

log1o copies/mL (p=0.03).*°

In Vietnamese children, the median pneumococcal concentration among those with
radiologically-confirmed pneumonia was 7.8 x 10°/mL, among those with other lower
respiratory tract infection was 1.3 x 108/mL and among healthy children was 7.9 x
10°/mL.*® Like the study by Vu et al in Vietnam, the Italian study by Esposito et al was
unable to identify a cut-off concentration to aid in the diagnosis of pneumococcal
pneumonia (in this case of mixed viral-bacterial aetiology) perhaps partly because mixed
viral-pneumococcal pneumonia may also present without alveolar consolidation visible
on paediatric chest X-ray. The concentrations obtained by Esposito et a/ were lower than
those in our study, which were in turn lower than those measured in Viethamese
children. However, it is not appropriate to directly compare concentrations obtained by
real-time PCR without calibrating the PCR standards between assays so this is likely to be

artefact.
\; v \:. A%

Lii) Lrt i i

In a study of HiV-infected adults with community-acquired pneumonia in South Africa,
the mean nasopharyngeal log lytA qPCR copy number was 6.0 log;o copies/mL among
patients with a diagnosis of pneumococcal pneumonia compared to 2.7 log; copies/mL
among patients without a pneumococcal diagnosis and 0.8 log;o copies/mL among well
HIV-infected controls (p<0.001)."2® The differences between these groups are
considerably greater than those in the published paediatric studies discussed above and
in our study, presumably because adults, even adults with HIV infection, have a lower
nasopharyngeal pneumococcal concentration than young children, in the absence of

pneumococcal pneumonia.
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Another Soufh African study, in which 49% of 400 study participants with acute lower
respiratory tract infection, and nasopharyngeal carriage of pneumococcus by qPCR, were
children <5 years of age, 3% were older children and the remainder were adults, found
that nasopharyngeal carriage density >1000 copies/mL was associated with invavsive

132 The authors also found that respiratory virus co-infection

pneumococcal pneumonia.
was associated with nasopharyngeal pneumococcal carriage density with an adjusted
odds ratio of 1.7 (95% confidence interval 1.1-2.6). This study combined adults and
children, making it difficult to compare the results to other studies, and for these analyses
took only subjects with lower respiratory tract infection carrying pneumococcus. The
density threshold of >1000 copies/mL may have been different for children than for
adults if the study had been analysed in age strata. Additionally, invasive pneumococcal

pneumonia was defined by lytA PCR on blood, which as discussed in chapter eleven of

this thesis, does not have good specificity for IPD among children.

in the nasopharynx for the

In our study, adjusting the pneumococcal concentration
\ \: \ \

amount of human DNA present in the swab transport rhédium, to allow for podi’
swabbing technique or copious coryza, did not substantially alter the results or the

conclusions that can be drawn from them.

A striking feature of this work was the finding that almost all nasopharyngeal swabs in
STGG were positive for lytA qPCR (98.6%) with only two swabs from cases of pneumonia
and one swab from a control participant testing as negative. The corresponding
nasopharyngeal/oropharyngeal swabs in UTM tested in the FTD respiratory multiplex PCR
that also included a IytA target had a lower positivity (80.8%); this PCR also allowed
positives up to 40 amplification cycles but there were differences in swab transport

media, extraction methods and the PCR was multiplex. Given the widespread positivity of
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nasopharyngeal swabs in STGG for IytA PCR, it was thought reasonable to call all swabs
positive, with all swabs less than the lower limit of detection set to half that value. This
supposes that all children in our population carry pneumococcus in the nasopharynx to
some degree, and challenges our previous belief that carriage prevalence among children
<5 years of age in Kilifi is 66%, by WHO standard culture.®®*** we could have taken the
opposite approach, and called all swabs with less pneumococcus than the lower limit of
detection negative, which would have been more conservative. Of course, it is not
unexpected that PCR would be more sensitive than culture for pneumococcus, since PCR
can detect non-viable organisms, but it does change the paradigm to consider that all
children in our population might be carriers. If carriage as defined by PCR positivity of NP-
STGG, is present in all children, then it is not useful to predict transmission or invasion or
progression to pneumonia. Density of carriage by gPCR is the natural progression of this
chain of thought but in this study at least, nasopharyngeal pneumococcal concentration
was not associated with admission to hospital with WHO-defined pneumonia among
childfgp less than five years qflage. The ideal study d/‘gsign to answer this qu‘gstion would
be a longitudinal study with frequent sampling, of Iafge enough numbers to enable

follow-up until pneumonia occurs; such a study is impractical.

Quantification of nasopharyngeal pneumococcal concentration does not hold promise as
a useful technique for diagnosing pneumococcal pneumonia among children under the
age of five years in Kenya. In our population, nasopharyngeal pneumococcal
concentration among children with symptoms of upper respiratory tract infection was
actually higher than among children hospitalised with pneumonia. In Vietnam and Italy,
nasopharyngeal pneumococcal concentration was higher among radiologically-confirmed
pneumonia cases than cases of other lower respiratory tract infection, and in Vietnam,

than among healthy controls. Neither of these studies actually had a control group with
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URT! symptoms for direct comparison with our study and the populations are likely to be
different in other ways; ltaly is a high-income country compared to Kenya and South-East
Asian countries like Vietnam appear to have considerably less pneumococcal disease than
countries in sub-Saharan Africa (seen in chapter eleven). All the paediatric studies
mentioned, including ours, found considerable overlap in the distribution of
nasopharyngeal pneumococcal concentrations by study group, in contrast to the South
African studies of adults, in whom it appears to be easier to set a threshold to distinguish

nasopharyngeal carriage associated with pneumococcal pneumonia.126

In summary, we found that among Kenyan children under five years of age,
nasopharyngeal pneumococcal carriage as detected by PCR is very common and is not
greater in children with WHO-defined pneumonia than among controls. Residual
confounding by antibiotic use may have hampered our ability to detect high
nasopharyngeal pneumococcal concentrations among pneﬁmonia cases and the WHO

syndrome of pneumonia may not have included many cases of true pneumococcal
v v v

\ \

h pneumonia. Carriage is likely to be augmentea by the presence of up/ﬁer respiratory tract
viral infection, potentially accounting for the highest pneumococcal concentrations being

seen among the controls with symptoms of URTI.

174



Chapter Nine

9 Objective two: The dynamics of pneumococcal concentration
in the nasopharynx during symptomatic viral upper

respiratory tract infection

9.1 Introduction

A link between viral infection and bacterial pneumonia has been established in many

75,198

populations, notably during Influenza pandemics, and ecological studies also lend

support.”® Animal models have confirmed the transmissibility and density of

pneumococcal nasopharyngeal carriage increases during viral respiratory infection 8%

9195 and basic science experiments demonstrate the upregulation of receptors for

'~

bacterial adherence and reduced bacterial clearance during the inflammatory response
associated with viral infection. 7##9% 1nfluenza virus, or host factors in response to  \
influenza virus, have been shown to disperse pneumococci from biofilms, potentiating

invasion.®

In Peru, a recent study has found the risk of nasopharyngeal pneumococcal acquisition
increased post influenza or parainfluenza acute respiratory iliness in children <3 years of
age.'® While associations do not prove causality, it is widely accepted clinically that viral
respiratory tract infections can lead to bacterial pneumonia. Increased nasopharyngeal
pneumococcal concentration has been demonstrated in humans with pneumococcal
pneumonia 2 but it is not clear whether the pneumococcal_pneumonia has caused the

increase in nasopharyngeal pneumococcal concentration or the other way around.
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Itis biologically plausible that a rise in pneumococcal nasopharyngeal concentration
associated with acquisition of a viral infection could increase the likelihood of progression
to pneumococcal pneumonia or invasive pneumococcal disease (IPD). If this is the case,
then the concentration of pneumococci in the nasopharynx should increase following
viral infection and decrease again after the viral infection is cleared. It is not clear how
long the augmented risk period for development of pneumococcal disease is subsequent
to viral infection. Some ecological studies have found significant associations between
peak viral detection and peak IPD with a lag of one week to one month, others have

found associations without applying a lag.”*”*

We set out to study the prediction that acquisition of a respiratory viral infection is
associated with an increase in pneumococcal nasopharyngeal concentration in young
children, and if so, that nasopharyngeal pneumococcal concentration returns fo baseline
after the viral episode is over. A recent study of respiratory viral transmission among

households in the rural Kilifi district of Kenya enabled us to investigate this question.’
\. \; \. \;

Jint L i L

Many studies are now using quantitative PCR to address differences in concentration of

126180181 1y aking standardization of

pathogens associated with carriage and disease states,
sample collection and laboratory methodology vital.®* This is fairly straightforward for
sample types such as whole blood, where the specimen volume from which DNA is
extracted is known. For samples such as nasopharyngeal secretions, the specimen
volume is much more variable; all that can be known for sure is the volume of tranéport
medium from which DNA is extracted, not the volume of the clinical specimen within the
transport medium. Factors such as increased nasopharyngeal secretions (as are often

seen in viral upperrespiratory tract infections) may increase the volume of human

specimen collected with a nasopharyngeal swab and deposited in the vial of transport
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medium. Factors such as participant discomfort during swabbing, or poor training or
monitoring of swab coIIecfors may result in an inefficiently collected swab and a
decreased volume of human specimen depbsited in the vial of transport medium. Such
differences would be expected to introduce bias, which could be corrected by an
adjustment for the quantity of human DNA present in the transport medium of a
nasopharyngeal swab. This is not a perfect adjustment, as it assumes a constant
relationship between human DNA and specimen volume, whereas there is variation in
cellularity of coryza in reality. Further data and discussion regarding the adjustment by

human DNA concentration can be found in chapter five, section 5.4.
9.2 Methods

The setting for this study is a pre-existing project consisting of samples from a household
study of viral transmission; “Who Acquires Infection from Whom” (WAIFW).® Under this
parent protocol, nasopharyngeal flocked swab (NPFS) specimens were collected twice
weekly irres\bective-of symptoms an\d stored in viral transpgrt medium (VTM) durir;':g a
single respiratory syncytial virus (RSV) season for six months from all members of 47
households with at least one infant and a sibling.® These households were rural Kenyan
households in Kilifi County. A household was defined as people living in the same
compound and sharing a common cooking arrangement. See figure 9.1 for results of RSV
testing from one household as an example (figure supplied by Patrick Munywoki).
Multiplex real-time PCR was performed on all samples to detect RSV A/B, adenovirus,
rhinovirus and coronaviruses NL63, E229 & OC43 (in a sub-sample of the parent study
these had been found to be the most prevalent viruses in circulation thro‘ughout the six
month period)s. Additionally, five households were tested for influenza A/B/C, human

metapneumovirus, parainfluenza viruses 1-4, and Mycoplasma pneumoniae. These five
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households also underwent rhinovirus typing of all samples positive for rhinovirus by

sequencing of the VP4-VP2 junction (unpublished data - Clayton Onyango).20 Rhinovirus

typing was necessary in order to be able to distinguish episodes of rhinovirus infection;

rhinovirus was so commonly detected that without typing, strains belonging to the same

episode could not be differentiated from other strains. This is demonstrated in figure 9.2.

5

Figure 9.1: Nasopharyngeal swab sampling from all members of a rural Kenyan

household twice weekly over a 6-month period. Samples negative for respiratory
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syncytial virus (RSV) are shown in green, samples positive for RSV are shown in red. The

size of the circle corresponds approximately to the viral concentration. Figure by Patrick

Munywoki.
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Figure 9.2: Rhinovirus typing enabled identification of episodes of rhinovirus infection
for study. A: Nasopharyngeal swab sampling from all members of a rural Kenyan
household twice weekly over a 6-month period. Samples negative for rhinovirus are
shown in green, samples positive for undifferentiated rhinovirus are shown in red. B: The
same household as in A; rhinovirus types are each allocated a different colour. Rhinovirus
typing has allowed identification of different episodes of rhinovirus infection. Figure by

Patrick Munywoki.

We selected episodes of RSV and rhinovirus infections to study. Influenza virus was not
included because the sampling timeframe did not occur during the Influenza season and
there were only two detected influenza episodes meeting the selection criteria. Both RSV
and rhinovirus have been shown to increase pneumococcal adhesion to human
respiratory epithelial cells, and while RSV has the most evidence for association with
pneumonia,5rhinovirus is the most common upper respiratory tract virus found in most

populations.



9.2.1 Defining Episodes of Viral Infection

Episodes were defined by the temporal association of symptoms of upper respiratory
tract infection (URTI) with the detection of RSV or rhinovirus in at least two swabs over a
period of 14 days among children under the age of five years. An episode began with the
first positive swab and was terminated at the last positive swab if there were no further
positive swabs from the child over 14 days. All swabs in between the positives were
counted as part of the episode, regardless of positivity. To optimise specificity swabs had
been defined as positive if the real-time PCR cycle threshold value for respiratory viruses

was <35.2%

Only episodes with symptoms of URTI at some point during the episode were considered;
such symptoms were coryza, cough or sore throat. Within a single household, one child
could have two or more episodes ‘of infection with the same virus,'and different children
couid be infected sequentially throughout the household. In this study, for each virus,

- only the episode from'the first child to be infected per household was selected, although
if more than one child became infected with the same virus simultaneously, or if a single
child was the first to be infected in their household for both RSV and rhinovirus, or for
more than one rhinovirus type, all of those episodes were selected. These criteria were
applied to ensure that true episodes of viral infection were selected, recurrent episodes
were avoided, and that pneumococcal transmission was less likely to have already
occurred prior to acquisition of the viral infection, assuming pneumococcus may have

been transferred along with the virus from child to child in the household. 2

Swabs from two weeks prior to the onset of the episodes, all swabs during the episodes
and two weeks after the end of the episodes were initially chosen in order to study the

change in pneumococcal concentration before, during and after viral infection, but the
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‘after’ swabs were extended to four weeks when initial pilot data was considered. A
flowchart outlining the swab selection criteria can be seen in figure 3. The STATA code
used to perform viral episode selection can be found in Appendix A; this code was written

in conjunction with Patrick Munywoki.
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Swabs collected twice weekly from
all members of 47 households over 6
months; 17,687 swabs

Include only participants
<5 years of age at start
of study: 5,281 swabs

Episode of infection defined as:

* atleast 2 positive swabs within 14
days,

* only swabs with a Ct value <35 for
RSV or typed rhinovirus called
positive

* Include negative swabs that lie
between 2 positive swabs as part of
the episode of infection

71 RSV episodes
\ 33 rhinovirus episodes j

Include if URTI symptoms on at
least 1 occasion during episode

64 RSV episodes
22 rhinovirus episodes

ﬁ)nly the first episode/s of infection fom
each virus per household included

(>1 episode if >1 participant started

the episode o the saime date in the

same household)

\ \ 38 RSV episodes \

o \ """ 18 rhinovirus episodes " )
v

Study swabs 2 weeks before, all swabs\

during and swabs 4 weeks after the first

symptomatic viral infection in a child <5
years in each household*

37 RSV episodes
16 rhinovirus episodes -/

Figure 9.3: Flowchart describing the selection of viral episodes to examine from the

parent study. URTI = upper respiratory tract infection. *One RSV episode was excluded due to it being a

prolonged relapsing infection that by the criteria above would have meant swabs “after” the episode would
still have been positive for RSV. Two rhinovirus episodes were excluded because the very first swabs

collected in the study were positive so it was impossible to accurately define the episodes.
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9.2.2 Laboratory Methods

Total nucleic acids had previously been extracted from all samples using the MagNA Pure
LC (Roche, Indianapolis, USA) automated instrument with the Roche high performance
Total Nucleic Acids kit.? These extracts were used to run the‘multiplex respiratory PCR in
the parent study and stored frozen at -80°C. The same extracts were used to run the IytA
gPCR for pneumococcal quantification and the alu qPCR for human DNA quantification as
part of this study. These PCR methods have been described in sections 7.10 and 7.12 in

chapter seven.

Pneumococcal concentration in the nasopharynx was taken as the pneumococcal
concentration per pg of human DNA present in the transport medium of the
nasopharyngeal swab. For the analysis, swabs with <1000 copies/mL of IytA detected,
including swabs with no IytA detected, were assigned a value of 500 copies/mL before
adjustment for alu concentration on the basis that all such swabs were below the lower

limit of detection and lower limit of linearity of the pnedmococcal assay.
9.2.3 Statistical methods

A pilot study of nine episodes of viral infection was carried out to inform the main
analysis. Swabs during, two weeks before and two weeks after a convenience sample of
episodes of symptomatic viral infection among children <5 years old were included, and
both IytA qPCR and alu qPCR were carried out as above. The pilot results were
summarized as a box and whisker plot of the pneumococcal concentration per pg of
human DNA present in the swab transport medium and can be seen in figure 9.4. Median
pneumococcal concentration before, during and after viral infection was compared using

a Kruskal-Wallis rank test. Pneumococcal concentration was greater during or after viral
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infection than before viral infection, p=0.022. Although there was no significant
difference in pneumococcal concentration between the swabs collected during and after
viral infection, viral co-infection was common and there appeared to be heterogeneity in
pneumococcal concentration between individuals. It was therefore decided to extend the
period for sampling after the viral infection from 2 weeks to 4 weeks for the main
analysis, to concentrate on differences at the individual level, and to allow for
confounding by presence of viral co-infection. In order to account for changes in
nasopharyngeal pneumococcal concentration at the individual, rather than the
population level, the analysis was refined. The mean natural log concentration of the
“before” swabs was subtracted from the “during” swabs, for each individual viral episode.
Similarly, the mean natural log concentration of the “during” swabs was subtracted from
the “after” swabs for each episode. These differences, when exponentiated, yield the
geometric mean fold change in pneumococcal concentration between each state. A one-
sample, two-sided t-test (ie. compares the difference to nil) was used to assess statistical
significance‘}lp the mean fold chang}gé{‘,l with a p-value of <005 considered good evidgpce to
reject the null hypothesis. As there were only nine episodes in the pilot study, the results
of this analysis were not statistically significant, but the direction of change was
consistent with the hypothesis; an 11.2-fold increase in pneumococcal concentration
during viral infection, p=0.0996, and a 0.5-fold decrease in pneumococcal concentration

after viral infection, p=0.3246.
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Figure 9.4: Nasopharyngeal pneumococcal concentration in /ytA copies/pg of human
DNA, before, during and after symptomatic viral upper respiratory tract infection (URTI)
among nine children in a pilot study. The box and whisker plot shows the median,

interquartile range and range for each swab category.

Power was calculated using a one-sample comparison of mean to a hypothesized value

(in this case, 0) in STATA I1. 197 The power calculation revealed that the estimated number
of episodes needed to detect a 3-fold change in pneumococcal concentration between
viral infection periods, using a standard deviation in natural log pneumococcal
concentration of 2.9 obtained from the pilot study, with 75% power and a significance
level of 0.05, was 49. The predicted sample sizes needed for different levels of power and

different effect sizes can be seen in table 9.1.
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Table 9.1: Sample size calculation. Predicted sample sizes needed for different levels of

power and different effect sizes.

Power
Fold-change in geometric
mean pneumococcal 0.9 0.85 0.8 0.75 0.7
concentration
2-fold 186 159 139 123 110
3-fold 74 63 55 49 43
4-fold 46 40 35 31 27
5-fold 35 30 26 23 21
6-fold 28 24 21 19 17

Of the potential confounders considered for the main analysis, namely the number of
children in the household, the number of smokers in the household, age of the child,
poverty level, cooking fuel type, whether cooking was done inside or outside, hygiene
(consisting of toilet type and water source), recent use of antibiotics and presence of viral
co-infection, oniy the last coulid be a confounder because it varied within episodes for
individual children. Although it would have been scientifically stronger to restrict the,
analysis to episodes without any co-infected swabs, this would have entailed dropping
almosit all the data because co-infection was so common. Therefore to examine the
potential role of co-infection, the individual level analysis for the main study was
repeated restricted to swabs without presence 6f viral co-infection (rather than episodes

without presence of viral co-infection).

A t-test with unequal variances was used to assess whether the differences in mean log
pneumococcal concentration during and before a viral episode were significantly different

for RSV and rhinovirus.
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9.2.4 Ethical Clearance

The study was approved by the Kenyan National Ethical Review Committee (SSC 1932). In
the original viral transmission study consent was obtained from guardians of all children

studied.

9.3 Results

The main analysis consisted of 47 households (five of these households had subtyped
rhinovirus episodes from the parent study), of which there were 53 viral episodes for
analysis, consisting of 42 individual children and 804 sampling visits. Fifty-one viral
episodes had swabs available from both before and during viral infection; 37 episodes of
first RSV infection and 14 episodes of first rhinovirus infection in a household during the
study period in a child <5 years of age. Of these, 28 and 12 episodes of RSV and rhinovirus

infection, respectively, remained once the analysis was restricted to swabs not co-

Lt Lint

infected with other viruses. Of 804 selected sample visits, 785 had nasopharyngeal
respiratory PCR results available from the parent study. For another 62 swabs, the sample
was missing or had been used up in previous analyses, leaving 723 swabs available for
pneumococcal PCR. By IytA qPCR 675/723 swabs (93.4%) were positive for
pneumococcus. Of these, 23/723 swabs had insufficient sample for alu qPCR, and 2 were
negative for human DNA by alu gPCR, leaving 698 swabs with both /ytA and alu qPCR
results for the main analysis. Individual plots of pneumococcal concentration before,
during and after RSV and Rhinovirus infection can be seen in figure 9.5, these are
illustrative examples; plots for every episode can be found in Appendix B. These plots
additionally show the samples that were co-infected with another virus; 271/785 (35%)

were co-infected.
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The mean fold change in pneumococcal concentration, with and without adjustment for

human DNA concentration for RSV and rhinovirus are in table 9.2. There was not a

statistically significant difference between the viruses, p=0.250, so the mean fold change

in pneumococcal concentration is also presented combined to improve power and

precision. Pneumococcal concentration rose during viral infection, 3.8-fold if adjusted for

the quantity of human specimen present in the transport medium, 7.5-fold if not

adjusted, p<0.001 for either method. Pneumococcal concentration fell after viral

infection, but this was not statistically significant. The differences in adjusted

pneumococcal concentration during and before viral infection, and after and during viral

infection can be seen in figure 9.6.
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Figure 9.5: Nasopharyngeal pneumococcal concentration in lytA copies/pg of human

DNA, before, during and after examples of episodes of symptomatic upper respiratory

tract infection (URTI) with RSV or rhinovirus in children <5 years old. The y-axis of each
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graph is in logyo scale. The swab numbers on the x-axes are consecutive twice-weekly
swabs. Where a swab was not collected or the sample was unavailable, the bar is missing.
Where a swab was not missing but did not have detectable pneumococcus by /ytA qPCR,
it is marked zero. For RSV episodes, swabs collected during the episode are marked in
red, for rhinovirus these are blue. Swabs two weeks before and four weeks after each
viral episode are black. Bars marked with an asterisk indicate swabs that were co-infected

with another respiratory virus by multiplex PCR.
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Difference between mean natural log IytA/ug human DNA concentrations
during and before viral episodes

dbdifference

Difference between mean natural log IytA/ug human DNA concentrations
after and during viral episodes

-2 0 2
addifference

Figure 9.6: Differences in individual mean nasopharyngeal concentration. The
differences between individual mean nasopharyngeal pneumococcal concentration in
natural log lytA copies/ug human DNA 'during' and 'before' viral upper respiratory tract
infection (URTI), and between concentration 'after' and 'during’ viral URTI. A difference of
0 indicates no change in pneumococcal concentration with the change in viral status.

Data to the right of the 0 line indicate an increase in pneumococcal concentration, data to

the left indicate a decrease.

9.4 Discussion

There is considerable inter and intra-individual heterogeneity in the concentration of
pneumococcus in the nasopharynx of children under the age of 5 years in rural Kenya.
The main finding in this study, the 4-fold increase in nasopharyngeal pneumococcal

concentration, is small but is statistically significant. If the probability of invasion
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increases with an increase in pneumococcal nasopharyngeal concentration, then this 4-
fold increment in bacterial concentration with viral infection may contribute to the
augmented likelihood of bacterial pneumonia or invasive pneumococcal disease among
children with viral infections. Additionally, the increase in bacterial concentration with
viral URTI is very likely to contribute to person-to-person transmission of pneumococcal

carriage.

The changes in pneumococcal concentration with viral infection appeared to be more
marked for RSV than for rhinovirus, but there was not a statistically significant difference
between the viruses. RSV may indeed have a stronger relationship with changes in
nasopharyngeal pneumococcal concentration than rhinovirus but we were not powered

to detect this.

The Peruvian study did not measure.the bacterial concentration present, but did look at
acquisition of pneumococcal serotypes that were not present in the nasopharynx one
“month prior, and found that acquisition of a new serotype of pneumococcus was
associated with influenza or parainfluenza virus related acute respiratory illness but not
with an RSV or rhinovirus associated illness..199 We did not have enough episodes of
influenza to look for a rise in pneumococcal concentration associated with influenza

illness in our study.

Adjusting nasopharyngeal swab specimens for the concentration of human DNA present
in the swab transport medium resulted in a reduction in the effect size measured. This is
biologically plausible, because symptomatic viral infection can be expected to increase
nasopharyngeal secretions, resulting in a greater volume of sample collected into the
swab transport medium. Without adjusting for this i‘ncreased volume, a falsely elevated

nasopharyngeal pneumococcal concentration could be inferred from the sample. Two of
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our nasopharyngeal swab samples wére found to contain no human DNA; pneumococcal
DNA was not detected in these samples either. These swabs were omitted from the
analysis as “missing” rather than included as samples negative for pneumococcus,
because it is unlikely the swabs were truly collected from the human nasopharynx,

despite training and monitoring of swab collectors.

Strengths of this study include the extensive swab collection; 17,687 swabs were
collected from 47 households over a six-month period, requiring considerable community
co-operation. This is the first study we are aware of where rhinovirus sub-typing was
available, enabling the study of rhinovirus episodes. The study would have been
impossible without the sub-typing because so many different rhinoviruses were present
that defining the individual episodes could not have been done otherwise. Adjusting the
pneumococcal concentration for the amount of human DNA present in the sample meant
that children who had a higher pneumococcal yield due to the presence of copious nasal

secretions were accounted for. It also meant that poor swab technique, if problematic
\ v\ \r \

it vt

for some samples, would not bias the results.

THis study does have some limitations. Despite high compliance from the nearly 500
occupants of the studied households, there were only 53 first viral episodes from children
<5 years old available for analysis; 37 RSV episodes and 14 rhinovirus episodes had swabs
collected both before and during episodes. Numbers were reduced further when the
analysis was restricted to swabs without viral co-infections, as such co-infections were
very common. Naturally, we could not test the swabs for all possible viral co-infections

and therefore there may well have been further confounding that we could not detect.

Data on recent antibiotic use was limited, with only antibiotics given out by the study

field team or local healthcare clinic recorded. However, the study field team noted that
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antibiotics were generally otherwise inaccessible to the study population. It remains
possible that we were unable to adequately account for this potential confounder. If this
was the case, you would expect it to have an effect of potentially reducing pneumococcal
concentration during the symptomatic viral episode, which would reduce our ability to

see an association between viral infection and increased pneumococcal concentration.

It was beyond the scope of this study to serotype the Streptococcus pneumoniae isolates
carried among these children, and would in any case have resulted in too much loss of
power to stratify by serotype, but it is possible that the rise in pneumococcal

concentration associated with viral infection could be serotype-dependent.

The effect of a modest rise in pneumococcal concentration with acquisition of
symptomatic viral infection in terms of risk of transmission or invasion depends on
whether the relationship between nasopharyngeal pneumococcal concentration and
transmission or invasion is iinear, sigmoid or more complicated. if the relationship is
linear, then a 4 or 7-fold rise cannot have a great effect. If the reldtionship is sigmoid,
there may be a threshold effect, in which case it depends where the threshold for
transmission or invasion lies relative to the distribution of nasopharyngeal pneumococcal
concentration in the population. If the réspiratory viral infection triggers the
pneumococcus to switch from opaque phase in a biofilm to transparent phase, expressing
genes enabling invasion, as well as increasing the pneumococcal concentration as
discussed in chapter two, this would be likely to potentiate the effect on invasive risk.
How much of this increased risk of invasion is due to an increase in pneumococcal
concentration and how much is due to changes in gene expression we do not know. Any
increase in risk of transmission is more likely to be due to the increased nasopharyngeal

pneumococcal concentration itself. We also do not fully understand the relative
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contributions of serotype and strain. Certainly some serotypes are more invasive than

others, and virulence factors other than capsule also play a role.?>

In conclusion, there is a detectable rise in pneumococcal concentration in the
nasopharynx of children who acquire symptomatic viral infection, particularly with RSV.
There may be a less marked decrease in pneumococcal concentration after the episode of
_viral infection but we have been unable to demonstrate this conclusively. The modest
increase in pneumococcal concentration may be an important contributing factor to the
development of bacterial pneumonia or invasive pneumococcal disease among children

with preceding viral respiratory tract infections at a population level.
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Chapter Ten

10 Objective three: The dynamics of pneumococcal concentration
in the nasopharynx after immunisation with pneumococcal

conjugate vaccine

10.1 Introduction

Invasive pneumococcal disease (IPD) has been largely controlled in developed countries

18,20

by the introduction of pneumococcal conjugate vaccines, and encouraging data is

emerging from resource-poor countries where such vaccines have been instituted. 3%2%
The effect of the vaccine is due not only to a direct effect among vaccinated infants, but
also to an indirect, or herd effect, among older children and adults who are protected by
a reduction in circulating invasive serotypes; less carriage *°°**° and less transmission of
vaccine-types.l}g:(,)'161 Serotype replacenient disease is caused by pneumococcal serotypes
not covered in the vaccine in use.”® The carriage prevalence and invasive potential of
serotypes occupying the nasopharyngeal niche in place of the vaccine-types and the
virulence and drug-resistance of such non-vaccine-types determine the degree of the
problem that serotype replacement causes. Together with the fact that IPD is now an
uncommon condition in vaccinated populations, making it more difficult to study, this

means that nasopharyngeal carriage studies are an important part of monitoring the

impact of pneumococcal conjugate vaccines.'®*

166170171 and has not always been

Detection of multiple serotype carriage can be difficult
performed, hindering pre and post-vaccine surveillance efforts.'*** Children carry more

than one serotype of pneumococcus at a time, and probably do so in up to 50% of
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cases. The pneumococcal microarray at St George’s University Hospital in London

(http://www.bugs.sgul.ac.uk/node/1) has been assessed by the PneuCarriage project

(discussed in chapter two) as being one of the best methods in the world for accurate

detection of multiple serotype carriage.’”*

Density of vaccine-type and non-vaccine-type carriage has seldom been reported, but
semi-quantitative carriage density of vaccine-types decreased in the vaccine-arm of a
PCV-7 randomised controlled trial among a Native American population **® and among
Gambian villagers in a cluster-randomised trial of PCV-7.1 As discussed in chapter nine,
we assume that nasopharyngeal colonisation density is important for both pneumococcal
transmission and invasion, but we don’t know whether the relationship is linear or
whether there is a threshold effect. Nor do we know where the population range for

carriage density lies relative to these.

In Kenya, we carried out a randomized controiied triai of the immunogenicity,
reactogenicity and impact on carriagg of PCV-10 among Kenyan children aged 12-59
months (the PCV-10 Reactogenicity, Inmunogenicity and Safety study in Malindi
[PRISM]).2° Six months after vaccination, carriage prevalence of vaccine-type
pneumococci as assessed by standard culture was 21% in recipients of two doses of PCV-
10 compared to 31% in controls (p = 0.04). Previous work in Kilifi has demonstrated a
seasonal increase in prevalence of pneumococcal carriage at the énd of the wet season,
usually around July.”® In the PRISM study, total pneumococcal carriage prevalence by
culture was 66% (95% confidence interval [CI] 59-72%) among controls at the
commencement of the study in January and 72% (95% Cl 66-79%) at the end of the study
in July. Multiple serotype carriage and concentration of vaccine-type carriage was not

assessed in the PRISM study.
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Carriage prevalence is probably a marker of nasopharyngeal pneumococcal
concentration, but we assume that quantification of colonisation should give a more

accurate picture of the dynamics of pneumococcal carriage with vaccination.

The autélysin gene is common to all pneumococci so quantitative /ytA PCR (qPCR) can
only tell us the total concentration of pneumococcus. In this study we also asked what the
concentration of carriage with vaccine-types (1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F) and
non-vaccine types was, and how that changed after vaccination. We aimed to answer this
question using quantitative lytA PCR together with a pneumococcal microarray revealing
the relative proportions of each serotype present. This objective was examined by

studying samples from subjects enrolled in the PRISM study.*

10.2 Methods

In the parent PRISM study, participants were sampled by rayon nasopharyngeal swab
(Medical Wire Company, UK) in skim-milk tryptone glucose glycerol (STGG) transport
mediur;a before, and at 30, 60,"\90 and 180 days post PEV-lO in two different séhedules.
Culture was performed in real time for S. pneumoniae, H. influenzae and S. aureus in our

| laboratory and STGG was stored frozen at -80°C. For this sub-study, swabs collected prior
to vaccination (day 0) and at days 30, 60, 90 and 180 from all children aged 12-23 months
who were enrolled in dosing schedule group A (PCV-10 vaccine at day 0 and day 60) were
selected; these were 47 children. One child dropped out of the study after day 30 and his

swabs were excluded from the analyses.

DNA was extracted from 200ulL of thawed STGG using the QlAamp DNA minikit (Qiagen,
Germany) as described in section 7.6.2 in chapter seven. This nucleic acid was then used
for the pneumococcal IytA qPCR (section 7.10 in chapter seven). Because only seven

swabs were negative for lytA by gPCR, and three of these were positive by culture, all
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swabs that tésted at or below the limit of detection for lytA qPCR (1000 copies/mL) were
set at 500 copies/mL, including the negatives. As well as the lytA qPCR, STGG samples
underwent a quantitative alu PCR (section 7.12, chapter seven) for human DNA to adjust
the lytA concentration for the proportion of transport medium that was actual human
specimen. The pneumococcal PCR was then expressed in copies of IytA per pg of human

DNA.

In addition, STGG was cultured on streptococcal selective agar (Oxoid, UK) and the
resulting growth harvested and suspended in phosphate-buffered saline for further DNA
extraction using the QlAamp DNA minikit with a pre-lysis step (section 7.6.3, chapter
seven). This DNA was used for the pneumococcal microarray, described in section 7.13 of
chapter seven. The microarray was carried oﬁt at St George’s, University of London. At St
George’s, they have tried using the microarray without the culture step, extracting DNA
directly from STGG and amplifying it before proceeding with the microarray, but have

found that sensitivity for detecting minor serotypes is lost with that method, and so
. \ \

\: \

recommend the culture step (personal communication, Jason Hinds, St George’s

University Hospital).

10.2.1 Analysis

The pneumococcal microarray gives the relative abundance of each serotype present and
considerably enhances detection of multiple serotype carriage; the lytA qPCR yields the
total concentration of pneumococcus. It is then possible to calculate vaccine-type (VT)
and non-vaccine-type (NVT) pneumococcal nasopharyngeal concentration for each swab
for which there is microarray serotype data, using the proportion for each serotype (from
the microarray) of the total concentration (by /ytA qPCR). Swabs without growth of

pneumococci for microarray typing were missing the VT and NVT proportions but the
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total concentration by /ytA qPCR was available, as PCR was more sensitive than culture. In
order to better understand the missing data, the pneumococcal concentration by lytA
gqPCR was compared for samples that grew and did not grow pneumococcus, and
variables potentially associated with growth of pneumococcus were examined by logistic

regression with pneumococcal concentration in strata formed by quintiles.

The distribution of the total pneumococcal concentration at each time point was
examined using the results of the lytA gPCR (adjusted for human DNA concentration) in

all swabs.

In order to assess changes in VT and NVT pneumococcal concentration over time post-
vaccination, a range of methods was explored in order to address limitations of the
dataset. These limitations included missing VT and NVT data for samples that did not
grow pneumococcus on culture for microarray but were IytA qPCR positive; many 0
values in VT or NVT concentration eg. from swabs that contained oniy NVT {and therefore
“0” VT) or swabs that contained only VT (and therefore “0” NVT) and the timing of the
study over January to July being in line with seasonal increases in pneumococcal

prevalence so that we may have confounding by season.

1) A visual display of all data. Firstly all data was displayed visually; stacked area charts to

present all serotype data for each individual study participant, and the log IytA

concentration for all pre-vaccine and combined post-vaccine swabs.

2) Changes in VT and NVT pneumococcal concentration with time, for swabs with

microarray data. Secondly, VT and NVT pneumococcal concentrations, from swabs that
had microarray serotype data, were studied by time point with Wilcoxon signed rank

tests used to compare median concentrations. The differences between concentrations of
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pre-vaccine swabs and paired swabs collected six months later were calculated and
analysed using a sign test. Total pneumococcal concentration was analysed in the same
way, but from all swabs, using IytA qPCR data alone, as microarray serotype data was not

needed.

3) Changes in VT and NVT pneumococcal concentration with time, with imputed data for

swabs missing microarray data. Data were re-analysed after imputing the proportions of

VT and NVT for swabs positive by lytA qPCR but without serotype data from microarray.
To impute data, the median VT concentration over the median NVT concentration among
swabs yielding VT or NVT pneumococcus at each time point was used to generate a
VT/NVT ratio for each time point. This ratio was then applied to the total pneumococcal
quantity by lytA gPCR to yield the relative VT and NVT quantities for 58 swabs that were
missing serotype data. The median VT and median NVT concentrations of all swabs that
underwent microarray were not used, because several of the median VT concentrations

by time point were 0.
: \ \ \ \

i Lt il Pt

4) The ratio of median VT to median NVT concentration. Changes in VT and NVT

concentrations over time were probably confounded by seasonality. To avoid this, a
different approach using the ratio of VT to NVT pneumococci was utilized, strengthening
the analytic findings. Taking the ratio of the median VT concentration to the median NVT
concentration at each time point described in 3) above, the change in log VT:NVT ratio by

time point was examined using linear regression.

5) Individual ratios of VI:NVT concentration. Individual ratios of VT:NVT concentration

were determined for study participants with multiple carriage of pneumococcal serotypes

that included both VT and NVT serotypes. A Wilcoxon signed-rank test was used to
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compare the median ratios between day 0 and each other swab collection time point

until day 180 post-vaccine.

6) Serotype-specific analyses. The serotype-specific pneumococcal concentration at each

time point was examined for the six most common serotypes, a Wilcoxon signed-rank test
used to compare paired median concentrations by time point and a rank-sum test used to

compare median pre and post-vaccine concentrations.

The microarray, in addition to providing the relative abundance of each pneumococcal
serotype present, assesses the genome backbone of each serotype. A subty‘pe for each
serotype is assigned based on genes in the genome backbone, independent of the
capsular Ioc.us. Further details on the microarray analysis can be found in section 7.13 of

chapter seven.

Finally, the analysis of changes in VT, NVT and total pneumococcal concentration from
swabs that had microarray serotype data (analysis 2, above) was repeated without
\ \; \r

adjusting pneumococcal concentration for the concentration of human DNA present in

the nasopharyngeal swab transport medium.

10.2.2 Ethical Clearance

The study was approved by the Kenyan National Ethical Review Committee (SSC 1932). In

the original PRISM study consent was obtained from guardians of all children studied.

10.3 Results

Figure 10.1 details the samples available for study. By lytA qPCR, 97% of all swabs were

positive so, for the purposes of analysis, all swabs were assumed to be positive at all time
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points, at varying concentrations. By microarray, which involved an initial culture step,
36/46 (78%) subjects were carrying pneumococcus at day 0, 40/45 (89%) at day 30, 27/46

(59%) at day 60, 33/46 (72%) at day 90 and 36/45 (80%) were carrying pneumococcus at

day 180.
47 children aged 12-23 months received
PCV-10 at day 0 and day 60 with swabs
collected at days 0, 30, 60, 90 & 180.
1 child dropped out after day 30:
n=230 swabs

4 ™\

2/230 swabs were not 7/230 swabs were negative for

retrieved for microarray IytA qPCR (3/7 were culture

. .L o positive)
, \ |

48/230 swabs did not
| grow at all for microarray ) ¢

F"l, \ Assume all /ytA qPCR results \
s ~ are positive at half lower limit
3/230 swabs did not grow of detection if <1000 coples/
. sufficiently for microarray ) mL, including negatives
N T
5/230 swabs growth was
not SPN by microarray

58 swabs IytA positive but
no microarray serotype
172 swabs with data, 172 swabs with
both IytA concentration
microarray d serotypes b
serotype data an pes by
microarray

Figure 10.1: Samples available for study
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The proportions at each time point carrying any vaccine-type, only non-vaccine-types,
and no pneumococcus at all, by microarray, can be seen in table 10.1. As this was a sub-
study of the original PRISM study three years earlier, in which nasopharyngeal swabs had

d 8 in our laboratory,

been cultured for pneumococcus using the WHO standard metho
we also had those original results with which to compare the culture step for microarray.
The culture for microarray and the original swab culture three years previously both
yielded pneumococcus in 154/230 swabs, both were negative for pneumococcus for
47/230 swabs, and were discordant for 29/230 swabs. Of the discordant swabs 11 grew
pneumococcus originally but failed to do so for microarray and 18 swabs yielded

pneumococcus by culture for microarray but had not done so originally by the standard

WHO method.

Table 10.1: Proportion of swabs carrying any vaccine-type, only non-vaccine-type, or no

pneumococcus, by culture step and microarray analysis

Time point n Vaccine-type Non-vaccine-type No pneumococcus
(days) \ pneumococcus \ pneumococcus v \:
0 46 18 39% 18 39% 10 22% "
30 45 18 40% 22 49% 5 11%
60 46 12 26% 15 33% 19 41%
90 46 17 37% 16 35% 13 28%
180 45 17 38% 19 42% 9 20%

" Of the 154 swabs that grew pneumococcus on both occasions, 139 were concordant
serotypes and 15 were discordant serotypes. Of the 15 discordant serotypes, nine were
concordant to serogroup level and six were not. Therefore 148/154 (96%) swabs with

growth of pneumococci were concordant to at least serogroup.

205



The swabs that did not yield viable pneumococci for serotyping by microarray had lower
pneumococcal concentration by /ytA qPCR (median 4.04 log copies/pg human DNA, IQR
3.51-4.55 log copies/pg human DNA) than the swabs that did grow pneumococci,
(median 5.19 log copies/pg human DNA, IQR 4.60-5.92 log copies/pg human DNA)

p<0.0001. This is illustrated in figure 10.2.

In multivariable logistic regression; gender, age at time of swab collection, recent
antibiotic use (within 30 days), month of swab collection, number of smokers in the
household, mid-upper arm circumference, source of drinking water and type of cooking
fuel were not associated with culture positivity but pneumococcal concentration by IytA
gPCR was significantly associated (data not shown). The proportion culture positive in

strata of lytA concentration can be seen in figure 10.3.

Micorarray culture positive

logJyta_alu

Microarray culture negative

log. lyta_alu

Figure 10.2: Distribution of nasopharyngeal pneumococcal concentration in logio lytA
copies/pg human DNA for swabs that did and did not grow pneumococci on culture in

preparation for microarray.
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1.000 10,000 100,000 1,000,000 10,100,000

IytA"acoroertration agqdes/lig huran DNA

Figure 10.3: Proportion of nasopharyngeal swabs that were positive on culture for

pneumococcus by five strata of pneumococcal concentration by lytA qPCR.

In order to assess changes in total, VT and NVT pneumococcal concentration over time
post-vaccination, a range of methods was explored; here the results are presented in the

same order as the analytic methods were discussed above.

1) Avisual display of all data. Examples of the visual representation of serotype-specific
nasopharyngeal pneumococcal concentration across time, by individual study participant,
can be seen in figure 10.4. There are two graphs, A and B, presented for each individual
child. Graphs marked "A" are of nasopharyngeal pneumococcal concentration in /lytA
copies/pg of human DNA over the six months post vaccination and demonstrate the
dominance of the principal serotype and the impressive changes in concentration that
occurred within individuals. Graphs marked "B" are of logiO-transformed nasopharyngeal
pneumococcal concentration in logiO/ytA copies/pg of human DNA and reveal the degree

of multiple carriage that occurred and the relative concentrations between individuals.
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“Unknown” serotypes seen on these charts are indicative of swabs for which the IytA
gPCR was positive, but culture for microarray wasnot, so that we are lacking serotype

data for those swabs. Graphs for every study participant can be found in Appendix C.

The log lytA concentration for all day 0, pre-vaccine swabs, and the log lytA concentration

distribution for all day 30, 60, 90 and 180, post-vaccine swabs can be seen in figure 10.5.
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At day 0

2 4 6 8
log_lyta_alu
Atdays 30. 60. 90 & 180
“i i i r
2 4 6 8

log,lyta._alu

Figure 10.5: Pneumococcal concentration, in logio lytA copies/pg human DNA, in 230
nasopharyngeal swabs from 46 children before vaccination (day 0) and after vaccination

(days 30, 60, 90 and 180 since vaccination) with PCV-10.

2) Changes in VT and NVT pneumococcal concentration with time for swabs with
microarray data. Log-transformed VT, NVT and total pneumococcal concentrations over
time can be seen in figure 10.6; data are log-transformed for ease of display but p-values
are a non-parametric paired analysis of untransformed data, so as not to lose the zero
quantities. Here the paired analysis of individuals at day 0 and day 30, at day 0 and day
60, at day 0 and day 90 and at day 0 and day 180 reveals no significant changes in VT
pneumococcal concentration, but significant increases in NVT pneumococcal
concentration. Total pneumococcal concentration likewise increases significantly over
time. The analysis for VT and NVT concentration is restricted to data from swabs that

were culture positive for microarray, in order to assign serotype, and does not include
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data from swabs that were /ytA qPCR positive but microarray negative. The differences in
VT, NVT and total bneumococcal concentration between day 0 and day 180 are displayed
in figure 10.7 and a sign test demonstrates no change in VT concentration, a significant
increase in NVT concentration and an overall increase in pneumococcal concentration

over the six-month period post vaccination.
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A Total pneumococcus
Wilcoxon sign-rank p=().()()!

test compared with  n--46
time point |

3

time point

Vaccine-type pneumococcus

Wilcoxon signed pr0.917 p"Q.989 p=0.563
rank test n»32 n«24 n*26
compared with
time point 1
3
time point

Non-vaccine-type pneumococcus

Wilcoxon signed p*0.017 p-0.010 p 0,020
rank test n*32 2y n«26
compared with

time point 1

HI

3

time point

p-0.844
n*28

pcO.QQl
n»28
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Figure 10.6: LogiO-transformed total, vaccine-type and non-vaccine type

nasopharyngeal pneumococcal concentration over time. Time point 1 =day 0, time point
2 =day 30, time point 3 =day 60, time point 4 =day 90 and time point 5 =day 180 since
vaccination with PCV-10. Data were logiO-transformed for display only. P-values were a

non-parametric paired analysis of untransformed data. Pneumococcal concentration was

in /ytA copies/pg human DNA.

Vaccine types

§ % Sign test:
1 1§ p=1.000
n=28
5000000 0 5000000 100e*07
VTdiff
using swab';, t ultuie positive toi rracroanay seiotyping
Non-vaccine types
$ 51
I m p=0.004
¥ n=28
U 3-L, 1 1 T
5000000 0 5000000 100e+07
NVTdiff
using swabs cuiiure positive iot micioanay seiotypjng
Total pneumocogcus
S' 754
p=0.005
| n=46
5000000 0 5000000 1000.07

spndiff

using all swabs

Figure 10.7: Differences in vaccine-type, non-vaccine-type and total nasopharyngeal
pneumococcal concentration between day 0 and day 180 post-vaccination with PCV-10.

Pneumococcal concentration was in lytA copies/pg human DNA.

3) Changes in VT and NVT pneumococcal concentration with time with imputed data for
swabs missing microarray data. The analysis was repeated with imputed data for the 58

swabs that were positive by /ytA qPCR but microarray serotype data was not available.
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The ratio of median VT concentration over the median NVT concentration among swabs
yielding VT or NVT pneumococcus at each time point was used to impute data. Several of
the median VT concentrations by time point were 0, so the median VT and median NVT
concentrations of all swabs that underwent microarray were not used, as can be seen in
tables 10.2 and 10.3. The Wilcoxon signed-rank paired analysis of the dataset including
imputed data again revealed no change in VT pneumococcal concentration and a
significant increase in NVT pneumococcal éoncentration with time post-vaccination.
Figure 10.8 shows the changes in VT and NVT concentration over time for all 46 swabs

including the imputed data.
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Table 10.2: Median vaccine-type (VT) and non-vaccine-type (NVT) nasopharyngeal

pneumococcél concentration among swabs that had vaccine-types detected by

microarray analysis and swabs that had non-vaccine-types detected by microarray

analysis, which involves an initial culture step. Pneumococcal concentration was in lytA

copies/pg human DNA.,

median median

Days since N vT N NVT
vaccination (VT) concentration (NVT) concentration
0 18 51,372 24 21,219
30 18 284,397 31 88,520
60 12 260,145 20 94,808
90 17 129,922 25 99,523
180 17 221,241 27 293,745

Table 10.3: Median vaccine-type (VT) and non-vaccine-type (NVT) nasopharyngeal

pn\eumococcal concentrat\ion among all swabs th\at underwent microarr\ay analysis.

Lt it

Pneumococcal concentration was in lytA copies/ug human DNA

i

i)

median median

Days since N vT N NVT
vaccination (vT) concentration (NVT) concentration
0 36 756 36 13,486
30 40 0 40 35,199
60 27 0 27 55,063
90 33 6 33 18,047
180 36 0 36 117,193
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Vaccine-types Non-vaccine-types

Compared Compared

=0.279 =0.983 =0.038 =0.001
to time P P to time P P
point 1 p=0.503 p=0.116 point 1 p=0.015 p=0.100
oM™
1 2 3 4 5 1 2 3 4 5
Time point Time point

Figure 10.8: LogiO-transformed vaccine-type (VT) and non-vaccine-type (NVT)
nasopharyngeal pneumococcal concentration overtime, including imputed data.
Imputed data was for swabs with total pneumococcal concentration available by /ytA
gPCR, but proportion VT and NVT not available because of no or insufficient growth on
culture for microarray analysis. Time point 1 =day 0O, time point 2 = day 30, time point 3
day 60, time point 4 =day 90 and time point 5 = day 180 since vaccination with PCV-10.
Zero values were set to 0.1 and data were logiO-transformed for display only. P-values
were a Wilcoxon signed-rank paired analysis of untransformed data. Pneumococcal

concentration was in lytA copies/pg human DNA.

4) The ratio of median VT to median NVT concentration. An alternative method of
analysis looked at the ratio of VT to NVT concentrations. This could be done overall for

the whole dataset, taking a ratio of the median VT concentration to the median NVT



concentration for swabs yielding VT or swabs yielding NVT, or on an individual basis using
individual participants with multiple serotype carriage. The ratio of median VT:NVT
concentrations fell by 69% over the six months post vaccine and this can be seen in figure

10.9. The log of this ratio declined significantly with a p-value of 0.036.

Ratio of median VT: median NVT

0 30 60 90 180
Days since vaccination

Figure 10.9: The ratio of median VT to median NVT pneumococcal concentration in the
nasopharynx. The median values were taken from swabs with VT pneumococcal growth
or NVT pneumococcal growth on culture for microarray analysis at each time point since

PCV-10 vaccination.

5) Individual ratios of VT:NVT concentration. There were 65 swabs with multiple serotype
carriage, and of those, 37 had carriage of both VT and NVT pneumococci. These 37 swabs
differed from the entire dataset only in that they were more likely to come from homes
containing multiple smokers and from participants with lower mid-upper arm
circumference (MUAC). This can be seen in table 10.4. A box plot of the log ratio of VT to

NVT quantities can be seen in figure 10.10. Statistical significance was not demonstrated.

218



Table 10.4: Characteristics of swabs containing both vaccine-type (VT) and non-vaccine-

type (NVT) pneumococcal carriage compared to all other nasopharyngeal swabs.

VT & NVT All other
multiple carriage swabs
n/37 (%) nf193 (%) p-value
Days since vaccination 0.717
Day 0 6 16 40 21
Day 30 9 24 37 19
Day 60 5 14 41 21
Day 90 9 24 37 19
Day 180 8 22 38 20
Female 14 38 91 47 0.298
Firewood as cooking fuel
type 37 100 193 100 NA
Source of drinking water § 0.395
Borehole 0 0 5 3
Dam 13 35 52 27
Pond 6 16 14
Protected well 1 3 14
Rainwater
Stream/river 2 5 8 4
Unprotected well 15 41 95 49
Smokers in household & 0.003
none 30 81 135 70
1 1 3 39 20
: 2 v, 3 . 8 17 9 y
oL 3 3 a8 2 1
Antibiotic use within 30 days 0 0 15 8 0.138
mean (sd) mean (sd) p-value
Age (months) 20.0 44 204 38 0.597
MUAC (cm)f] 14.4 0.99 149 1.16 0.021

4 mid-upper arm circumference, § Fisher's exact

219



n=6 n=9 n=5 n=9 n=8

Time point

Figure 10.10: Logio ratio of vaccine-type (VT) to non-vaccine-type (NVT) pneumococcal
concentration in the nasopharynx among 37 swabs carrying both VT and NVT
pneumococcus, by time point. Time point 1 =day 0, time point 2 = day 30, time point 3:

day 60, time point 4 = day 90 and time point 5 = day 180 since vaccination with PCV-10.

6) Serotype-specific analyses. Serotype concentration over time for the six most common
serotypes, 6A, 19F, 23F, 15B, 14 and 6B, can be seen in figure 10.11. The numbers for
each serotype were small and statistically significant changes were not detected for any

of the individual serotypes.
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Figure 10.11: Nasopharyngeal pneumococcal logio concentration by the six most
common individual serotypes among over time. Time point 1 =day 0O, time point 2 = day
30, time point 3 = day 60, time point 4 = day 90 and time point 5 =day 180 since

vaccination with PCV-10. Pneumococcal concentration was in lytA copies/pg human DNA.

Repeating analytic method 2), without adjusting pneumococcal concentration for human
DNA present in the swab transport medium, revealed no significant changes in VT

pneumococcal concentration, a significant increase in NVT pneumococcal concentration,
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and no significant change in total pneumococcal concentration over time post
vaccination. Log-transformed VT, NVT and total pneumococcal concentrations over time,

without adjustment for human DNA concentration, can be seen in figure 10.12.
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Figure 10.12: Logip-transformed total, vaccine-type and non-vaccine type
nasopharyngeal pneumococcal concentration over time. Time point 1 = day 0, time point
2 = day 30, time point 3 = day 60, time point 4 = day 90 and time point 5 = day 180 since
vaccination with PCV-10. Data were logyo-transformed for display only. P-values were a
non-parametric paired analysis of untransformed data. Pneumococcal concentration was
in IytA copies/mL without adjustment for the concentration of human DNA present in the

nasopharyngeal swab transport medium.

10.3.1 Pneumococcal microarray

In three study participants, microarray types generated from the genome backbone were
different even when the same serotype apparently persisted in carriage. Specifically,
participant 138 had a microarray type 4 / capsular serotype 6A at day 0 and day 30 but
this became\a microarray type 3 / c:ilpsular serotype 6A at d\gy 60 and day 180. Part\jcipant
141 Iikewisé,:lhad a microarray type 4 / capsular serotype 6/’\'{,at day 60 and day 90, but a
microarray type 9 / capsular serotype 6A at day 180. Finally, participant 107 had a

microarray type 1/ capsular serotype 6B at day 30 and a microarray type 2 / capsular

serotype 6B at day 60.

10.4 Discussion

Total pneumococcal nasopharyngeal concentration increased in the six months post PCV-
10 vaccination. Vaccine-type pneumococcal nasopharyngeal concentration did not
change significantly over this time period. Non-vaccine-type pneumococcal
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nasopharyngeal concentration increased significantly at the same time. These results held
true regardless of whether we looked at only the culture-positive swabs with serotype
data by microarray, or whether we looked at all swabs including imputed data for those

that were not able to be typed by microarray.

The ratio of median VT concentration to median NVT concentration fell by 69% over the
same time period. Taken together, the results of these analyses are compatible with a
vaccine effect on nasopharyngeal concentration of vaccine serotypes. It has been clearly
demonstrated that pneumococcal conjugate vaccines decrease prevalence of vaccine-
type carriage, both in the PRISM study '° and elsewhere.’>***® Density of vaccine-type

158 and in the

carriage decreased with vaccination in a Navajo population in the USA,
Gambia, although in the latter study non-vaccine-type carriage also decreased at the

same time.1®

A major limitation of this study is the lack of microarray data for control children without
vaccination, to adequately address confounding by seasonality. Pneumococcal carriage
prevalence in Kilifi increases from January to July, with a peak just after the April-July

rainy season, %%

If microarray data for control children were available, we may have
been able to demonstrate a relative decrease in vaccine-type pneumococcal
concentration in vaccine recipients compared to controls, and would have been able to
quantify the decrease. However, the lack of an increase in vaccine-type pneumococcal
concentration when total pneumococcal nasopharyngeal concentration increased with
the pneumococcal season is plausibly explained by vaccine effect. We cannot rule out a
reason other than seasonality for the increase in total pneumococcal and NVT

pneumococcal concentration over the studied time-period, such as a carriage epidemic of

NVTs. Studying the total, VT and NVT concentrations over the same time period among
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controls would assist in understanding whether seasonality is the explanation and
whether VT pneumococcal concentration really does decline in vaccinees relat