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Abstract

Recurrent airway infection and its complications are the leading cause of death
in Cystic Fibrosis (CF) but remain poorly understood. Molecular microbiology
demonstrates that the CF airways are more polymicrobial than previously

thought. The role of the microbiota in disease prognosis is unclear.

There have been few longitudinal studies of the airway microbiota in children,
partly because sampling the lower airways is difficult as many children cannot
expectorate. Part one of this thesis determined whether upper airway samples
could act as surrogates for the lower airway microbiota in children. Cough
swabs [CS], throat swabs [TS] and lower airway samples (bronchoalveolar
lavage and bronchial brushings) were collected for 16S rRNA gene sequencing.
There was good correlation between TS and the lower airways at a community
but not an individual level; TS distinguished disease differences, suggesting that
they could be used in longitudinal studies of the airway microbiota in children.

CS sequenced poorly, thus precluding their use for molecular microbiology.

The longitudinal study had two arms; infants with CF diagnosed on newborn
screening (NBS), in whom molecular microbiology revealed a small increase in
diversity of the airway microbiota until 2 years of age; Streptococcus spp. and
Haemophilus spp. were the most common organisms and showed an inverse
relationship in their relative abundances over time. The second compared older

children with CF with Primary Ciliary Dyskinesia (PCD), which shares a similar
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pathology to CF but rarely the same rate of disease progression. This revealed
similar trends to those seen in NBS in the relative abundance of Streptococcus
spp. and Haemophilus spp. in PCD but not in CF. This suggests that early changes
in CF mirror those seen in later childhood in PCD and a switch occurs in CF

during childhood from a milder to a more pathological community composition.
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Chapter 1: Introduction

1.1 The human microbiome

1.1.1 Lower respiratory tract infections

Lower respiratory tract infections (LRTIs) are a significant disease burden,
affecting the lives of many children. In healthy children, acute LRTIs can be
caused by a wide variety of pathogens including viruses, such as Respiratory
Syncytial Virus (RSV), and bacteria, such as Streptococcus pneumoniae and
Mycoplasma pneumoniae. In contrast, chronic respiratory infections are
predominantly due to opportunistic organisms in children with chronic lung
diseases. Chronic infections as well as acute flare-ups (pulmonary exacerbations,
or ‘lung attacks’!) are the leading cause of morbidity and mortality in children
with underlying airway disorders, such as cystic fibrosis (CF) and primary ciliary
dyskinesia (PCD). Consequently better understanding and management of

chronic airway infections is essential to improve prognosis.

1.1.2 Studying bacteria and the 16S rRNA bacterial gene

Bacteria are one of the most abundant life forms on Earth, with an estimated
total of approximately 4-6 x 103° cells living in mixed populations?. The study of
communities of microorganisms is perhaps as old as the study of microbiology
itself, beginning with Antonie van Leewenhoek’s discovery of bacteria or
“animalcules” of different forms in the dental plaque scraped from between his
teeth in 16833. However, it was not until 200 years later that the greatest

advancements in our understanding of the pathogenic role of microorganisms
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were made. Spearheaded by the creation of methods for the isolation of bacteria
from pure culture by Robert Koch in the late 1800s, bacteria were classified into
taxonomic groups based on appearance and nutritional requirements
(taxonomic ranks given in Table 1.1). This then allowed the microbial causes of
infectious diseases to be more clearly identified based on guidelines now known

as “Koch’s postulates” (Table 1.2)*.

Table 1.1: List of taxonomic ranks in descending order.

Example given using genus Pseudomonas.

Taxonomic rank Example

Kingdom Bacteria

Phylum Proteobacteria

Class Gammaproteobacteria
Order Pseudomonadales
Family Pseudomonadaceae
Genus Pseudomonas

Species Pseudomonas aeruginosa

Table 1.2: Koch's postulates for identifying the microbial causes of

infectious diseases from pure culture.

Koch’s postulates
The microorganism should:
e Account for the pathological changes seen associated with the disease
e Beable to be isolated in pure culture from a diseased organism

e C(Cause disease when introduced into a healthy host
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Whilst bacterial cultures have remained the mainstay of microbiological
diagnosis for the past 150 years, they are not without their limitations. Many
bacteria are difficult to culture in vitro. The successful growth of a
microorganism requires knowledge of the optimum conditions needed (such as
temperature, pH and oxygen tension) and multiple culture plates are often
required for polymicrobial samples. The “great plate count anomaly”> estimated
that only 1%¢ of viable bacterial which can be visualized microscopically can be
grown using standard cultures’8. With enhanced, targeted phenotypic culture
techniques, however, it has recently been demonstrated that over 60% of
bacteria resident in the human gut are capable of being grown in vitro°.
Nonetheless, microbial cultures cannot currently identify all human associated
bacteria and may underestimate bacterial diversity within a community and

potentially miss important pathogens.

In contrast, molecular gene-targeted microbial identification offers a much
broader insight and has revolutionized our understanding of microbial
communities. The 16S rRNA gene, which encodes part of the small 30S subunit
of the bacterial ribosome, is an attractive target for culture-independent
bacterial identification. As an essential housekeeping gene, it is ubiquitous in all
prokaryotes and has changed little over timel0. It contains highly conserved
regions, suitable for annealing universal primers, and 9 variable regions, the
sequence variation of which can be used to taxonomically group bacteria to at
least the genus levelll12 and make estimations of entire microbial communities

(Figure 1.1).
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Figure 1.1: Structure of the 16S rRNA gene.

Example shown for Escherichia coli consisting of broadly conserved regions

flanked by nine variable regions (V1

V9). Reprinted with permission from

Macmillan Publishers Ltd: Nature Publishing Group. Cite: Yarza P et al. Uniting

the classification of cultured and uncultured bacteria and archaea using 16S

rRNA gene sequences.

64513, Copyright © 2014.
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Initial attempts utilizing the 16S rRNA gene to characterise bacterial
communities relied on community fingerprinting techniques, such as terminal
restriction fragment length polymorphism (T-RFLP)1#415 In the last 10 years,
however, these have largely been superseded by next generation sequencing
(NGS), such as Illumina MiSeq and the now discontinued Roche 454
pyrosequencing. With traditional Sanger sequencing, gene sequences are
manually read on a gel with 4 lanes, one for each nucleotide. In contrast NGS
performs many PCR reactions simultaneously with fluorescently labelled
nucleotides, such that their sequences can be automatically read in real time.
This allows large numbers of genes to be sequenced rapidly, cheaply and with
less manpowerl®17. As a result of 16S rRNA gene sequencing, it has been
realised that microbial communities throughout the body appear far more
complex than previously appreciated, challenging our understanding of the role

of microbes in disease processes.

With the increase in NGS technologies, the study of microbial communities or the
“microbiota” in health and disease has expanded substantially. The term
“microbiota” describes a community of microorganisms and has frequently been
used synonymously with “microbiome”, which is defined as all the
microorganisms in a given environment together with their genes and given
interactions'®. In addition, 16S rRNA gene sequencing has enabled the
identification of novel bacteria. In 1980, The Approved Lists of Bacterial Names
(http://www.bacterio.net/-number.html#total) listed 1,791 names of known
bacterial species. By January 2017, this list of names had risen to 12,391, an

increase of approximately 500%. Collectively these advancements provide a
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unique opportunity to gain further insights into the role of bacterial

communities in health and disease.

With greater discovery of bacteria using culture-independent techniques, Koch'’s
postulates and a single pathogen view of disease causation are increasingly
difficult to satisfy. Fredricks and Relman* have therefore proposed a revised set
of guidelines to aid in the identification of pathogenic bacteria (Table 1.3).
Whilst an improvement, the revised postulates fail to account for some known
disease associations such as that between Human Papillomavirus and cervical

cancer?.

Table 1.3: Fredricks and Relman’s revised postulates.

Based on identification of bacterial genes using culture-independent techniques*.

Fredricks and Relman’s revised postulates
The nucleic acid sequences of a suspected microbial pathogen should be:

e Present in most cases of an infectious disease

e Preferentially found in diseased but not disease-free tissues

e Absent or found in low abundance in disease-free tissues

e Reduced or undetectable (in copy numbers) with disease resolution and
rise with relapse

e Consistent with a microorganism with known biological characteristics of
that group of organisms

¢ Confirmed with tissue-sequence correlates and visible microorganisms in
areas of presumed disease

e Predate disease or correlate with severity of disease (in copy numbers)

e Reproducible
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1.1.3 The microbiome in health and disease

The human body is inhabited by trillions of microbes, with bacterial cells
originally postulated to outnumber human cells, although recent estimates
accounting for the large number of non-nucleated red cells in the body suggest a
revised ratio of 1:11°. These microbes have co-evolved with each other and their
human host to create a “super-organism” of complex ecosystems. Bacterial
communities have been found on epithelial surfaces throughout the body

including the gut, skin20.21, oral cavity?2, nasopharynx?324 and urogenital tract?>.

Some parts of the body have been extensively studied, e.g. the gut, where the
microbiota has recognised important biological functions, such as aiding in
digestion!!, developing immunotolerance to attenuate or abrogate autoimmune
disease and providing “colonization resistance” to protect the host against
invading pathogens 26. In contrast, the microbiota of other body habitats, such
as the lungs, have only recently been discovered?’, are less well studied and their

role in disease is unclear.

1.1.4 The airway microbiota in healthy individuals

The adult airway typically has an airflow of ~ 7.5 litres per minute?® at rest and
is constantly exposed to microorganisms, allergens and particulate matter. To
protect against this constant exposure the airways have physical, mechanical and

chemical barriers.
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Beginning at the nose the airways are lined with pseudostratified epithelium,
consisting of basal cells, goblet cells, serous cells and ciliated epithelial cells that
collectively act as a physical barrier. Initial mechanical barriers, mucins and
glycoproteins at the epithelial surface prevent invasion by microorganisms by
trapping them in mucus, which can then be removed effectively by mucociliary
clearance (MCC) through the coordinated action of motile cilia?°. Mucosal innate
immune cells, such as macrophages, granulocytes (neutrophils, eosinophils,
basophils) and natural Kkiller cells protect against infection by opsonisation. In
addition, toll-like receptors and dendritic cells present antigens for adaptive
immune responses by T cells. In response to pathogen exposure, innate immune
cells release antimicrobial peptides into the lumen, along with chemokines and
cytokines (Figure 1.2)30. When these mechanisms fail, bacterial infections can

become established.
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Figure 1.2: Overview of physical, chemical and innate and adaptive immune
defences which protect the airways from allergens, microorganisms and
pollutants in inspired air.

Reprinted with permission from the European Respiratory Society. Copyright ©
2013. Cite: ERS Handbook of Paediatric Respiratory Medicine (page 20).

Editors: Eber E and Midulla F. First Edition 2013. doi:
10.1183/9781849840392-hbp013°.
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Until recently, the lower airways were thought to be sterile in health. Hence the
lower airways were not sampled when one of the largest studies of the healthy
human microbiome to date, the National Institute for Health Human Microbiome
Project (HMP), was initiated. The HMP involved 300 healthy adults who were
sampled across 18 body sites31. Using 16S rRNA gene PCR, however, the airways
have been shown to contain 2,000 bacterial genomes per cm? of surface area

sampled. Thus the lungs are not sterile in healthy individuals, as previously
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thought, but harbour a significant number of microbes, questioning our

understanding of the pathogenesis of LRTIs.

Anatomically, the airways can be divided into the upper airway (nasopharynx,
oropharynx [throat, soft palate and tonsils] and larynx) and lower airway
(trachea, bronchi, bronchioles and alveoli). There have been several attempts to
characterise the organisms present in the healthy lower airway microbiota.
These have been hampered in part by the difficulties in directly sampling the
lower airways (e.g. the invasiveness of bronchoscopy), particularly in children.
As a consequence, many such studies have included fewer than 20
participants?732-34, To my knowledge, the largest study to date included 64
healthy adult volunteers, 19 of whom were smokers3>. Only one study to date
has examined the lower airway in children (N = 7) without chronic lung

disease?’,

Despite this there are some similarities between studies. In particular,
anaerobes, such as Veillonella spp. and Prevotella spp., have been found to be
highly abundant in the healthy lower airway?7:32-36, Anaerobes are organisms
which have traditionally been difficult to culture in the laboratory due to the
oxygen-free conditions needed for growth. In addition, studies in adults have
identified several recognised airway pathogens residing in the healthy lower
airway, such as Streptococcus spp.32-36, Haemophilus spp.333> and Neisseria
spp.3%36, challenging the previous notion that bacterial newcomers lead to

infections.
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The upper airway microbiota, however, can be more easily accessed using non-
invasive methods such as nasal swabs or washings and has consequently
received greater attention. Comparisons of the microbiota along the respiratory
tree have found that the nasopharyngeal microbiota is distinct from that of the
oropharynx and lower airways and changes with age?337. In the first week of life,
a study of 102 healthy infants found that the nasopharyngeal microbiota is
dominated by the skin commensal Staphylococcus aureus (S. aureus) regardless
of mode of delivery. Over the next 6 months, this is gradually replaced by
Moraxella catarrhalis, Corynebacterium spp. and Dolosigranulum pigrum3é. By 18
months of age, a similar study of 96 healthy infants found a dominance of
Moraxella spp., followed by Haemophilus spp. Streptococcus spp. and
Flavobacterium spp.?%. In contrast, the oropharyngeal microbiota has been found
to resemble the microbiota of the oral cavity and lower airways and is
dominated by Streptococcus spp., followed by Staphylococcus spp., Haemophilus
spp. and Prevotella spp.3°. Overall this suggests that a similar microbiota exists
between the oropharynx and lower airway. The oropharynx may serve as a
source of the lower airway microbiota by microaspiration3235, or the lower

airway may contaminate the upper airway during coughing.

1.1.5 Development of the healthy airway microbiota

Previously it was thought that the in utero environment was sterile and that
microbial colonisation began after birth upon first exposure to environmental
microbes. It has been suggested, however, that the microbiota may begin to

establish itself in utero, with reports of a unique microbiota in meconium#%941,
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amniotic fluid42, umbilical cord blood*3 and placenta*?4445, For the latter,
however, a study of six women was unable to distinguish a unique placental
microbiota from that of contamination control swabs*®, suggesting that some of
the observed profiles attributed to an in utero microbiota may in fact be spurious
contaminants due to low biomass in these samples. Postnatal microbial
communities have been detected in the upper airways of healthy infants from as
early as 5 minutes of age?’. Communities have also been detected in tracheal
aspirates immediately after birth in intubated term and preterm infants, even in
those infants delivered by Caesarean section (LSCS) with intact membranes and
no evidence of chorioamnionitis*4°. The airway microbiota may therefore begin
to be established very early in life, potentially before birth through transfer from

the amniotic fluid or haematogenous spread from the placenta.

How the airway microbiota develops thereafter and its influence on health and
disease is unclear. Some insights can be gained from studies of the microbiota in
the gut, the most extensively studied niche in the human body, from which it
appears that colonising populations within a community may have clear
trajectories. In the infant gut, there is a general trend towards increasing
biomass and successive diversification of the microbiota, with initial dominance
of facultative anaerobes and later species replacement with obligate anaerobes
as falling oxygen tensions within the colon confer a selective advantage. Shifts in
community composition were seen with weaning between 4 - 6 months of age,
highlighting the importance of dietary influences on informing the gut
microbiota. By the end of the first 3-5 years of life a stable, healthy microbiome

is established resembling that of adults50°1,
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There has been much interest in diversity of the microbiota and its potential
influence on health and disease. Community diversity can be measured within
subjects (alpha diversity), and between subjects (beta diversity). Alpha diversity
is a measure of community “richness”, defined as the number of different species,
and “evenness”, defined as the relative abundance of species (Figure 1.3). It is
often expressed by either the Shannon Diversity Index or the Inverse Simpson’s
Diversity Index!8. It has been thought that in a diverse and balanced community,
individual microorganisms are less likely to dominate and cause disease>2.

Therefore community diversity may be desirable in evading infections.
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Figure 1.3: Illustration of species richness (the number of different species)
and evenness (the skew in species distribution).

Different shapes and colours represent different organisms. With increasing
richness (shown from top to bottom), there is an increase in the number of
different species present. With increasing evenness (shown from left to right),
there is a more balanced spread of organisms with no single organism able to
dominate. Alpha-diversity, a composite measure of both species evenness and
richness, increases with increasing species richness and evenness. Reprinted
with permission from Oxford University Press. Copyright © 2013. Cite: Cox, M.].
et al. Sequencing the human microbiome in health and disease. Human

Molecular Genetics 2013; 22(1): R88 - R9418,

Evenness
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There have been conflicting reports on the role of diversity in disease processes
depending on the body site sampled. For example, in the gut low diversity of the
microbiota has been linked to inflammatory bowel disease®® and obesity>*.
Similarly, low diversity has been found to confer susceptibility to Salmonella spp.
induced gut inflammation in mice>5. In the vagina, the opposite appears to occur
with high diversity found in patients with bacterial vaginosis®t. Given that

different areas of the body harbour a unique microbiota3!, it is possible that the
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relationship of community diversity to the development of diseases may not be

universal to every niche in the human body.

Studies of the development and diversity of the infant airway microbiota have
not shown the same trend as that seen in the gut. Longitudinal studies of the
healthy infant airway to date have focused on the nasopharyngeal microbiota. In
one study, nasopharyngeal samples taken at intervals (7 days - 1 month) from
birth until 6 months of age demonstrated an increase in diversity with age,
particularly in the first 2 months of life38. In contrast a study by the same
research group of 60 healthy infants sampled at 6 -12 monthly intervals between
1.5 months and 24 months of age found no significant difference in diversity of
the nasopharyngeal microbiota 23. Mika et al. however, found a small decrease in
diversity with age in 47 infants sampled twice weekly from 5 weeks until 1 year
of age3’. Conversely, a large study of the oropharyngeal microbiota in 134
infants with untreated episodic wheeze and 200 healthy controls from rural
Ecuador found an increase in diversity in the first 2 years of life>”. Whilst the
importance of community diversity remains unclear, these findings suggest that
the greatest changes in the airway microbiota may occur in the first few months

of life.

Early life environmental factors also appear to have an influence on the evolving
microbiota and later health outcomes. These include age?3, environmental
exposures, such as geographical location of the host®8, seasonality3’, smoking>°
and breastfeeding. Corynebacterium spp. and Dolosigranulum spp.- dominated

nasopharyngeal microbiota have been found in breastfed infants in the first 2
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years of life and have been associated with a decreased frequency of parental
reported upper respiratory tract infections?3. The role of mode of delivery on
the development of the infant microbiota is controversial. By sampling multiple
body sites, including the oral mucosa, nasopharynx and meconium, a study of
four mother-infant pairs found that the neonatal microbiota closely resembled
either the maternal vaginal or skin microbiota depending on whether the infant
was delivered vaginally or by LSCS%’. Conversely, a study of eighty-one mother-
infant pairs found only a small difference in the oral, nasal, skin and stool
microbiota at birth and no difference at 6 weeks of age whatever the mode of
delivery. However, significant expansion and diversification of each niche
microbiota was seen®. Thus there may be a window of opportunity in infancy
when the foundations for the developing airway microbiota are being

established to promote the development of a profile associated with health.

There are three essential factors which are thought to govern community
assemblage: immigration, local proliferation and elimination®1-62, Immigration is
an importance process for community diversification. The survival of organisms
with a community is governed by a combination of environmental selective
pressures (such as nutrient availability, oxygen tension, pH and temperature),
host defence mechanisms and traits of the microbes themselves®!l, such that
those organisms that are better adapted to survive in a given niche are able to
outcompete their microbial counterparts and thrive. Niche environments,
however, are not static and are susceptible to short and long term perturbations
(by, for example, antibiotic exposure). Synergistic interactions between

microbes are also important in this regard in permitting adaptations via
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mutations and horizontal gene transfer (e.g. for antibiotic resistance) to allow
community members to resist perturbations and continue to survive®l. These
processes are evident in chronic lung diseases in which changes within the niche,
such as the increased production of nutrient-rich mucus, create an environment
conducive to local growth of those bacteria well adapted to survive in these
conditions. This facilitates local proliferation of community members and

chronic infections to be established (Figure 1.4).

Figure 1.4: Illustration of the three factors thought to determine the airway
microbiota: immigration, elimination and proliferation of community
members.

Reprinted from The Lancet, 384 (9944), 691 - 702, Dickson R.P. et al, The role of
the microbiome in exacerbations of chronic lung diseases, Copyright © (2014),

with permission from Elsevier®3.
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1.1.6 The role of the microbiota on host immunity and airway disease

The relationship between colonising bacteria and allergic airways diseases has
received much attention. In one study of 321 infants, bacterial colonisation of
the hypopharynx with Streptococcus pneumoniae, Moraxella catarrhalis, or
Haemophilus influenzae (H. influenzae) at 1 month of age was associated with an
increased risk of recurrent wheeze and asthma at 5 years of age®*. In contrast, a
study of 7,412 children found an inverse relationship between Helicobacter
pylori infection and the development of asthma, allergic rhinitis, dermatitis and
eczema®. Thus early host infection patterns may affect later risk of allergic

diseases.

It has been suggested that the infant microbiota plays a pivotal role in
programming the evolving host immune system. Studies in germ free newborn
mice have demonstrated an exaggerated, allergic airway inflammatory response
following an immunological challenge, favouring a T-helper type-2 response®6.67
with increased number and degranulation of eosinophils®®.  This was
significantly reduced upon re-colonisation with specific pathogen free bacteria®’.
Exposing pregnant dams to antibiotics perinatally has been found to cause
dysbiosis of the gut microbiota of neonatal mice with decreased circulating
numbers of neutrophils and an increased risk of Escherichia coli and Klebsiella
pneumoniae sepsis seen. This was reversed with transfer of a healthy gut
microbiota®. Overall, these studies suggest that the microbiota has a critical role
in both the development of a regulated and protective lung immune system and

avoidance of infections.
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Consequently, the role of the microbiota in airway diseases has been questioned.
Hilty et al.?’ found significant differences in the airway microbiota in a cross-
sectional study comparing 8 healthy controls with 5 patients with COPD and 11
with asthma. Lung disease was found to be more polymicrobial than previously
appreciated, with Proteobacteria strongly associated with disease. Differences in
the airway microbiota have been seen between antibiotic and steroid-naive
infants with wheeze and healthy controls3°. In addition, the airway microbiota
may influence treatment response, with one study demonstrating differences in
the microbiota between corticosteroid sensitive and corticosteroid resistant
asthmatics and controls®®. Thus alterations in the microbiota may contribute to

disease processes through the breakdown of host-microbe symbiosis.

Overall, the airway microbiota represent a heterogeneous ecosystem in which
there is a complex interplay between environmental exposures, host
characteristics, defence mechanisms and interactions between different
microbes along the respiratory tree. Dynamic changes in the microbiota may be
associated with age, disease states and treatments. Thus, fully understanding the
role of the airway microbiota in health and disease requires further longitudinal

studies.

1.2 Investigating respiratory infections in children
Obtaining lower airway samples from children is often challenging. Most

children cannot spontaneously expectorate sputum, particularly those under 5
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years of age, and obtaining bronchoalveolar lavage fluid (BALF) is invasive and
cannot be performed frequently for ethical reasons. Upper airway cultures of
either throat swabs (TS) or cough swabs (CS) are therefore often used as
surrogates for lower airway sampling. However, the reported sensitivity and
specificity of upper airway cultures for specific pathogens is highly variable. For
example, the sensitivity of TS for Pseudomonas aeruginosa (P. aeruginosa) ranges
from 35.7- 71%7% 71, For some organisms such as non-tuberculous
mycobacteria (NTM), the use of CS is not recommended due to failure of NTM
detection even in patients with proven chronic infection’2 73,  Whether this is
due to problems inherent to the sample itself or to poor yields on culture is at

present unknown.

Applying next generation sequencing to paired upper and lower respiratory
samples will show whether upper airway samples can be used to reflect the
lower airway microbiota. Several studies comparing oropharyngeal swabs with
BALF and bronchial brushings have shown continuity of bacterial communities
along the respiratory tree.?73274,  Although the studies have involved a small
number of individuals with and without airway disease, they nonetheless
provide evidence of the potential utility of TS; this will be tested as part of the

work of this thesis.

1.3 Chronic suppurative lung disease
Chronic suppurative lung disease (CSLD) describes a group of conditions in

which chronic cough productive of sputum, and chronic lower airway infection
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and inflammation are the predominant features’>. The aetiologies are wide
ranging, including congenital disorders, such as CF and PCD, primary and
acquired immunodeficiencies, chronic infections (e.g. tuberculosis) and
mechanical obstruction of the airways’>76. Characteristically the disease course
in CSLD is one of recurrent cycles of infection and inflammation, leading to
progressive destruction of the bronchial walls, airflow obstruction and eventual

bronchiectasis?’.

Although bronchiectasis is defined as “irreversible dilatation of peripheral
airways”75, there is evidence to suggest that early airway dilatation may be
reversible in children’879. On serial high resolution computed tomography
(HRCT) scans, 27% of children with non-CF bronchiectasis showed complete
resolution and a further 36% showed improvement in airway dilatation with
medical management (which included antibiotic treatment, airway clearance
techniques and nutritional strategies)’8. CSLD may therefore represent a
spectrum, where chronic productive cough progresses to initially reversible and
later irreversible airway dilatation if untreated’’. Bacterial infections and
neutrophilic infiltration (and especially free neutrophil elastase) have been
implicated in the progression of bronchiectasis’®. Effective treatments for early

disease states may therefore be key in halting disease progression.

1.3.1 Cystic fibrosis
CF is an autosomal recessive, multi-organ disorder affecting the lungs, pancreas,

gastrointestinal and reproductive tracts among other systems. It is caused by
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mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), a
multifunctional chloride channel present on many epithelial surfaces involved in
the regulation of chloride, sodium and bicarbonate transport. The United
Kingdom (UK) incidence of CF is ~1 in 2500 8% with a carrier frequency of ~1 in
25. Itis one of the most common life-limiting genetic conditions worldwide, with
a predicted life expectancy of 50 years for children born in the year 2000 8. Over
90% of deaths are caused by the pulmonary manifestations of the disease®?. In
the UK, since 2007 the majority of children with CF have been diagnosed through
newborn screening (NBS) at a median age of 3 weeks®3 and deaths in infancy are

raresl,

1.3.1.1 Genetics of CF

There are over 2,000 known CFTR mutations (www.genet.sickkids.on.ca), 272 of

which are confirmed to be ‘disease producing’ (http://www.CFTR2.0rg), with

others as yet of uncertain significance. The 272 disease producing mutations can
be grouped into 6 classes based on their known or predicted expression of CFTR
at the apical surface of the epithelium. Each class is associated with varying
degrees of disease severity, with Class I to IIl associated with a more severe

phenotype than Class IV to VI (Figure 1.5).
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Figure 1.5: The six classes of mutations in CFTR.
Reprinted from The Lancet, 388 (10059), 2519 - 2531, Elborn, ].S., Cystic

fibrosis, Copyright (2014), with permission from Elsevier8+.
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Class I mutations are largely nonsense mutations leading to a premature stop
codon resulting in a shortened, unstable and non-functional protein with
virtually no functional CFTR reaching the cell surface. These are severe
mutations, an example of which is p.Gly524X8>. They affect up to 10% of the CF

population worldwide.

Class II mutations result in errors in protein folding which prevent trafficking of
CFTR after production. Degradation of the misfolded protein in the endoplasmic
reticulum leads to failure of CFTR appearing at the apical membrane and more
severe disease, although small amounts escape this process to reach the cell
surface, where it shows properties of Class III and Class VI mutations described

below. This group includes the most common CF gene defect, p.Phe508Del, in
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which a 3 base pair deletion results in the absence of the amino acid
phenylalanine at position 508 of the CFTR protein. Ninety percent of CF patients
have at least one copy of pPhe508Del with homozygosity found in 50% of CF
patients® and associated with more severe disease. In heterozygotes, disease

severity is determined by the non-p.Phe508Del gene.

Class III mutations are often known as gating defects, as CFTR is folded
appropriately allowing insertion into the cell membrane but fails to function
correctly and rarely opens. This class includes p.Gly551Asp which affects
approximately 3% of the population8®. Class IIl mutations have been the focus of
much attention in recent years, as studies of the small molecule Ivacaftor, aimed
at potentiating CFTR present at the cell surface, have shown significant
improvements in lung function, weight and sweat chloride concentrations for

patients with this otherwise severe mutation®’.

In Class IV mutations, there is reduced conductance of chloride through CFTR
inserted at the cell surface. P.Arg117His is one the commonest mutations in this
class and affects 0.5% of the worldwide population. Class V result from missense
mutations which generate both abnormal and correctly spliced mRNA, leading to
reduced amounts of functional CFTR. Both Class IV and V mutations are
associated with milder disease and exocrine pancreatic sufficiency®. Class VI
mutations are rare with reduced amounts of functional CFTR because of a

shortened half-life at the apical cell membrane8> (Figure 1.5).
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The relationship between genotype and phenotypic in individual patients with
CF is complex. Variations exist in the degree of correlation between genotype
and disease severity in different affected organs. For the exocrine pancreas,
disease severity shows close correlation with genotype whereas there is poor
correlation of genotype with lung disease with a wide spectrum of disease
severity observed even in those patients homozygous for the p.Phe508Del
mutation. Thus whilst genotype is important, this indicates that there are other
factors which influence severity of lung disease in CF88. Twin and sibling studies
have indicated a possible role for modifier genes®® and environmental factors,
such as nutritional status?’, bacterial infections®!, tobacco smoke exposure®? and
socioeconomic status (independent of access to healthcare)?3, presenting
potential modifiable targets for improving the health of patients with CF. Indeed,
the increase in survival of CF patients as a result of greater disease surveillance
and earlier more aggressive treatment, is testimony to the important role of

environmental influences on disease progression.

1.3.1.2 Pathophysiology

CFTR is an apical membrane anion channel belonging to the ATP-binding
cassette (ABC) transporter family. It consists of 5 domains: 2 membrane
spanning domains which form the channel pore; 2 nucleotide spanning domains
(NSD) which control ATP-driven channel gating, and a regulatory (R) domain
unique to CFTR which governs channel activity?® . CFTR directly regulates
chloride secretion through ATP hydrolysis by the NSDs®#* and phosphorylation of

the R domain by protein kinase A, resulting in channel opening and chloride
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efflux. In addition, CFTR is a bicarbonate transporter, although with an
estimated efficiency of a quarter of that of chloride®>, and it has been
hypothesised to negatively control epithelial sodium channels (ENaC) with loss

of this regulation thought to lead to sodium and water hyperabsorption.

There have been several hypotheses as to how CFTR dysfunction leads to the
clinical manifestations of CF. The current favoured one is the low volume
hypothesis which suggests that CFTR mutations lead to airway surface liquid
(ASL) dehydration. ASL is a thin layer of fluid which covers the airway
epithelium and has two distinct components: an upper, high viscosity mucus
layer containing high molecular weight mucins and an inner, low viscosity
periciliary liquid layer (PCL). In the healthy airways, the depth of the PCL has an
important role in regulating antimicrobial defences and MCC%. The mucus layer
traps inhaled particles whilst PCL aids mucus clearance by providing optimal
lubrication and viscosity for effective ciliary beating. Maintenance of ASL volume

is therefore essential for elimination of microbes.

Using CF cell culture models, ASL volume has been demonstrated to be reduced
as a result of defective sodium and chloride transport and hyperabsorption of
water, leading to increased mucus viscosity, collapse of cilia and impaired MCC?”.
There is increased secretion of mucus, and once infection and inflammation
ensue, high concentrations of neutrophil-derived DNA and actin drive further
increases in mucus viscosity. In addition, defective cough clearance causes
secretion retention in the lower airways thus creating a nidus for bacterial

infection®8. In addition, as a result of abnormal bicarbonate transport, ASL pH is
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reduced further creating an environment which impairs bacterial killing®°.
Collectively, these changes allow for the selection of microbes in the CF airways

that would normally fail to thrive in healthy airways.

Whilst the low volume hypothesis is currently favoured, evidence from CF cell
and animal models has been conflicting with dog kidney cell lines demonstrating
sodium hyperabsorption 190 which newborn pigs, ferrets and rats do not!01.
Furthermore a study of human tracheal xenografts from aborted foetuses
implanted subcutaneously into immunodeficient mice found that the viscosity
and hydration of foetal ASL did not differ between those with and without CF.
The differences in ASL volume and hydration seen between animal models and in
vitro cell models may in part be due to difficulties in recreating the dynamic
environment of the lungs with static cell models. Using a cell model designed to
mimic the phasic sheer stress of the lungs associated during normal breathing,
one study demonstrated restoration of PCL volume and improved regulation of
ion transport under phasic motion in CF cells. This process was exclusively ATP-
mediated and susceptible to infective insults, such as viral infections, with loss of
PCL height demonstrated with RSV infection192. This suggests that airway
surface dehydration may be driven in part by environmental influences such as
exposure to infections193. Alternatively, CFTR dysfunction may impair microbial
killing via a reduction in ASL pH. Using a pig model of CF, reduction in ASL pH
led to reduced bacterial killing in the lungs, suggesting that airway pH plays a

critical role in the early acquisition of airway infections in CF®°.
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Aberrant innate airway immunity in CF further contributes to the propagation of
airway infections. Airway neutrophilia has been demonstrated in children with
CF as early as 4 months of agel04105 and in particular neutrophil elastase is
thought to contribute to the development of CF airways disease, or at least be
strongly associated with its development. The CF airways have been found to
have an exaggerated pro-inflammatory response with secretion of cytokines,
such as interleukin -8 (IL-8) and tumour necrosis factor- o (TNF-a), leading to
increased neutrophil chemotaxis. Upon degranulation, azurophilic granules
release neutrophil elastase which is thought to be central to the pathophysiology
of CF. The primary role of neutrophil elastase is to degrade phagocytosed cells.
Increased release of neutrophil elastase in CF airways however also leads to
secondary damage both directly, through the degradation of structural proteins
such as elastin and collagen, and indirectly, through inactivation of other
components of the immune system, such as immunoglobulins and complement,
thus interfering with opsonisation and bacterial killing. Furthermore neutrophil
elastase cleaves complement, leading to release of C5a (a chemoattractant for
neutrophils) creating a vicious cycle of infection and inflammation and
consequently tissue destruction, bronchiectasis and eventual respiratory
failurel%, Whilst it is thought that CF airway inflammation occurs in response to
infection, there is increasing evidence that CFTR dysfunction may directly
promote airway inflammation even in the absence of infection!07.108,
Paradoxically, this excessive inflammatory response frequently fails to eliminate

pathogens. The reasons for this are at present unknown.
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1.3.1.3 Infections and exacerbations in CF

The disease course in CF characteristically involves periods of stability
punctuated by intermittent detrimental exacerbations!%. A quarter of patients
do not recover their baseline lung function following an exacerbation!1? with the
greatest lung function decline being found in patients who have less than 6
months between exacerbations requiring hospitalization!!l. More frequent
admissions before 2 years of age have been associated with decreased forced
expiratory volume in 1 second (FEV1), decreased weight for age and presence of
bronchiectasis on computed tomography (CT) by age 5 years!12. Clearly prompt
recognition and treatment of exacerbations is important to prevent disease

progression.

The pathophysiological bases for exacerbations are poorly understood. It was
previously thought, based on culture data, that bacterial chronic infection of the
lower airways in CF follows a stereotypical pattern with only very few
opportunistic pathogens. S. aureus and H. influenzae are common early in life
with later emergence of prognostically important Gram-negative organisms,
such as P. aeruginosa, particularly the mucoid phenotype!!3, and Burkholderia
cepacia complex (BCC)114(Figure 1.6). Pulmonary exacerbations were thought to
reflect a new infection within the lower airway. However, in a study examining
exacerbations in 211 patients, 70% of samples were culture negative for the
usual CF pathogens despite suggestive clinical features which improved with
antibiotic treatment!!>. Thus conventional culture may not accurately reflect

changes occurring within the airways.
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Figure 1.6: Illustration of the changing prevalence of “traditional” CF
pathogens with age in UK.

Based on serial cross-sectional data from bacterial cultures taken from the UK
Cystic Fibrosis Registry data in 2013. Reprinted with permission from UK Cystic

Fibrosis Trust 116,
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P. aeruginosa is the most significant organism in CF, affecting over 70% of
patients in the first three years of lifell’. It is capable of undergoing a myriad of
phenotypic changes that enable it to adapt and thrive in the CF lungs to form
chronic infections that are difficult to treat. These phenotypic changes include
alginate overproduction to form mucoid types which provide a protective layer
from external insults, such as antibiotics: quorum sensing and biofilm
formation!!8, The deleterious effects of P. aeruginosa on lung function are well
documented, with a greater rate of decline seen with mucoid types than for non-

mucoid types!13119.120_ For these reasons eradication of any growths of

P. aeruginosa is always attempted, even in asymptomatic individuals!21.
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Whilst the prognostic significance of P. aeruginosa is well established,
uncertainty exists over the importance of other “typical” CF pathogens. S. aureus,
a common commensal of the nares, chronically infects 17.2% of patients with CF
(Figure 1.6)!1¢ and is frequently one of the first organisms isolated in children. It
has several features which render it capable of causing severe infections, most
notably the production the leucocytolytic toxin Panton-Valentine Leucocidin
(PVL), biofilm formation and small colony variants which confer antibiotic
resistance and have been associated with advanced disease!??, In children,
harmful effects of S. aureus infection on lung function!?? and lung inflammation,
measured by increased neutrophil counts, neutrophil elastase and IL-8 in
BALF123 have been demonstrated. In contrast, a recent study in adults found
lower rates of exacerbation and C-reactive protein (CRP) levels in patient with

S. aureus in comparison with P. aeruginosa’?4. Whilst this suggests that S. aureus
may be associated with milder disease in adults, it is also possible that
differences in virulence factors and antibiotic resistance patterns may account
for differences in severity seen between patients with chronic S. aureus

infections.

There has been a long-standing debate on the use of anti-staphylococcal
prophylaxis in children with CF. In the UK all children are started on anti-
staphylococcal antibiotics at diagnosis, usually with flucloxacillin or sometimes
amoxicillin with clavulinic acid. This practice, however, is controversial. A
previous study demonstrated reduced prevalence of S. aureus with the use of
prophylactic cephalexin, a second-generation cephalosporin, but at a cost of an

increased prevalence of P. aeruginosa’?®>. This however may be attributable to
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the use of a cephalosporin, a class notoriously associated with selection of
resistant organisms. If so, similar problems should not occur with targeted anti-
staphylococcal treatment with narrow spectrum antibiotics such as flucloxacillin.
There have been several attempts to resolve this debate, including a recent
Cochrane review which proved inconclusivel?6. The ongoing cystic fibrosis anti-
staphylococcal antibiotic prophylaxis trial (CF START, www.cfstart.org.uk), in
which children randomised to flucloxacillin prophylaxis are being compared
with those receiving targeted antibiotics for growths of S. aureus, will hopefully

shed further light on this dilemma.

Despite being highly prevalent in children, the prognostic significance of

H. influenzae has received comparatively little study. H. influenzae is a Gram-
negative bacterium which may be encapsulated, antigens for which are included
in the UK wvaccination schedule, and un-encapsulated, otherwise termed
nontypeable!?’. It is the nontypeable strain which is commonly found in CF
affecting 12.4% of patients16. Studies examining trends in FEV1 with acquisition
of H. influenzae have found conflicting results. One study demonstrated up to
20% lower FEV; with any growth of H. influenzae’?¢ whilst another study found
preservation of lung function with both acute and chronic infections'1®. Whether
H. influenzae is harmful or protective in CF lung disease remains an unanswered

question.

Several newer “emerging” pathogens have recently been identified on culture of
CF specimens including Stenotrophomoas maltophilia and Achromobacter

xylosoxidans. For many of these “emerging” pathogens, their significance in CF
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disease progression is unclear!?7129 with the exception of BCC. BCC is of
particular concern due to its transmissibility between patients and association
with “cepacia syndrome”, which is characterized by necrotizing pneumonia and
high fevers, septicaemia and rapid progression to respiratory failure and death.
Certain subtypes (such as Burkholderia cenocepacia) carry a poorer prognosis
than others (such as Burkholderia mulitvorans, which carries a similar prognosis
to P. aeruginosa)'* and eradication attempts have shown moderate success at
best, with one group reporting successful treatment in only 29% (4 out of 14) of
patients with BCC130. Thus infection control through patient isolation is essential
to prevent the onset of this highly pathogenic group of organisms. However,
accurate microbiological identification of BCC is frequently impeded by
misdiagnosis on sputum culture. In one study, 11% of isolates identified as BCC
on culture were found to have been misidentified on phenotypic identification
and polymerase chain reaction (PCR). Conversely 36% of BCC were missed and
frequently diagnosed as other non-fermenting Gram-negative organisms, such as
Stenotrophomonas spp. and Ralstonia spp.131. Given the prognostic importance
of BCC, obtaining an accurate microbiological diagnosis is of paramount

importance.

Anaerobes (such as Prevotella spp. and Veillonella spp.) have only recently been
recognised to be associated with the CF airways, largely as a result of culture-
independent studies. Despite difficulties in anaerobic cultivation, anaerobes
have been found to be highly abundant on anaerobic culture of CF
specimens!32133, Whether anaerobes are pathogenic or protective is unclear,

with evidence of reduced inflammatory markers (CRP) and improved lung
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clearance index (LCI) with high anaerobe colony counts!34, whilst others have
found increased cytotoxicity and neutrophilia with Prevotella intermedia. Given
their high abundance, greater understanding of the role of anaerobes is needed
to help guide antibiotic strategies. Current conventional choices, other than

meropenem, at present provide little anaerobic cover.

1.3.1.4 The role of the microbiota in CF

Molecular microbiological techniques have demonstrated more diverse
microbial communities in the CF airways than previously recognised, with
estimates of up to 43 different bacterial phyla and approximately 2,000 different
taxal3>. Notably a large number of obligate and facultative anaerobes have been
found to be present!36-138.  Many of these taxa have not previously been
associated with CF and therefore presently little is known about their role in

disease progression.

It is plausible that fluctuations in disease course typical of CF may reflect
perturbations in the microbiota occurring between periods of stability and
exacerbation. Several longitudinal studies of small numbers of adults with CF
have highlighted the importance of the airway microbiota in disease prognosis.
At a community level, an inverse relationship has been seen between diversity of
the sputum microbiota, lung function and disease severity13>139-143_ [t is thought
that in a diverse and balanced community, individual species are less able to
dominate and cause disease2. Loss of diversity has been associated with an

increased relative abundance of more pathological and phylogenetically related
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organisms belonging to the family Pseudomonadaceael3>, with conservation of
total bacterial density!3°. With advanced disease, the airway microbiota in CF
has been shown to be resistant (defined as showing little change) and resilient
(returning to its original state) to environmental changes. Little change has been
seen with exacerbations or external influences, such as antibiotic
administration132142144 - making treatment strategies challenging. @Whether
reduced diversity is a marker of end-stage disease or an effect of the frequent
courses of antibiotics that many of these patients have received during

exacerbations, has yet to be determined.

The results from these adult studies should be interpreted cautiously. There are
several methodological differences making direct comparisons between studies
difficult due to the different sample sizes, sampling frequency and periods of
patient follow-up used. The larger studies are cross-sectional14%.141.145 and those
which are longitudinal are often only in small subsets of patients!3%142, For
example, the study by Zhao et al.13%, which has the longest period of follow-up of
up to 9 years, involved only 6 patients, 3 “mild” and 3 “progressive”.
Extrapolating observations from such small samples to the general CF
population is consequently difficult. Making cross-sectional comparisons
between patients does not account for potential within patient variability, which
has shown to be significant in microbial systems throughout the
body?131,50.138146,147  This problem can be reduced with greater use of
longitudinal studies in which the patient acts as their own control. Nonetheless,
despite these differences, it is striking that all of these studies have drawn

similar conclusions, namely that advanced CF lung disease is associated with
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reduced species richness and microbial community diversity. What drives these
changes is unknown but there is a clear need for longitudinal studies with
frequent sampling in large samples of patients to better understand this

phenomenon.

Study of the microbiota in children, prior to confounding by frequent antibiotic
use and the onset of advanced disease, may therefore be more informative. It
has been suggested that the airway microbiome in children with CF will show a
similar trajectory towards successive diversification to that seen in the healthy
infant gut. Parallels can be drawn between with the microbial progression seen
in CF on culture data. A similar trend towards diversification and successive
replacement of early infecting species, such as S. aureus, by species better
adapted to the CF lung environment, such as P. aeruginosa, may occur. These
result from selective pressures both endogenous to the CF airways themselves
(such as pH) and exogenous (such as repeated antibiotic administration)
creating an environment conducive to the subsequent emergence of antibiotic

resistant organisms and new Gram-negative organisms with age.

Studies of the airway microbiota in children with CF however have shown
conflicting results regarding the role of diversity in airways disease. One of the
few longitudinal studies in children with CF examined changes in the respiratory
microbiome in 7 infants diagnosed with CF on NBS. Pyrosequencing of DNA
extracted from oropharyngeal swabs taken every 3 months up to 21 months of
age revealed a pronounced increase in diversity over time!48. Similarly, a cross-

sectional study of 269 patients with CF spanning a 60-year age range, from 4
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years of age upwards, found that community diversity was greatest until 10
years of age but decreased thereafter with plateauing occurring at 25 years.
Differences in diversity were mirrored by changes in lung function across all age
groups!4,  What may cause this apparent trend reversal in adolescence is

unclear.

In contrast, longitudinal studies of the nasopharyngeal microbiota in infants
have suggested that community composition is more important than overall
diversity. No significant differences in overall diversity were seen between
infants with CF and age-matched controls in the first year of life although
significant changes were seen in community composition149150, [n CF, there is an
initial increase in Staphylococcal species'49150, but this is gradually replaced by
Moraxella spp. and later Streptococcus spp. by 3 months of age.*° In controls,
Moraxella spp., Dolosigranulum spp., Haemophilus spp. and Prevotella spp. have
been found to have a greater relative abundance with differences between
infants with CF and healthy controls observed from as early as 2 months of
age!®0. To my knowledge, all of the studies of the airway microbiota in children
with CF to date have been conducted in infants who have not received anti-
staphylococcal prophylaxis, which as highlighted earlier (Section 1.3.1.3) is
commenced in virtually all UK infants at diagnosis. Therefore, a study of infants
on anti-staphylococcal prophylaxis may reveal lower rates of Staphylococcus spp.
in CF to those previously reported and help to elucidate key compositional
changes in the airway microbiota between CF and controls as well as changes

with the CF clinical course.
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Whilst the nasopharyngeal microbiota has received greater study, oropharyngeal
sampling is thought to be a more reliable surrogate of the lower airway
microbiota when direct sampling of the lower airways is not feasible!1. In the
largest reported study of the oropharyngeal microbiota to date, 54
oropharyngeal samples were collected from 13 infants for up to 3 years!®2
Whilst no overall change in diversity was found with growth of P. aeruginosa, an
increase in the relative abundance of Salmonella spp. was seen when P.
aeruginosa was grown on bacterial culture. No significant change was seen with
exacerbations possibly due to the small number of exacerbators (N = 5) and
infrequency of sampling. Breastfeeding, however, was found to be protective,
with a longer time to first pulmonary exacerbation or growth of P. aeruginosa in
those infants who had received breastmilk in infancy. Hence, modifiable clinical
variables may have an important impact on the airway microbiota and
subsequent lung health. More longitudinal studies are needed coupling detailed
clinical information with frequent sampling to better understand the progression
of the childhood airway microbiome to identify strategies for maintaining lung

health into adulthood.

1.3.1.5 Disturbances in the microbiota

In natural ecosystems, perturbations in stable communities are observed
following events that alter a community either directly or indirectly by altering
the host environment!>3. These can be termed “disturbances”. Such
disturbances may alter the balance of community members, with disappearance

of some members and proliferation of others leading to successive waves of
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change until a new equilibrium is established>*. It is possible that the changes
seen in progressive CF disease reflect such adaptations in response to
disturbances. Once an alternative community state is established, attempts to
return to previous community diversity may be challenging®2. Therefore
interventions are required prior to major community shifts in order to maintain
diversity although key to this is the identification of potential disturbances (such
as changes in nutrient availability, microbial invasions and antibiotic

administration).

Microbial “invasion”, defined as “the successful establishment of a non-native
organism in a community”1°3, is one potential cause of disturbances. Successful
invasion is governed by current community assemblage and stability?3.
Invasions may be a cause of at least some pulmonary exacerbations in CF155. It is
difficult to know which species are “non-native” in the CF airways given that
many of those now being identified have previously not been associated with CF.
Several studies however have demonstrated no significant changes in
community diversity or total bacterial density at a species level either preceding
or at the onset of an exacerbation 139142143156 with only a few studies reporting
changes in the relative abundance of specific pathogens136157-160,  Thus the
interactions of species rather than changes in specific individual species may be
more significant in disease. It is worth noting that previous studies have not
been able to discriminate changes occurring at a strain level, which is

particularly important for some species, such as P. aeruginosa.
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The poor prognosis associated with P. aeruginosa may relate to the interactions
of P. aeruginosa with other community members. Klepac-Ceraj et al.7* found
that the airway communities of CF patients with P. aeruginosa present were less
diverse than those of patients in which P. aeruginosa was absent. Given that

P. aeruginosa may be present in BALF in infants as young as 5 months of agel®], it
seems unlikely that it is the mere presence or absence of P. aeruginosa which
governs community diversity. The relative abundance of P. aeruginosa'#? and its
impact on other species in the microbiota through production of molecules
inhibiting the growth of competing organisms!4! have been implicated in
governing community diversity and respiratory function decline. Community
dynamics and overall community composition therefore appear to be of critical

importance.

One interesting relationship is that of P. aeruginosa with anaerobes (such as
Veillonella spp. and Prevotella spp.), which have been found in the CF airways in
both children and adults!4137.138162 ejther in equal or greater proportional
abundance than P. aeruginosa’3’. Anaerobes have previously been dismissed due
to belief that they are purely oral commensal contaminants. However, a study
using T-RFLP compared the microbiota in expectorated sputum and mouthwash
samples from 19 adult CF patients. A difference of up to 74% was found in bands
detected between the two sample types, with absence of the highest volume
band from mouthwash samples compared with sputum. This suggests that CF
sputum is not contaminated to a significant extent by oral microbiota and the
presence of anaerobes represents true infectionl4. Furthermore, since bacterial

RNA has been shown to be present within sputum samples, it appears that the
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majority of these anaerobes are metabolically active and may be contributing to

diseasel38,

The contribution of anaerobes to CF disease progression appears to be genus
specific (Table 1.4). Prevotella spp. and Veillonella spp. are the most frequent
newly identified obligate anaerobes in the CF airways accounting for up to 83%
and 54% of anaerobes respectively'®3. They have been described as forming part
of a “core” CF microbiota due to their presence in more than 75% of all CF
samples!#*. Both are Gram-negative anaerobes found predominantly in the oral
cavity associated with periodontic disease and also colonise the human gut!64.
They are also frequently found in healthy airways and commonly regarded as
opportunistic bacteria, thought only to cause disease in immunocompromised
states!63. In the CF airways, however, different genera appear to exhibit different
effects on disease progression. Veillonella spp. has been found to have an inverse
relationship with lung function!3# and the opposite trend has been seen with
Prevotella spp.134165, The balance of different anaerobic genera in the microbiota
may therefore be important in determining differences between stable and

progressive disease.

Changes in the abundance of Prevotella spp. and Veillonella spp. have been
observed both before an exacerbation and with antibiotic treatment%4, with
Prevotella spp. in particular found in high concentrations at the time of
exacerbation in one study!®2. However, Field et al. 162 also found that levels
remained high in samples taken during periods of stability, implying that an

increase in Prevotella spp. alone cannot fully explain respiratory exacerbations.
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Using a rat chronic infection lung model, oropharyngeal communities were
shown to significantly increase the virulence of P. aeruginosa by modulation of P.
aeruginosa gene expression through signalling by the quorum sensing
molecules!®®. In addition it has been argued that anaerobes may be responsible
for early CF infections and create an environment favouring later infection by

P. aeruginosa'3’. Many anaerobes produce short chain fatty acids such as acetic
acid. Not only have these been found to contribute to airway inflammation, by
inducing release of the neutrophil chemo-attractant IL-8 167168 but they also
promote P. aeruginosa growth, when present in low concentrations!%8. Current
antimicrobial treatment strategies, which predominantly consist of anti-
pseudomonal agents, may be more effective if earlier infections are targeted.
There is some evidence to suggest that anti-pseudomonal treatments for
exacerbations may have a more profound effect on reduction of non-
pseudomonal species, such as Prevotella spp., within a community, 162169 and
paradoxically cause a mean increase in the abundance of P. aeruginosa 1¢°. There
is a need to better understand the interactions between different organisms to
ensure that treatment strategies favour community assemblages associated with

health.

Another emerging group of pathogens within the CF microbiome is the
Streptococcus milleri group (SMG), which includes the species Streptococcus
constellatus, Streptococcus intermedius and Streptococcus anginosus. SMG are
largely facultative anaerobes and common commensals in various body sites
such as the gut and oropharynx58. Streptococci are not conventional organisms

described in the CF airways but have been recovered in increased numbers
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during CF pulmonary exacerbations!®8162 sometimes in combination with
Prevotella spp.1°2. In one report, SMG were the dominant pathogens in almost
40% of pulmonary exacerbations!®. A correlation between SMG and co-
infection with P. aeruginosa has also been found suggesting that a synergistic
relationship between these pathogens can occur. Streptococcus spp. itself has
also been associated with clinical stability and increased diversity!>7,
representing a core genus of both the respiratory and gut microbiome in stable
infants148. It has been suggested therefore that modest levels of Streptococcus
spp. may be associated with increased diversity, whereas high levels cause the
conversel®’. It may however be that specific species are associated with health
and others with disease. Further evaluation of this organism may provide

valuable insights into diversity changes in the CF microbiome.
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Table 1.4: Description of anaerobes that have previously been identified in

CF patients on culture independent studies.

GI = gastrointestinal, CRP = C-reactive protein, FEV: = forced

expiratory volume

in 1 second.
Genus Description | Habitat Disease Role in CF
associations
Prevotella Obligate Oral cavity, | Common in Positive correlation
spp- anaerobe. Gl tractand | periodontic with lung
healthy diseasel6, function134165,
Gram airways. Relationship to
negative. exacerbations
unclear: increased
Rod shaped. relative abundance
in one study'®? and
decreased in
another!#4,
Veillonella Obligate Gl tract, oral | Rarely disease | Inverse relationship
Spp- anaerobe. cavity and causing. Case with lung function134
healthy reports of and increased in
Gram airways. meningitis170 relative abundance
negative. and at exacerbation!44.
periodontic
Cocci. diseasel®4.
Gemella spp. Facultative Mucous Case reports of | Increased relative
anaerobe. membranes, | infective abundance at
particularly | endocarditis!’l. | exacerbation in one
Gram oral and study169.
positive upper GI
tract.
Diplococci.
Granulicatella | Facultative Upper Infective Associated with
spp- anaerobe. respiratory, | endocarditis, lower CRP,
GI and bacteraemia neutrophil elastase
Gram urogenital (including early | and higher FEV175.
positive. tracts. onset neonatal | Low relative
sepsis) and abundance overall
Cocci, septic but > 30 times more
coccobacilli arthritis172, prevalent in
or rods. outpatients than
inpatients157.
Streptococcus | Facultative Oral cavity Abscesses and | Increased relative
milleri group | anaerobes. and GI tract. | sepsisl’4, abundance at
(SMGQG). exacerbation in some
Gram studies158159.162,
positive. One study reporting
co-infection with
Cocci P. aeruginosa'>’.
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1.3.1.6 The role of antibiotics

Although bacterial infection can be a cause of disturbance, it can also occur as a
consequence thereof. Antibiotic use has been implicated as the primary driver of
reduced diversity!3°. Indeed those studies identifying an association between

P. aeruginosa and community diversity have been confounded by concurrent
antibiotic use’*. Changes in community richness and phylogenetic diversity have
been observed both with short-term intravenous (IV) antibiotics133142143 gand
long-term oral and inhaled antibiotics’*. However, on cessation of antibiotic
treatment communities have shown resiliencel#?, returning to their pre-
disturbance state. It has been suggested that repeated, frequent courses of
antibiotics may cause sustained reductions in diversity!3°. Those patients
receiving frequent antibiotic courses however usually have more advanced
disease thus confounding the association between antibiotic use and disease
progression. At the Royal Brompton Hospital (RBH), some children with
progressive disease are electively admitted for IV antibiotics every 3 months,
irrespective of exacerbation status, in an attempt to slow disease progression. To
distinguish between the effect of antibiotics and exacerbations on the CF
microbiota, a comparison will be made in this thesis, between children who
receive elective IV antibiotics with those treated during an exacerbation (usually
with ceftazidime and tobramycin). If antibiotic use is associated with reductions
in diversity, this may challenge current treatment strategies to a more judicious

and better targeted use of antibiotics.
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1.3.1.7 Genotype

Several studies have reported that both respiratory and gut microbiome
composition are associated with homozygosity for the Phe508Del mutation
74135175 In the gut, homozygous Phe508Del patients were found to have an
increased relative abundance of pathogenic bacteria such as particular strains of
Escherichia coli, and a reduction in protective bacteria, such as Bifidobacterium
spp. in comparison to heterozygous Phe508Del and non- Phe508Del patients 175.
Furthermore, a study of the oropharyngeal microbiota in children found that
community profiles were more similar in those patients who were either
homozygous Phe508Del or heterozygous Phe508Del than non- Phe508Del
patients’%. It is unclear whether this is related to specific genotypes, class

mutations, or other confounders such as antibiotic use.

1.3.1.8 The lung-gut axis

There appears to be a relationship between the respiratory microbiome and that
of the gut. In one study of 7 infants, comparison of stool and throat swab
samples revealed similarities in community composition. Both were dominated
by Streptococcus spp. and Veillonella spp. and interestingly the presence of some
genera in the respiratory microbiome, such as Enterococcus spp., was preceded
by their presence in the gut. Given that 25-50% of children with CF also have
gastro-oesophageal reflux 176177, microaspiration of gut microbes could be a
potential route of respiratory colonisation. Moreover modification of the gut
microbiome by oral probiotics has been shown to lead to significant reductions

in pulmonary exacerbations and hospital admissions 178 179, This interesting
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relationship between the gut and respiratory microbiome requires further

evaluation.

1.3.1.9 Manipulating the microbiota

If there are changes in the microbiota between children with CF and controls, it
may be possible to therapeutically manipulate the microbiota to maintain lung
health. Indeed changes to the airway microbiota have been seen with
treatments, such as Ivacaftor, which has been shown to lead to an increase in
Porphyromonas spp. and a decrease in Streptococcus spp16>. Evidence from other
niches in the body suggests that transfer of a healthy microbiota to diseased
individuals may restore the microbiota to a disease-free state. For example,
faecal transplantation has shown remarkable effects in the treatment of
refractory Clostridium difficile diarrhoeal®. Recently inoculation of the skin of
newborn infants born by LSCS with their mother’s vaginal microbiota has been
shown to partially restore the microbiota to resemble that of infants delivered
vaginally'81l. Such therapeutic strategies require further evaluation to determine
the risks and benefits as well as investigation of whether similar strategies could

be applied to the airway.

1.3.2 Primary Ciliary Dyskinesia

PCD is another inherited CSLD in which impaired mucociliary clearance results
in recurrent upper and lower airway infections, with symptoms beginning soon
after birth and leading to bronchiectasis. It is caused by congenital dysfunction

of the motile cilia, microscopic hair-like structures that project from epithelial
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cells in multiple areas of the body including the lungs, paranasal sinuses, middle
ear and fallopian tubes. Cilia are also found on the embryonic node where they
govern left-right asymmetry; failure of this leads to heterotaxic syndromes,
present in around fifty percent of patients'82. The classic triad of bronchiectasis,

sinusitis and situs inversus is known as Kartagener’s syndrome.

Many of the symptoms associated with PCD, such as chronic rhinitis and
recurrent otitis media, are common to many minor childhood illnesses.
Consequently the diagnosis is frequently late or missed. A European survey
found that the median age of diagnosis is 5.3 years and one study reported that
70% of patients visited a physician more than fifty times before a diagnosis was
made!83. Due to difficulties in confirming the diagnosis, the true burden of
disease remains unknown with wide variation in prevalence reported from 1 in

4,000 to 1 in 40,000182,

1.3.2.1 Genetics and pathophysiology of PCD

PCD is due to mutations in genes encoding any one of the proteins forming the
ciliary ultrastructure or its assembly. Motile cilia are composed of an outer ring
of nine microtubule doublets joined by nexin links which connect to a central
pair of single microtubules by radial spokes in a “9 + 2” arrangement. Inner and
outer dynein arms on the microtubular doublets act as the powerhouse of the

cilia and are responsible for coordinated ciliary beating (Figure 1.7)182,
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Figure 1.7: Cross-sectional diagram of the ultrastructure of motile cilia.
Reprinted with permission of the BM] Publishing Group. Copyright © 2007.
Cite: Bush A, et al. Primary ciliary dyskinesia: current state of the art. Archives

of Disease in Childhood 2007; 92 (12): 1136 - 40184,
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Dynein arm defects are the most common ciliary ultrastructural defects causing
PCD with lack of outer dynein arms alone or with absence of inner dynein arms
accounting for 43% and 24% of cases respectively. Microtubular and central
pair defects are less common?8, Patients with PCD have reduced (or
uncoordinated) ciliary beat frequency and many patients also have identifiable
ultrastructural defects on electron microscopy. Nevertheless approximately
26% of patients are reported to have normal ciliary ultrastructure!®¢, at least on
conventional transmission electron microscopy, thus in the absence of identified
ciliary abnormalities the diagnosis relies on combination of a typical phenotype
together with supportive features such as low nasal nitric oxide levels,

immunofluorescence of ciliary proteins or genetic testing187.188,

PCD is a genetically heterogeneous disorder with predominantly autosomal

recessive inheritance; approximately fifty gene defects have been identified to
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date. The majority of the gene defects are nonsense, frameshift or splicing
mutations®. At present up to 65% of patients with PCD can be identified on
genetic testing!?0. Individual gene mutations correlate well with their respective
ciliary ultrastructural defects. The most common mutations are: DNAH5 and
DNAI1, which are responsible for 53%1°1 and 10%1°? of outer dynein arm
defects respectively and 30% of all PCD cases overall’®®, and CCDC39 and
CCDC40 mutations, which account for 69% of combined microtubular and inner
dynein arm defects3. The correlation between genotype and protein defect
with clinical phenotype however is less well characterised, such that the clinical

significance of specific defects is unclear.

Similar to CF, PCD is associated with neutrophilic airway inflammation. The
inflammation has been found to be more pronounced than that seen in CF;
higher IL-8194 and total neutrophil counts, despite a lower bacterial load have
been observed in PCD 194 195, Despite sharing a similar pathophysiology of
impaired mucociliary clearance and airway chronic infection and neutrophilia,
PCD rarely shows such a progressive course seen in CF with a reported drop in
FEV: of 0.8% per year in PCD in comparison with 3.6% in CF1°6. The reasons for
this are unclear but important to understand to help identify novel treatment

strategies for CF.

Although PCD has a more favourable prognosis than CF, PCD is not a mild
disease. A third of children at diagnosis have been found to have an FEV; less
than 80% predicted!®’. With initiation of treatment, the majority of patients

showed either stable or improved lung function. Marthin et al. however found
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that despite initiation of treatment 34% of patients showed a progressive decline
with a loss of 10% in FEV:1%7. Lobectomies have also been reported in

approximately 8% of patients!,

1.3.2.2 Infections and the PCD microbiota

Similar to CF, the disease course in PCD fluctuates between stability and infective
exacerbations. Although research has been less intensive, similar deleterious
effects of exacerbations have been found in PCD to that in CF with one study
demonstrating that approximately a quarter of children with PCD fail to recover

baseline lung function following an exacerbation8.

It is possible that the differences seen in CF and PCD are related to differences in
the respiratory microbiome. Worlitzsch et al. observed that hypoxic gradients
exist in mucus from CF but not from PCD1%°. If differences occur within the
airway, this could favour particular bacteria and may account for differences in
disease outcome. Indeed the lower airway microbiology of patients with PCD
has both similarities and important differences to those with CF2%, The most
common organisms identified on microbial culture from patients with PCD are

H. influenzae and S. aureus19>196201 organisms also prevalent in children with CF.
However unlike CF, Streptococcus pneumoniae?°! is common in PCD. Whilst

P. aeruginosa and NTM become more prevalent with age, their prevalence is

lower than that seen in CF at 27% and 18% respectively19¢,
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There has been little reported about the PCD microbiota to date with only one
cross-sectional study of 24 children and adults. This found that the PCD airway
microbiota is polymicrobial, with 24 different genera observed per sample,
including Haemophilus spp., Streptococcus spp., Pseudomonas spp., Prevotella spp.
and Porphyromonas spp. No correlation was found between community
diversity and clinical measures?%2. There have been no reported longitudinal
studies of the PCD microbiota. The Paediatric CF service at RBH sees over 320
children per year. The PCD service is one of only 3 diagnostic PCD centres in UK.
As such, the paediatric population at RBH provide a unique opportunity to study

a large cohort of children with CF and PCD longitudinally.
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1.4 Hypotheses, aims and objectives
Hypotheses

e Upper airway samples would reflect the diversity and community
composition of the lower airway microbiota.

e C(Changes in diversity and community membership of the airway
microbiota will be seen with age and changing clinical status in children
with the CSLDs, CF (including NBS) and PCD.

e The differences in prognosis between CF and PCD are associated with
differences in the airway microbiota over time and in response to

treatments, such as antibiotics.

Aims
To perform a two-part study of the airway microbiota in childhood:

e A prospective, cross-sectional study in children to assess whether upper
airway samples (throat swabs (TS) and/or cough swabs (CS) could act as
surrogates for samples obtained by fibreoptic bronchoscopy (FOB; BALF
or bronchial brushings) in characterizing the lower airway microbiota for
use in longitudinal sampling.

e A longitudinal study relating changes in the airway microbiota (such as
diversity and community composition) as measured by upper airway
samples with clinical features in:

o Infants with CF identified on newborn screening
o Children with CF compared with PCD, including pre- and post-

antibiotic treatment in both groups.
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Objectives

e To obtain throat swabs and cough swabs from children undergoing a
clinically indicated bronchoscopy and compare them with lower airway
samples (BALF and bronchial brushings) using molecular microbiology.

e To collect detailed longitudinal clinical information, including bacterial
infection, antibiotic use and genotype, with changing clinical status to
relate to changes in the microbiome.

e To recruit a prospective cohort of infants with CF diagnosed on newborn
screening (NBS) and compare changes in molecular microbiology on
throat swabs collected at three-month intervals for up to 2 years with age,
clinical status and culture-based microbiology.

e To recruit prospective cohorts of children with CF and PCD and obtain
throat swabs at three-month intervals for up to 2 years at times of clinical
stability for molecular microbiology and to assess changes in the
microbiota within CF and PCD with age and clinical status, and differences
in the microbiota between CF and PCD.

e To obtain throat swabs for molecular microbiology at the start of
antibiotic treatment for infective exacerbations of CF and PCD and at
weekly intervals throughout the treatment periods, as well as at post-
treatment clinical follow-up and compare these results to throat swabs
collected at similar time points from children admitted for planned,

routine intravenous antibiotics.
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Chapter 2: Materials and methods

2.1 List of reagents, kits and equipment used

Reagents, Kits and Equipment
For sample collection

Sterilin cotton-tipped sterile swabs

Sterilin polypropylene 30 ml universal

container

Cytology specimen brushes:
e 1.2 mm unsheathed
e 2 mm sheathed

For DNA extraction

FastDNA Spin Kit for Soil

Clear polypropylene centrifuge tubes

(15 ml)

Lysing Matrix E tubes

Nanodrop 100 spectrophotometer
Nunc CryoTubes (1.8 ml)
Precellys 24 bead beater

Heraeus Pico 21 microcentrifuge
For qualitative PCR

Q5 High Fidelity 2 x Mastermix Taq
polymerase

PCR grade water

Primers

MicroAmp Optical Adhesive Seal

Manufacturer

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

Olympus Keymed, UK

MP Biomedicals, Solon, USA

Corning Life Sciences, Tewksbury, USA
MP Biomedicals, Solon, USA

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Bertin Technologies, Montigny le
Bretonneux, France

Thermo Fisher Scientific, Waltham, USA

New England BioLabs, Ipswich, USA

MO BIO Laboratories, Carlsbad, USA
[llumina, San Diego, CA, USA
Applied Biosystems/ Thermo Fisher
Scientific, Waltham, USA
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2.1: List of reagents, Kits and equipment used continued

For gel electrophoresis

Biotium Gel Red Nucleic Acid Stain
Molecular grade agarose 1% gel
strength

100 bp DNA ladder

GelRed dye

For amplicon purification
Round bottom 96 well plates

Plate seals for round bottom plates
Agencourt AMPure XP beads

Low EDTA TE buffer

Ambion 96 well magnetic stand

For sequencing
MiSeq reagent kit Version 2 (V2)
containing;:
e MiSeq reaction cartridge
e Flow cell
e Hybridisation buffer (HT1)
e Incorporation buffer
Sodium hydroxide (NaOH) 10 M
PhiX Control v3
MiSeq benchtop sequencer
For quantitative PCR (qPCR)
SYBR Green qPCR kit
Viia 7 Real-Time PCR System

Bioline, London, UK
Bioline, London, UK

New England BioLabs, Ipswich, USA
Biotium, Hayward, USA

Corning Life Sciences, Tewksbury, USA
Corning Life Sciences, Tewksbury, USA
Beckman Coulter, Brea, USA
Invitrogen/Thermo Fisher Scientific,
Waltham, USA

Invitrogen Life Sciences/ Thermo

Fisher Scientific, Waltham, USA

[llumina, San Diego, CA, USA

Sigma-Aldrich, St. Louis, USA
[llumina, San Diego, CA, USA
[llumina, San Diego, CA, USA

Thermo Fisher Scientific, Waltham, USA
Applied Biosystems/ ThermoFisher
Scientific, Waltham, USA
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2.2 Study population

Registered patients, under the care of the Paediatric Respiratory Department at

RBH, were recruited for a 2 part study: a cross sectional comparison of the upper

and lower airway microbiota, and the CSLD Longitudinal Investigation of the

MicroBiota (CLIMB study). Details of the study population recruited for the

cross-sectional comparison of the upper and lower airway microbiota is

provided in the corresponding results chapters (Chapter 3, Section 3.2.1).

The CLIMB study is a longitudinal study investigating changes in the microbiota

in children with CF and PCD during periods of clinical stability, exacerbations

(before, during and following an exacerbation at follow-up) and, where

applicable, at clinically indicated bronchoscopy (Table 2.1).

Table 2.1: Follow-up protocol for the three study groups in CLIMB study.

Details include age at which recruited, frequency of follow-up for collection of

non-invasive samples (Throat swabs [TS] and spontaneously expectorated

sputum) and bronchoscopy samples, where applicable. NBS - newborn screened

infants; PCD - Primary Ciliary Dyskinesia; CF - cystic fibrosis; IV - intravenous.

Group Age Frequency of Bronchoscopy
sampling samples
(TS or sputum)

NBS <6m 1-3m 3-5m age

Neutrophilic airways

disease:

PCD 6m-16yrs 3-6 m

CF 2-3m Opportunistically

CF IV antibiotics

Elective 6m- 16 yrs 3m

Exacerbation
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The 3 main groups in this study were:
e Analysis of early changes in the microbiota in infants diagnosed on NBS.
e Comparison of neutrophilic airways disease (PCD and CF) in older
children.
e Comparison of children who receive elective, 3 monthly admissions for IV
antibiotics and an age-matched group who receive emergency IV

antibiotics during exacerbations only.

Children were recruited and followed-up opportunistically during routine
clinical appointments between December 2012 and March 2014 for up to 24
months duration. The inclusion criteria were: children who were registered
patients at RBH; for CF, a diagnosis confirmed on the basis of NBS, or a
combinations of typical clinical history, genotype and sweat chloride >60mmol /L
in accord with standard guidelines?%3; for PCD, a doctor confirmed diagnosis
based on a clinical phenotype, low nasal nitric oxide levels (nNO), electron
microscopy of nasal ciliary brushings demonstrating abnormal ciliary beat
frequency or specific abnormalities associated with PCD or 2 known PCD-
causing gene mutations in trans, also in accord with current guidelines!87.204 ;
routine attendance at RBH for clinical appointments at least 3 monthly for CF

and 6 monthly for PCD.

The exclusion criteria were: use of CFTR modulating medications, such as
Ivacaftor (which became clinically available during this study), or inclusion in
the Phase 2b gene therapy trial2%5. All patients newly diagnosed with CF are

admitted to RBH for a 2-day educational visit to meet the multi-disciplinary
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team. Patients were not recruited during this visit as it was deemed to be
insensitive, but were instead recruited at their subsequent scheduled hospital

visit.

Due to a lack of a universally accepted definition of pulmonary exacerbation, for
this study it was defined as a change in symptoms necessitating an admission to
hospital for IV antibiotics as diagnosed by a paediatrician independent of the
study. Initiation of oral antibiotics was not included in the definition of
pulmonary exacerbations in this study as the threshold for starting oral
antibiotics can be highly variable, including a wide variety of indications such as
viral upper respiratory tract infections and minor chest symptoms to more

severe symptomatic and lung function decline.

Due to a lack of pilot data, a power calculation to determine the sample size
needed to identify changes in the microbiota was not possible. As many children
as possible were therefore recruited sequentially from all those who were

receiving care predominantly at RBH.

2.3 Clinical information collation

Detailed clinical information was collected at the point of sampling. Information
was obtained from the patient notes, electronic patient records or by direct
questioning of the patient or their parents. The clinical variables (Table 2.2)
collected were stored in a database, which was specifically designed for the

study (B. Ahmed, Appendix Al). At each visit, presence of upper and lower
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respiratory tract symptoms were recorded using a binary (yes or no) score. A
clinical exacerbation was defined as a change in symptoms necessitating

treatment with IV antibiotics as determined by an independent physician.

Gastro-oesophageal reflux disease (GORD) was defined either on positive pH
study or clinical symptoms necessitating treatment with proton pump inhibitors
or H; receptor antagonists. Spirometry was performed by children over 5 years
of age supervised by the Paediatric Physiologist with values for FEV: and forced
vital capacity (FVC) given in percentage predicted scores, adjusted for age, sex
and height?%. Body mass index (BMI) was calculated as the number of standard

deviations (Z score) from the median using British 1990 growth reference charts

(LMS growth - http://www.healthforallchildren.com/shop-

base/shop/software/lmsgrowth/).

For P. aeruginosa, infection status at baseline was defined according to

Lee et al?%7: “chronic” infection refers to growth of an organism in more than
50% of samples in the previous year; “intermittent” refers to growth of an
organism in the previous year but in less than 50% of samples; “free” refers to
growth of an organism previously but not in the past year, and “never” indicates
an organism that has never been grown. Whilst these criteria were established
for patients with CF, there are no equivalent criteria for growths of P. aeruginosa
in PCD. Therefore, the same criteria were applied to both groups. For all other
organisms and as no standardised criteria exist for defining chronic infections,
previous growths were defined using a binary score: “yes”, if ever previously

grown, and “no” if never previously grown. Positive cultures during the study
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were recorded qualitatively as binary outcomes (“yes” for a positive culture and
“no” for a negative culture). Disease complications, such as ABPA and CF-related
diabetes (CFRD), were defined based on the diagnostic criteria listed in the RBH
Clinical Guidelines on the Care of Children with CF
(http://www.rbht.nhs.uk/healthprofessionals/clinical-departments/cystic-

fibrosis/clinical-cf-guidelines-care-of-children/).
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Table 2.2: Clinical information collected during study visits.

*Indicates clinical information collected at baseline visit only. TInfection status

determined by clinical microbial cultures. Defined according to the criteria listed

in Chapter 2, Section 2.3. GORD - gastro-oesophageal reflux disease; CFRD - CF-

related diabetes; ABPA - allergic bronchopulmonary aspergillosis; CFTR - cystic

fibrosis transmembrane conductance regulator; CT - computed tomography;

NBS - newborn screened infants; IV - intravenous.

Demographics Measurements Previous results
o Age e Height (in cm) e CFTR Genotype*
e Gender* e Weight (in kg) e Any CT scan

e Spirometry
(In children > 5 years
age)

e Any electron
microscopy*

Past medical history

Infection status

Antibiotic use

Comorbidities/ Complications:

GORD

Pancreatic insufficiency
CFRD

Liver disease
Haemoptysis

Nasal polyposis

ABPA

Birth history (in NBS group)*:

Current symptoms:
e Upper respiratory
e Lower respiratory

Antibiotic use*:
e Past 30 days
e Past 3 months

Mode of delivery
Gestation

Mode of feeding in
infancy
Meconium ileus

Medication history

Current feeding route

Infection statusT:
Bacterial:

e P. aeruginosa

e S. aureus

e H. influenzae

e Non-tuberculous

mycobacterium
e Burkholderia cepacia
complex
e Stenotrophomonas
maltophilia
e MRSA
Fungal:

e Aspergillus fumigatus
e (andida species

Current antibiotics:
o [V
e Oral
e Nebulised

Prophylactic antibiotics

Additional info at
follow-up:
Antibiotic use between
visits:
e Antibiotic name
e Route

e Duration (days)
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2.4 Sample collection and handling

The studies were approved by the RBH Biomedical Research Unit Advanced
Lung Disease Biobank (NRES reference 10/H0504/9). The approval allows
opportunistic collection of samples during scheduled clinical appointments at
RBH. Informed written consent and age-appropriate assent was obtained from
parents and children respectively and reconfirmed at each visit by a

Paediatrician (B. Ahmed).

All samples were labelled with a unique sample identifier number at the point of
collection. For the CLIMB study, paired clinical samples were sent to the
Microbiology Department at RBH for fungal, bacteria and NTM culture as per
routine care for patients with CSLD and processed in accordance with the Cystic

Fibrosis Trust Guidelines?208,

The temperature at which samples are stored may influence bacterial
community structure. Cuthbertson et al.?°° demonstrated significant changes in
the microbiota when comparing sputum samples frozen immediately with those
left at room temperature at varying intervals for up to 72 hours from 8 patients
with CF. The greatest change in community structure occurred within the first
hour that samples were left at room temperature. It is not known whether this
observation applies only to sputum samples or all respiratory samples.
Consequently all the samples obtained in this study were immediately frozen on
dry ice prior to subsequent storage at -80°C. Samples remained frozen until DNA

extraction.
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2.4.1 Oropharyngeal swab collection

The majority (98%) of “oropharyngeal swabs” (cough swabs [CS] and throat
swabs [TS]) were collected by a single operator (B. Ahmed), with the remainder
collected either by a Paediatric Specialist Registrar or a Paediatric
Physiotherapist. Oropharyngeal swabs were collected using cotton-tipped

sterile swabs and a wooden tongue depressor.

Methods previously described for collecting TS include swabbing the posterior
pharyngeal wall in anaesthetised patients’!, the tonsils13> or the soft palate3?,
with reported validity of all techniques for identifying lower airway pathogens.
For the longitudinal study, a method of TS sampling was required that could be
repeatedly tolerated by awake children. TS were collected as described by
Cardenas et al39 as this had been shown to be an effective method for
distinguishing disease groups. TS were performed by first depressing the tongue
with a wooden depressor and then carefully moving the swab back and forth in
front of the uvula five times whilst applying even pressure. Care was taken not

to touch any other surface to prevent contamination.

CS were collected by placing a swab into the posterior pharynx and asking the
child to cough whilst carefully avoiding contact with the pharyngeal mucosa. CS
were only collected in children old enough to cough on demand. Where both TS
and CS were collected, TS was collected first. Technical swab controls were also
taken from each batch of swabs by removing a sterile swab from its container,
exposing to the air and then replacing it in the container and again placing on dry

ice prior to freezing at -80°C.
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All patients for the cross-sectional study were fasting at the time of sample
collection. For patients in the longitudinal study, non-invasive, upper airway
samples were collected at least 20 minutes after eating, in an attempt to limit the
risk of vomiting and contamination of samples with food. Details of the
collection methods for lower airway samples (bronchoalveolar lavage fluid
[BALF] and bronchial brushings) are provided in Chapter 3, Section 3.2.2.
Details of spontaneously expectorated sputum collection are provided in Chapter

5, Section 5.2.3.

2.5 Bacterial DNA extraction

DNA was extracted using the MP Bio FastDNA SPIN Kit for Soil according to the
manufacturer’s instructions but with minor modifications (as detailed below) for
handling respiratory samples. The steps below describe the Standard Operating
Procedure (SOP) in use in the Molecular Genetics and Genomics Group (Molgen)
at NHLI. A microcentrifuge (Thermo Fisher Scientific, Waltham, USA) was used
for all centrifugation steps. To limit microbial community composition changes
during defrosting, all swab and bronchial brushing samples were kept frozen on
dry ice until transference of swab or brush head to a Lysing Matrix E (LME) tube,
to which 978 microlitres (ul) of Sodium Phosphate Buffer had been added. For
whole BALF, and in order to maximize cell yield, the sample was gently thawed
on ice before splitting into 2 ml sterile microcentrifuge tubes followed by
centrifugation at 21,000 x g for 30 minutes to pellet cellular matter. The
resultant cell pellet was resuspended in sodium phosphate buffer and

transferred to an LME tube. Supernatant was discarded. For sputum samples,
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300 pl (or 1 weighed plug, if less than 300 pl of sputum was obtained) was

defrosted and added directly to an LME tube.

Next 122 pl of MT buffer was added to each LME tube and samples were
homogenised twice at a speed of 6,000 rpm for 30 seconds using the
Precellys®24 homogeniser (Bertin Instruments, France). After the
homogenization step, LME tubes were transferred to a benchtop microcentrifuge
and centrifuged for 10 minutes at 14,000 x g in order to pellet cell debris.
Supernatants were transferred to 2.0 ml sterile microcentrifuge tubes prior to
addition of 250 pl of Protein Precipitation solution to each sample. As brushes
and swabs can retain a percentage of the lysate, for these samples the brush or
swab head was transferred to an autoclaved spin basket within a 2 ml
microcentrifuge tube and centrifuged for a further minute at 14,000 x g. Any
additional supernatant obtained was combined with the first and transferred to
a 2.0 ml sterile microcentrifuge tube prior to addition of the 250 pl of Protein

Precipitation Solution.

Samples were again centrifuged for 5 minutes at 14,000 x g to pellet the protein
precipitate. Supernatant was removed and added to a 15 ml tube containing 1
ml of Binding Matrix. Samples were then rotated for 20 minutes to allow DNA
binding to the matrix and then left upright for 3 minutes to allow the silica
matrix to settle. 800 pl of supernatant was carefully removed, taking care not to
disturb the settled binding matrix. The remainder of the protocol then followed
the manufacturer’s instructions, with inclusion of the manufacturer’s optional

55¢C for 5 minutes heating step to improve DNA yields (adaption introduced for
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samples extracted after May 2013). Extracted DNA was transferred to a sterile
0.5 ml screw cap tube with 1 pl used to quantify DNA yield using a NanoDrop
(Thermo Fisher Scientific, Waltham, USA). Samples were stored at -80°C until

further use.

From September 2014 onwards, to control for the effects of contamination from
DNA extraction Kits, blank controls with no sample added were taken from each
DNA extraction kit as recommended by Salter et al.?10. These were sequenced
alongside patient samples and technical sampling controls for swabs, brushings

and BALF.

2.6 16S rRNA Quantitative PCR (qPCR) for quantification of bacterial load
Bacterial load was quantified using the SYBR Fast qPCR Kit (KAPA BioSystems).
A standard curve was constructed using a clone of Vibrio natriegens DSMZ 759
with 5 serial dilutions ranging from a concentration of 104to 108molecules/pl.
Sample DNA was diluted 1:5 in PCR grade water to a total volume of 25 pl per
sample. Custom, 16S rRNA gene primers were used (I[llumina)?!! targeting the
V4 hypervariable region : forward primer S-D-Bact-0564-a-S-15 : 5" AYT GGG
YDT AAA GNG 3’, and reverse primer S-D-Bact-0785-b-A-18 : 5" TAC NVG GGT
ATC TAA TCC 3'. These are the same primers and target region that were

subsequently used for sequencing.

Sample reactions were set up in MicroAmp Fast-96 well reaction plates placed in

a splash free support base to protect the SYBR green reagent from the light.
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Bacterial DNA within samples was quantified in 15 pl triplicate reactions as
follows:

e 7.5 ul of SYBR Fast qPCR Master Mix.

e (.3 pl of each F and R primer (10 pM).

e 1.9 ul PCR grade water.

e 5 pl of template (bacterial standard, non-template control [PCR grade

water]| or sample DNA).

Plates were sealed with a MicroAMP Optical Adhesive Seal and qPCR reactions
were run on the ViiA7 Real-Time PCR system (Applied Biosystems/ Thermo
Fisher Scientific, Waltham, USA) with the following conditions:
e 90°C for 3 minutes
e 40 cycles of
o 95°C for 20 seconds
o 500°C for 30 seconds

o 72°C for 30 seconds

Quantification was deemed reliable if a reaction efficiency of 60-70%, R? > 0.998
was attained and if the library dilutions amplified within the dynamic range of

the assay. Bacterial DNA was quantified from the standard curve.
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2.7 16SrRNA gene PCR amplification assay

The V4 hypervariable region of the 16S rRNA bacterial gene was amplified by

PCR using custom, indexed primers (Illumina)?11:

Forward primer S-D-Bact-0564-a-S-15 : 5" AYT GGG YDT AAA GNG 3’

Reverse primer S-D-Bact-0785-b-A-18 : 5’ TAC NVG GGT ATC TAATCC 3’

16S rRNA primer sequence was based on that recommended by Klindworth et

al?11, the experimental design for dual-barcoding followed the recommendations

in Kozich et al.?12 and the adaptors were from Illumina. The primers consist of

the following sequences:

A P5 and P7 adaptor for hybridization to the flow cell during sequencing
corresponding to the forward and reverse primer respectively.

An 8bp index for multiplexing.

A 10bp pad to prevent hairpin formation and increase the melting
temperature to 65°C, to match that of the Illumina MiSeq sequencing
primers.

A 3bp linker sequence anti-complimentary to the 16S rRNA gene.

A gene-specific primer?11.

Quadruplicate 25 pl PCR reactions were performed for each extracted DNA

sample. Reactions consisted of:

12.5 pl Q5 High Fidelity 2 x Master Mix Taq polymerase.
9.5 pl PCR grade water.
1 pl of each primer (1.5uM concentration).

1 ul of DNA template.
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Preliminary work conducted within the Molgen comparing 7 types of Taq
polymerase (Q5, Roche Taq, TaKaRa Premix Ex-Taq 2 X Mastermix (Takara Bio,
Japan), Onetaq (NEB), Biotaq (Bioline, London, UK), AmpliTaq Gold® (Thermo
Fisher Scientific, Waltham, USA) and Moltaq (Molzym Life Science, Germany) to
optimise PCR conditions for 454 pyrosequencing showed that only Q5
consistently amplified DNA using barcoded primers with no evidence of

contamination. Q5 was therefore chosen for all qualitative PCRs.

Ninety six well PCR plates were set up that in addition to DNA sample templates
included: a mock community (Appendix A2) consisting of 27 bacterial genera
common to the respiratory tract; a PCR negative control, where 1 pl of PCR grade
water was added instead of DNA template, and at least 1 technical or DNA kit
control added to each plate. Bacterial clones included in the mock community
were: Actinomyces odontolyticus, Bifidobacterium dentium, Burkholderia cepacia,
Chlamydophila pneumoniae, Corynebacterium pseudodiptheriticum, Enterococcus
faecalis, Escherichia coli, Fusobacterium nucleatum, Granulicatella adiacens,
Haemophilus influenzae, Haemophilus parainfluenzae, Leptotrichia buccalis,
Moraxella catarrhalis, Mycobacterium psychotolerans, Mycobacterium bovis,
Mycoplasma pneumoniae, Neisseria meningitidis, Neisseria flavescens, Norcardia
farcinica, Pasteurella multocida, Pseudomonas fluorescens, Prevotella buccae,
Rothia mucilaginosa, Salmonella enterica, Staphylococcus aureus, Streptococcus
agalactiae, Streptococcus constellatus, Streptococcus infantis, Streptococcus mitis,
Streptococcus  parasanguinis,  Streptococcus  pneumoniae,  Streptococcus
pseudopneumoniae, Streptococcus pyogenes, Streptococcus sanguinis, Treponema

denticola, Veillonella dispar, Vibrio spp..
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PCR cycling conditions were:
e One cycle of 95°C for 2 minutes.
e Thirty five cycles of
o 95°C for 20 seconds
o 50°C for 20 seconds

o 72°C for 5 minutes

That PCR had been successful was confirmed by running aliquots of PCR
products on 1.2% agarose gels according to methods described by Sambrook et
al?13., Samples were loaded using the loading dye provided in the MP Bio Fast
DNA SPIN Kit for Soil and run alongside a 100 bp DNA ladder. First the positive
and negative controls were run to confirm successful amplification and to
examine for contamination. Following this, quadruplicate PCR reactions were
pooled to a total volume of 100 pl per well in a 96 well round bottom plate and a

second gel run to confirm successful sample amplification.

2.8 Amplicon purification

Next amplicon purification, using solid phase reversible immobilization (SPRI)
magnetic beads (Agencourt Ampure XP), was performed to remove primer dimer
and any remaining unused PCR reagents. DNA purification using Ampure XP is
size and charge dependent. The size of DNA fragments removed is inversely
proportional to the ratio of SPRI beads: larger fragments will be removed with a
decreasing ratio of beads. For the V4 amplicon, a ratio of 0.7 pl of SPRI beads to

1 pl of amplicon was used.
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First the Ampure XP solution was vortexed for 20 seconds to ensure the beads
were fully resuspended. 70 pL of Ampure XP was then added to 100 pl of pooled
amplicon in each well of the 96 well plate and mixed by pipetting up and down
20 times. The reaction mixture was left at room temperature for 10 minutes to
allow binding of the DNA amplicons to the paramagnetic beads after which the
plate was placed on a magnetic stand (Invitrogen Life Sciences/ Thermo Fisher
Scientific, Waltham, USA) for 5 minutes. This resulted in separation of the DNA
bound beads from the supernatant the latter then being removed and discarded,

whilst taking care not to disturb the beads and thereby cause amplicon loss.

The plate was then removed from the magnetic stand and samples were washed
twice in 100 pl of fresh 80% ethanol. Between ethanol washes, the plate was
placed back onto the magnetic stand, left for 1 minute and the supernatant again
removed and discarded. The duration for which the beads were left at room
temperature between ethanol washes was limited to prevent over drying and
irreversible binding of DNA to the beads to ensure minimal loss of amplicon.
Following the second ethanol wash, the plate was left on the magnetic stand at
room temperature for 2 minutes to allow evaporation of excess ethanol without
over drying. Samples were then eluted in 20 pl of low EDTA: TE buffer (pH 8.0)
and left at room temperature for 5 minutes. The plate was then replaced on the
magnetic stand for 2 minutes and the supernatant containing the DNA was
removed and retained in a new 96 well plate. The plate was sealed using a plate

sealer and stored at 4°C.
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2.9 DNA quantification and equimolar pooling for library normalisation
and repeat purification
Post the first round of purification, amplicon concentrations were calculated
using the Quant-iT PicoGreen dsDNA quantification assay. This assay uses a
fluorescent nucleic acid stain to reliably quantify dsDNA. The relationship of the
intensity of the fluorescence signal from the PicoGreen reagent to the quantity of
dsDNA present is linear (according to the manufacturer’s information).
Quantification is calculated by comparison against a standard curve of control

DNA of known concentration.

The standard curve (100 ng, 50 g, 25 ng, 12.5 ng, 6.25 ng, 3.13 ng, 1.56 ng and 0
ng) was set up using DNA lambda (100 ng/ pl) provided within the kit diluted in
1 x TE (pH 7.5). For the first standard, DNA was diluted 100 fold by adding 6 pl of
DNA to 564 pl of 1 x TE (Ing/ ul). For the next 6 standards, a 1:2 dilution was
made by adding 300 pl of the previous standard to 300 pl of 1 x TE and vortexing
for 10 seconds. A blank control containing 300 pl of 1 x TE with no DNA added
was used as the final standard. One hundred pl of each standard was added in

duplicate to a 96 well black fluorometer plate.

99 pL of 1 x TE and 1 pl of sample amplicon were added to each of the remaining
80 wells in the 96 well plate and mixed by pipetting up and down 4 times. 100 pl
of a 1:200 dilution of the PicoGreen fluorescent dye was added to each well in
the 96 well plate to make a final reaction volume of 200 pl and again mixed by

pipetting up and down 4 times. DNA fluorescence was measured under a
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microplate reader with samples excited at 480 nm and the fluorescent signal

measured at 520 nm.

DNA quantification was considered to be reliable when the RZ? value of the
standard curve was above 0.998. Amplicon concentration was calculated from
the quadratic equation for the line of best fit for the standard curve (y = ax + b).
20 to 30 ng of each amplicon was added to an equimolar, normalised library
pool. In instances where total amplicon concentration was less than 30 ng, the
entire amplicon volume was added to maximise the chances of successful
sequencing. A second round of Ampure XP purification was then performed on
the equimolar pool. At this stage, the following modifications were included: a

2 ml microcentrifuge tube format was used (see workflow diagram Figure 2.1);
200 pl of 80% ethanol was added at each wash step, and following the second
ethanol wash the library pool was left to dry at room temperature until all the
ethanol had evaporated to prevent loss of the sample during agarose gel

extraction.

2.10 Agarose gel purification of equimolar pool

To ensure no remaining excess primer dimer was present in the equimolar pool,
agarose gel purification was performed. The gel was prepared by dissolving

1.85 g of 1% agarose in 150 ml of 1 x TB buffer, to which 6 pl of gel red was
added, the gel poured and then left to set for 30 minutes. Once set, 10 pl of
loading dye was added to 30 pl of library and loaded into the gel, with 5 pl of 100

bp ladder added to each lane either side of the library with the gel run at 100V
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for 45 minutes to allow separation of the amplicon from primer dimer. Bands
were visualized using an ultra violet light box and the band corresponding to the
expected size of the amplicon (200 bp) excised and placed in a 1.5 ml sterile
microcentrifuge tube. The microcentrifuge tube was weighed before and after

addition of the gel slice to determine the weight of the gel.

Gel extraction was performed using the QIAquick gel extraction kit (Qiagen)
according to the manufacturer’s instructions. QG buffer was added at a volume
of three times the weight of the gel slice and incubated at 50°C for up to 10
minutes until the gel had completed dissolved. Next one volume (equivalent to
the weight of the gel slice) of isopropanol was added and the reaction mixture
was transferred to a QIAquick spin column and centrifuged twice at 17,000 x g
for 1 minute. To increase the yield of the DNA library obtained, the flow through
was retained and placed back onto the spin column after the first centrifugation
and centrifuged again after which the flow through was discarded. All
subsequent centrifugation steps were at 14,000 x g. 500 pl of Buffer QG was then
added, centrifuged for a further minute and the flow through discarded. 750 pl
of Buffer PE was added and the column left to stand for 2-5 minutes to further
increase yield. This was centrifuged twice for 1 minute, with the flow through
discarded after each round. To elute the sample 30 pl of Buffer EB was added to
the column followed by incubation at room temperature for 4 minutes. The
column was then transferred into a clean 1.5 ml microcentrifuge tube and
centrifuged for 1 minute and the supernatant containing the purified library

retained.
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To confirm primer dimer removal and assess library quality, library DNA
fragments were analysed using the Agilent BioAnalyzer High Sensitivity DNA

analysis kit according to the manufacturer’s instructions.

2.11 Quantitative PCR (qPCR) for library quantification

Library quantification was performed using the Kapa library quantification kits
for Illumina platforms (Kapa Biosystems), which contains a pre-prepared
standard in a ten-fold dilution series, Kapa SYBR® FAST gqPCR Master Mix (2X)

and primers 1 and 2 targeting the Illumina adaptors.

The qPCR step is to ensure that the final library pool is at the optimum
concentration for flow cell loading on the [llumina MiSeq. The dynamic range of
the DNA standards provided ranges from 20 - 0.0002 pM. To ensure that the
quantity of the sample library fell within this range and accurate quantification,

1 pl of the library pool was taken and diluted 1:1000 in 999 pl of PCR grade
water. Three further 1:2 dilutions of the library pool were made to achieve
library concentrations of 1:2000, 1:4000 and 1:8000. Each dilution of the
standard, PCR grade water and dilutions of the library pool were added

sequentially in triplicate to a MicroAmp Fast 96-well reaction plate.

Each 20 pl reaction consisted of:
e 12 pl of mastermix to which Illumina primers were added.
e 4 pl of PCR grade water.

e 4 pl of template (DNA standard or library dilution or PCR grade water).
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PCR reactions were run on the ViiA7 Real-Time PCR system (Applied
Biosystems/ Thermo Fisher Scientific, Waltham, USA). The cycling conditions
were:
e 95°C for 5 minutes
e Then 35 cycles of
o 95°C for 30 seconds
o 60°C for 45 seconds

o and melting at 65 - 95°C

Quantification was deemed reliable if a reaction efficiency of 90-110%, R? >
0.998 was attained and if the library dilutions amplified within the dynamic
range of the assay. Using the standard curve and the average fragment length
determined from the BioAnalyzer trace, the library concentration was calculated

using the formula:

Library concentration =

gPCR concentration x (452 bp/average fragment length) x dilution factor.

2.12 16S rRNA gene sequencing using the Illumina MiSeq

The MiSeq Reagent Kit v2 (Illumina) was used to generate paired reads of length
250 bp. Gene sequencing using the Illumina MiSeq occurs on the surface of the
flow cell, a thick glass slide consisting of lanes of oligonucleotides
complementary to the P5 and P7 adaptor regions of the PCR primers. Single

stranded DNA libraries hybridize to these oligonucleotides and a complementary
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strand is cleaved by DNA polymerases. Bridge amplification is used to multiply
the DNA library massively in parallel, resulting in millions of replicates bound
strongly to the surface of the flow cell in clusters. The forward and reverse reads
are then sequenced sequentially by hybridization to the corresponding
sequencing primers. Base-calling occurs by adding fluorescent-labelled
nucleoside triphosphates (NTPs) and capturing the image generated. The unique

sequence of the index primer allows subsequent sample identification.

A control DNA library from the phage PhiX (Illumina) was added (as per Illumina
protocol) during MiSeq reactions to artificially inflate genetic diversity for low
diversity libraries. A PhiX spike is necessary because the optics of the MiSeq
utilize two light channels: a red channel for A and C base calls, and a green
channel for G and T. Both of these must be excited at each cycle for a successful
sequencing run. A diverse set of clusters is therefore required. The desired
library concentration and PhiX spike was determined from validation work done
previously within the Molecular Genetics and Genomics Group (NHLI, Imperial
College unpublished data). Libraries were denatured with fresh 0.2 N NaOH,
diluted to an 8 pM concentration using HT1 buffer (Illumina) and spiked with
20% of 8 pM Illumina PhiX control library. This was loaded onto the MiSeq

cartridge.

4 ul of the 3 sequencing primers for read 1, the index and read 2 were added to
the MiSeq cartridge. Libraries and primers were loaded onto the MiSeq cartridge
using extra-long 200 pl gel loading tips and gently mixed. A mapping file

containing sample ID and the sequences of the individual index primers was
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loaded onto the MiSeq software and the reaction the run for 500 cycles with an

approximate duration of 39 hours.

Upon completion of each run, quality of the sequencing run was assessed by: the
total number of reads generated; the percentage of bases with a Phred quality
score greater than 30 (Q30, ideally > 75%); cluster density (should be between
500 and 900 k/mm?), and the percentage of clusters passing filter (ideally >
70%). Each MiSeq run generated a FASTQ file containing the sequences
generated per sample and a quality score per base, which was then analysed

using Quantitative Insights Into Microbial Ecology (QIIME).
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Figure 2.1: Library preparation workflow for 16S rRNA gene sequencing.
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2.13 Data analysis

2.13.1 Sequence analysis in QIIME

Upstream analyses were performed using QIIME (Version 1.9.0)214-219 (workflow
diagram shown in Figure 2.2). QIIME is an open-source multi-platform pipeline
for microbial community analyses. To perform these analyses, QIIME requires
two input files: the FASTQ file generated from the MiSeq and a mapping file
containing the sample metadata. The mapping file is used to assign sequences to
their original sample based on the unique barcode of the index primer. The
minimum information required therefore is the sample identifier, barcode
sequence, linker primer sequence and a description of the sample. Clinical

variables may also be included for use in downstream analyses.
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Figure 2.2: Workflow diagram for data analyses.

Upstream analyses were performed in QIIME (version 1.9.0)214 and downstream

analyses in phyloseq (version 1.20.0) in R (version 3.4.0).
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QIIME is currently best designed for analysing single-end data. In order to
process paired-end reads (the forward and reverse reads) it is necessary to
combine them into a single read using the command fastq-join?2%. To do this the
8 bp forward and reverse barcodes were first combined into a single 16 bp
unique identifier. To maintain sequence alignment, the ends of the sequences
were trimmed and the forward and reverse reads then combined into a single
read allowing a minimum overlap length of 200 bp and 10% misalignment. For

any instances of mismatch, the base with the highest quality score was retained.

Next samples were de-multiplexed thereby assigning sequences back to their
original sample. Following this, barcode and primer sequences were removed,
as they were no longer required. Quality filtering was performed as follows.
Phred scores for each base were assessed and any base with a score below the
minimum quality threshold (< Q30) was removed. If 10 consecutive bases failed
to meet the threshold, the read was truncated. The resulting sequence was
discarded if < 70% of consecutive bases in the combined read were = Q30.
During de-multiplexing, multiple sequencing runs containing samples from the
same study group were combined into one dataset. Sequences generated from
PhiX control library were removed after de-multiplexing using the Burrows-

Wheeler Alignment tool (BWA)221,

Taking the resulting sequences, operational taxonomic units (OTUs, representing
clusters of similar 16S rRNA gene sequences) were next assigned using an open
reference approach with sequences clustered against the SILVA ribosomal RNA

gene database (Version 115)%22. Using this approach, sequences are matched
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against the reference database; sequences which fail to be matched are added as
de novo. Input sequences were initially pre-filtered against the reference set
with a percent identity threshold of 60%. Sequences falling below this threshold
likely represent sequencing errors and were therefore discarded. OTU picking
was performed in UCLUST (Version 1.2.22q)%'5 with a threshold of 97%

sequence similarity.

The most abundant sequence was picked as a representative for the OTU cluster.
Sequences were aligned to one another using the Python Nearest Alignment
Space Termination (PyNAST) tool?16 to allow the removal of chimeric sequences
using ChimeraSlayer217, taxonomy was assigned using the RDP Classifier 2.2218
and the SILVA ribosomal RNA gene database (Version 115)%22 and subsequent
construction of a phylogenetic tree using FastTree (Version 2.1.3)?19. Species
identity of the representative sequence was then assigned using UCLUST
(Version 1.2.22q)?'> and the SILVA ribosomal RNA gene database (Version
115)222, An OTU table was constructed detailing the OTUs present per sample.
The OTU table, phylogenetic tree and representative sequences were uploaded

into R for downstream analyses.

2.13.2 Microbial community analysis in R
Downstream analyses were performed using both R (Version 3.4.0 “You Stupid
Darkness”) and Rstudio (Version 0.99.473) and the following packages:

e ape?23 (version 4.1)- for analyses of phylogenetics and evolution.
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e Biostrings??* (version 2.44.1)- to string objects representing biological
sequences and matching algorithms.

e ggplot2225 (version 2.2.1)- a graphical package.

e gridExtra??¢ (version 2.2.1)- for constructing grid based plots.

e Multtest??” (version 2.32.0)- resampling-based multiple hypothesis
testing.

e phyloseq??8 (version 1.20.0)- for analysing microbiota data.

e plyr??° (version 1.8.4)- for splitting, applying and combining data.

e reshape2230 (version 1.4.2)- for reshaping data.

e stringr (version 1.2.0)- wrappers for common string operations.

e vegan?3! (version 2.4.3)- a community ecology package.

2.13.2.1 Quality and contamination control checks

Prior to further analyses, and as sample numbers meant a number of MiSeq runs
were conducted, data quality was assessed to ensure sequences were of high
quality and that quality was consistent across sequencing runs. To assess
sequencing quality, barplots were constructed from the run quality statistics
generated in QIIME allowing changes in quality scores along the length of the
sequence using ggplot2 to be evaluated. To assess for batch effects, 2 plots were
created: Non-metric multi-dimensional scaling (NMDS) ordinations to visualise
differences in clustering between samples and barplots to allow comparison of

the mock communities.
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Contamination of samples can have a significant impact on data analyses,
particularly for low biomass samples?l0. PCR negative controls, technical
controls and DNA kit control samples were therefore screened for contaminants.
OTUs were considered to be contaminants if they were highly abundant within
the controls and had either previously been reported as kit contaminants?10 or
had not been reported in association with human disease. OTUs identified as

contaminants were removed.

2.13.2.2 Pre-processing

Low abundance OTUs with less than 20 reads were removed to account for
spurious reads. The sequencing depth varied by several orders of magnitude
between samples. If the raw data was compared directly between samples due
to variation in sequencing depth there was the potential risk of true biological
trends being missed or wrongly identified. In order to remove this risk, prior to
downstream analyses sample counts were standardized by rarefying to an even
sequencing depth, termed “rarefaction level”. Rarefaction performs random
subsampling of a population without replacement. It is the most commonly
reported method of standardization but can result in drop out samples
depending on the chosen rarefaction level. The higher the rarefaction level, the
greater the number of samples removed; the lower the rarefaction level, the

greater the number of OTUs that may be missed.

The rarefaction level was therefore chosen by examining rarefaction curves to

determine the number of reads at which most samples reached an asymptote. At
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this point, most of the OTUs are likely to have been captured and further
sampling is unlikely to capture additional OTUs. Any sample with a total
number of reads below the rarefaction level will be discarded. Therefore, a
rarefaction level was chosen that would balance capturing the majority of OTUs,

whilst still allowing sufficient samples to be retained for downstream analyses.

2.13.2.3 Diversity analyses
Differences in diversity were measured using the phyloseq??® and vegan?3!

packages.

Alpha-diversity

Alpha-diversity was measured by species richness, evenness, the Shannon and
Inverse Simpson’s diversity indices. The Shannon diversity index quantifies the
uncertainty in predicting species identity when randomly sampling from a
community. The Inverse Simpson’s diversity index quantifies the probability
that two species randomly sampled from a community without replacement will
be the same. The inverse index is used to provide a more intuitive score where

the index increases as diversity increases.

To compare differences in alpha-diversity between samples, first the Shapiro-
Wilk test for normality was used to determine the distribution of the data. For
parametric variables, paired t-tests were used to compare 2 samples and ANOVA
for > 2 samples. For non-parametric variables, the Wilcoxon signed rank test

was used to compare 2 paired samples and the Kruskal-Wallis test for > 2
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samples. Where significant differences were found, these were illustrated using
box plots. Kendall rank correlation was used to compare two continuous
variables for longitudinal data (e.g. changes in diversity with age). Further
details of individual alpha-diversity tests used for each study group are given in

the corresponding results chapters.

Beta-diversity

Beta-diversity measures between samples diversity. This was tested using the
Bray-Curtis dissimilarity index?3?, UniFrac?3? and weighted UniFrac?3* scores.
The Bray-Curtis index measures dissimilarity between two samples by
estimating the number of shared organisms from the total number of organisms
present in both samples. The UniFrac score is a qualitative measure of the
phylogenetic distance between two communities, with the weighted UniFrac
score additionally accounting for the relative abundance of organisms within
these samples. Quantitative measures of beta diversity, such as Bray Curtis
dissimilarity and weighted UniFrac scores, provide information on community
differences due to the relative abundance of species. The UniFrac score provides
information on community differences driven by selective pressures on the
community?34. The results of these scores are provided in a numerical distance

matrix, which can then be used for further analyses.

Non-metric multi-dimensional scaling (NMDS) plots were used to visualize
trends in beta-diversity. NMDS uses the rank order abundance of OTUs based on
a distance matrix to plot their position in multi-dimensional space, such that

samples that are more closely related will cluster together. Statistical
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comparisons of beta-diversity between samples were performed using the
adonis function in vegan?3!, which performs a permutational multivariate
analysis of variance using distance matrices. The “strata” argument of this
function, which assigns groups or “blocks” within which to constrain
permutations, was used to account for the repeated measures study design in

both the cross-sectional and longitudinal studies.

2.13.2.4 OTU level comparisons

Testing for differences between communities at OTU and genera levels was
performed by the following methods. To visualise trends in community
structure, heatmaps of the fifty most common OTUs and individual patients
barplots were constructed using the ggplot2225 and gridExtra?2¢ packages. To
compare for differences in individual genera between samples, the “Multtest”227
package was used. This package performs multiple testing procedures (e.g. t-
tests or correlations) whilst controlling for family-wise error rate (FWER) and
false discovery rate (FDR). The specific testing procedure used with Multtest is
described in the corresponding results chapters. Specific OTU and genera level
analyses for each study population are also detailed in the corresponding results

chapters.
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Chapter 3: Comparison of the upper and lower
airway microbiota in children with chronic lung

diseases

3.1 Introduction

There are few paediatric longitudinal studies of the lung microbiota in part due
to the difficulties in obtaining repeated lower airway samples in young children.
As described in Chapter 1 (Section 1.2), TS or CS are often used as surrogates for
lower airway samples but their use (particularly CS) in representing the lower

airway microbiota in young children and infants has not yet been validated.

This first results chapter therefore focuses on a comparison of the upper and
lower airway microbiota to assess whether upper airway samples (CS and/or
TS) could act as surrogates for samples obtained by FOB (BALF or bronchial
brushings) in characterizing the lower airway microbiota for use in longitudinal
sampling. This was assessed by comparing the microbiota on paired upper and
lower airway samples collected from children undergoing a clinically indicated
FOB at RBH. It was hypothesised that upper airway samples would reflect the

diversity and community composition of the lower airway microbiota.

3.2 Methods
3.2.1 Subjects
Children were recruited from all those undergoing a clinically indicated FOB at

RBH between November 2012 and April 2013. Indications included the
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investigation of recurrent LRTIs and the management of chronic lung diseases,
such as CF, for which recent antibiotic courses may have been prescribed.
Consequently, it was not feasible to control for recent antibiotic use and these
children were not excluded. Information on antibiotic usage was captured from

patient records and parent recollection.

3.2.2 Sampling

Samples were collected on the day of FOB. At least one upper airway (TS and CS
in those children able to cough on demand to perform CS) and a paired lower
airway sample (BALF or bronchial brushing) were collected from each child.
Upper airway samples were collected and stored as described in Chapter 2,
Section 2.4.1. Lower airway samples were collected as described below
(Sections 3.2.2.1 and 3.2.2.2). All samples were placed immediately on dry ice

and stored at -80°C prior to DNA extraction.

3.2.2.1 Bronchoalveolar lavage samples (BALF)

BALF was collected using a SOP based on the recommendations of the European
Respiratory Society BAL Task Force?3> with the child under a general
anaesthetic. FOB was performed by a Paediatric Respiratory Consultant. The
bronchoscope was passed into the airway either nasally or orally via a laryngeal
mask airway (LMA). The choice to use an LMA was determined by the
consultant anaesthetist depending on the indication for FOB (and the clinical
importance of visualising the upper airways, which would be precluded by LMA)

and mode of anaesthesia used (e.g. IV or gas induction). To avoid upper airway
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contamination, no suction was used until the cords had been traversed. As far as
possible to account for lobar differences in bacterial infection23¢, aliquots of 1
ml/kg of sterile 0.9% saline were instilled into 2 lobes and aspirated. Lobes
were usually the right middle lobe (RML, 3 aliquots) and one other lobe, most
commonly the lingula or the macroscopically most severely affected lobe (one
aliquot). After aliquoting 5 ml of the BALF for routine clinical culture, virology
and cytology, the remainder was pooled together in a sterile DNAse/RNAse free
15 ml tubes and homogeneity ensured by inversion of the container three times.
The pooled sample was split into 4 ml aliquots for DNA extraction for 16S rRNA
gene sequencing. Samples were stored in sterile DNAse/RNAse free 15 ml tubes.
Technical controls were taken monthly for all FOB samples. For BALF, these
were collected using the same methods in use in clinical practice for collecting
“prewash” BALF by passing 4 mls of sterile 0.9% saline through the
bronchoscope prior to the bronchoscopy being passed into the patient. Bacterial
culture of BALF was performed as per standard clinical practice according to the
Cystic Fibrosis Trust Guidelines?%8 in the Clinical Microbiology Department at

RBH.

3.2.2.2 Bronchial brushings

Bronchial brushings were taken by using either a 1.2 mm diameter, unsheathed
or 2 mm diameter, sheathed bronchial cytology brush (Olympus Keymed, UK)
depending on the size of the bronchoscope used (dictated by the age and size of
the child). Brushings were taken without resheathing as previous evidence has

shown that this method increases cell yield more than two fold in comparison to
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resheathed brushings in the context of bronchial carcinoma 237. To date no such
comparison has been published in relation to microbiological diagnosis, despite
there being a theoretical risk of contamination with upper airway pathogens by
leaving the brush unsheathed. Immediately after the brush was removed, the tip
was cut into a sterile DNAse/RNAse free 15 ml tube. Technical controls were
taken by passing an unsheathed brush through the bronchoscope prior to the

bronchoscope being used in the patient.

3.2.3 16S rRNA gene library preparation and sequencing

For DNA extraction of BALF, in order to maximize cell yield, the sample was
gently thawed on ice and a maximum of 2 x 2 ml aliquots of BALF (median

3.2 mls, range 0.5 - 4 ml) were centrifuged at 21,000 x g in a microcentrifuge
(Heraeus Pico 21 microcentrifuge, Thermo Fisher Scientific, USA) for 30 minutes
to pellet cellular matter. The resultant cell pellet was resuspended in Sodium
Phosphate Buffer and transferred to an LME tube (Chapter 2 Section 2.5).
Supernatant was discarded. For DNA extraction from bronchial brushes, brush
heads were kept frozen on dry ice until transference to a LME tube, to which 978
microlitres (ul) of Sodium Phosphate Buffer had been added. DNA extraction
and library preparation for all samples collected was thereafter performed as
described in Chapter 2 Sections 2.5 and Sections 2.7 - 2.10. With the exception
of 10 samples, all samples from an individual patient were run on the same plate,
limiting the impact of any batch effect on comparisons of upper and lower

airway samples. The exceptions were: TS for patients Subject numbers 16, 44,
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48 and 49; CS for Subject number 18; BALF for Subject numbers 24, 47, 55, and

bronchial brushings for Subject numbers 34 and 45.

3.2.4 Data analysis

Due to a lack of pilot data describing the lower airway microbiota in children, an
a priori power calculation could not be performed and sample size was
opportunistic. Data analysis was performed as described in Chapter 2 Section
2.13 with the following additions. Samples were rarefied to 1000 reads prior to
downstream processing. From examining rarefaction curves (Figure 3.1), this
rarefaction level was felt to reflect a balance between capturing the majority of
OTUs whilst still allowing sufficient samples to be retained for paired upper and
lower airway comparisons as the majority of samples had < 5,000 reads (Figure

3.2).

Bland-Altman plots were constructed to analyse the agreement in alpha diversity
(richness, evenness and Shannon diversity index) between samples. When
performing PERMANOVA?3! to compare beta diversity between upper and lower
airway samples, a blocked design was used to account for paired comparisons
within the same patient. Spearman’s rank correlation was used to test whether
the most abundant organisms were similar between samples. Multtest was used
to perform multiple t-tests with a Benjamini Hochberg correction to compare
differences in the relative abundance of the fifty most common genera between

upper and lower airway samples. A P value of less than 0.05 was considered to
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be statistically significant. Sequence data has been uploaded to the European

Nucleotide Archive (Accession number: PRJEB14074).

Figure 3.1: Rarefaction curves with yellow lines denoting the number of
OTUs sampled at 1,000 reads and 3,000 reads.

This illustrates that an asymptote is reached by 1,000 reads. At this threshold,
the majority of OTUs will have been sampled and little additional information
will be obtained at higher rarefaction levels (e.g. 3,000 reads). Therefore a

rarefaction level of 1,000 reads was chosen.
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Figure 3.2: Sequencing depth for samples in upper and lower airway
microbiota comparison.

This illustrates the distribution of read counts (sequencing depth) for both upper
and lower airway samples. The percentage of samples at a given read count is

shown. The majority of samples had < 5,000 reads.
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3.3 Results

3.3.1 Patient demographics & sampling

Eighty-one children underwent a clinically indicated FOB during the study
period of which sixty-five children (80%) were recruited. Forty-nine out of sixty
five children (75%) were included in the study. Reasons for exclusion were: lack
of paired upper and lower airway samples, either due to lack of consent for
bronchial brushings and insufficient BALF volume obtained for both clinical
microbiology and 16S rRNA gene sequencing thus no lower airway sample being

obtained (N = 15), and lack of consent for publication of findings (N = 1).
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Patient characteristics are detailed in Table 3.1. Indications for bronchoscopy
included: CSLD (45%), namely CF and PCD, diagnosed on standard criteria?38 204,
and non-CSLD controls (55%), with the majority of the controls (24/27, 89%)
being investigated for recurrent LRTIs. For those with CSLD, twenty (25%) were
infants with CF diagnosed on newborn screening (NBS) undergoing a routine
bronchoscopy at 3-5 months of agel%. The age distribution of patients was
skewed with a median of 5.4 years (0.1 - 16.2 years). Thirty-nine patients (80%)
were clinically stable at the time of bronchoscopy. Eighteen patients (37%) had
received a treatment course of antibiotics in the previous 30 days, with 29%
receiving antibiotics at the time of bronchoscopy (either intravenous [IV], oral,

nebulised or a combination).

For 23 patients at least one of each sample type (CS, TS, BALF, bronchial
brushing) was collected. In the remainder, at least one pair of upper and lower
airway samples was collected allowing comparison (Figure 3.3). These included
47 TS, 37 CS, 42 BALF samples and 42 bronchial brushings. Twenty-six of the
BALFs were culture positive. Organisms identified on BALF culture were:
“Upper respiratory tract flora” (N = 13); S. aureus (N = 5); H. influenzae (N = 4);
Streptococcus pneumoniae (N = 2); Serratia marcescens (N = 1), and P. aeruginosa

(N =1).
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Table 3.1: Summary of patient characteristics in the comparison of the

upper and lower airway microbiota (N = 49).

CSLD - chronic suppurative lung disease; CF - cystic fibrosis; NBS - newborn

screened; PCD - Primary ciliary dyskinesia.

Demographic Median (range) or n
(%)

Age (years) 54 (0.1-16.2)

Gender (female) 29 (59)

Underlying pathology

CSLD 22 (45)

e CF (Newborn screened [NBS] infants) o 12(25)

e CF (not NBS) e 5(10)

e PCD e 5(10)
Non-CSLD “controls” 27 (55)

e Recurrent LRTI o 24(49)

e Upper airway pathology e 2(4)

e Haemoptysis e 1(2)
Gastro-oesophageal reflux disease (GORD) 10 (20)
Current symptoms

e Lower respiratory e 10(20)

e Upper respiratory o 21(42)
Antibiotic usage
Current treatment course 14 (29)

e Intravenous (IV) e 3(6)

e Oral e 8(16)

e Nebulised e 6(12)
Oral prophylaxis 20 (41)

e Augmentin e 2(4)

e Azithromycin e 9(18)

e Flucloxacillin e 9(18)
Inhaled corticosteroids 12 (25)
Bronchoscopy route

e Oral (Via laryngeal mask airway) e 11(22)

e Nasal e 38(78)
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Figure 3.3: Illustration of the combinations of upper and lower airway

samples taken.

In 47 patients, TS and at least 1 lower airway sample was collected for

comparison. Samples for forty-two patients (of varying combinations i.e. all four

samples types, TS and CS plus one lower airway sample etc.) remained after

rarefying to 1,000 reads.
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3.3.2 Sequencing

16S rRNA gene sequencing was performed on 168 extracted DNA samples. After
combining the forward and reverse reads, de-multiplexing and quality filtering, a
total of 5.97 million reads were obtained with an average of 31,117 reads per

sample (range 118 - 192,812 reads). Run quality data is given in Table 3.2.

Table 3.2: Summary of sequencing quality statistics for the comparison of
the upper and lower airway microbiota.

This illustrates the number of paired reads (in millions) generated by each
sequencing run (“BAX1” and “BAX2") and their associated quality statistics.
Shown are: the percentage of bases with a Phred quality score greater than 30

(Q30); cluster density, and percentage of clusters passing filter (ideally > 70%).

Run no No of reads >Q30 Cluster density  Clusters passing
(in millions, M) (%) (k/mm?) filter (%)

BAX1 7.19 82.8 433 68.8

BAX2 7.96 81.2 413 81

Technical and PCR negative controls were examined to identify potential
contaminant OTUs, which were then removed (Figure 3.4 and 3.5). Contaminant
OTUs included Burkholderia (OTU ID 1606), Undibacterium (OTU ID 1727) and
Ralstonia (OTU ID 1703). The genera Bradyrhizobium spp., Sediminibacterium
spp. and Methylobacterium spp. were also removed as these have previously
been identified as common reagent contaminants?19, NMDS plots illustrated
consistency between sequencing runs, with both mock communities (“mock”)
clustering together and negative PCR controls (“negative”) and technical controls

(“control BALF”) being more dispersed (Figure 3.6). A small significant batch
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effect was found between the two sequencing runs using Bray Curtis
dissimilarity and weighted UniFrac scores (r? = 0.03 and 0.01 respectively, P

0.002), but not the unweighted UniFrac score (r? = 0.01, P > 0.05) (Figure 3.7).
Examining the mock communities, all expected 27 genera were present from
each sequencing plate confirming successful sequencing. For run number BAX2
(represented by “mock 2” in Figure 3.8), Streptococcus spp. appears to have been
underrepresented with reduced relative abundance of each of the streptococcal
species included in the mock community listed in Chapter 2 Section 2.7.
However, as the batch effect is small and, with the exception of the 10 samples
listed in Chapter 3 Section 3.2.3, all samples from the same patient were
sequenced on the same plate and thus equally affected by batch effect, this was

not adjusted for in downstream analyses.
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Figure 3.4: Examination of PCR negative controls (N = 2), technical,
sampling controls (N = 4) and all controls combined (N = 6) for
contaminant OTUs.

This illustrates the reads counts for OTUs with > 100 reads in the control
samples. OTUs with > 750 reads were considered to be contaminants and
removed. These included: Burkholderia (OTU ID 1606), Undibacterium (OTU ID
1727) and Ralstonia (OTU ID 1703).
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Figure 3.5: Examination of PCR negative controls, technical, sampling

controls and all controls following removal of suspected contaminants

Burkholderia (OTU ID 1606), Undibacterium (OTU ID 1727) and Ralstonia

(OTU ID 1703) to confirm removal.
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Figure 3.6: Non-metric multidimensional scaling (NMDS) plot to examine

for sequencing consistency between each plate of samples.

This illustrates consistent sequencing between each plate of samples with mock

communities (“mock”) clustering together and negative PCR controls

(“negative”) and technical controls (“control BALF”) being more dispersed.
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Figure 3.7: NMDS plot to examine for batch effect.

Samples coloured by sequencing plate number (plate 1 shown in dark blue and
plate 2 shown in light blue). This demonstrates a small batch effect, with

separation in clustering between samples sequenced on plate 1 and plate 2.
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Figure 3.8: Barplot of 27 genera present in the mock communities for each

sequencing plate.

This illustrates successful sequencing of the 27 genera expected in the mock

community and a decreased relative abundance of Streptococcus spp. in Mock 2.

“Mock 1” represents the mock community sequenced in sequencing run BAX1

and “Mock 2” represents the mock community sequenced in sequencing run

BAX2. Full names of bacteria included in mock community are detailed in

Chapter 2, Section 2.7.
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After rarefaction 34/42 (81%) of the BALFs, 36/42 (86%) bronchial brushings,

44 /47 (94%) TS and 17/37 (46%) CS remained. Due to the large number of CS
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removed at rarefaction, only 8 patients remained in whom all 4 sample types
(TS, CS, BALF and bronchial brushing) were available for comparison. In
contrast after rarefaction 39 patients had at least a TS and a paired lower airway
sample remaining with 17 having a CS and paired lower airway sample (Figure
3.4). In ten patients, qPCR was performed comparing bacterial load (16S rRNA
copy number per swab) between paired CS and TS. Bacterial load was
significantly lower in CS than TS (median in CS = 1657.5 (range 68 - 574, 733),

median in TS = 79,480 (range 4660 - 1,275,133), W = 8, P = 0.049) (Figure 3.9).

Figure 3.9: Comparing bacterial load (16S rRNA copy number per swab)
between paired CS and TS.

This illustrates showing significantly lower biomass in CS (N = 10, P = 0.049).
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3.3.3 Comparison of the upper and lower airway microbiota

For BALF and bronchial brushings, the three most common genera were
identical being: Haemophilus spp. (23.6% and 24.6), Streptococcus spp. (20.3%
and 20.5% of total reads respectively), and Prevotella spp. (6.5% and 7.9%).
Similar genera were seen in TS but with Streptococcus spp. the most common
(39.5%) followed by Haemophilus spp. (15.4%) and Prevotella spp. (8.7%). At an
OTU level, there was no difference observed between upper and lower airway

samples (Figure 3.10).

Alpha diversity was compared between paired BALF and bronchial brushings

(N = 26). Overall, no difference was found in richness (t;zs) = 0.563, P = 0.578),
evenness (W = 244, P =0.084) or by the Shannon Diversity Index (W = 230, P =
0.173). In addition, there was no significant difference between BALF and
bronchial brushings in relation to beta diversity using the Bray Curtis
dissimilarity index (P = 0.650, r?2 = 0.005), unweighted UniFrac (P = 0.114, r? =
0.02) or the weighted UniFrac scores (P = 0.255, r? = 0.008). Therefore, in
instances where both BALF and bronchial brushings were available for

comparison with TS, only bronchial brushings were compared with TS.

Individual patient barplots demonstrated that the airway microbiota is highly
individual, with similarities usually observed between TS and lower airway
samples (Figure 3.11 and Appendix A3). Streptococcus spp., however, appear to
have a higher relative abundance in TS than lower airway samples. Where large
differences were present, dominance of an individual organism appears to lead

to an uneven community. There was a trend for dominant organism in BALF to
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be the same bacterium isolated by routine clinical culture of the same fluid
(Appendix A3) As there is no standardised Bray Curtis dissimilarity threshold at
which samples are considered to be highly dissimilar, from examining individual
patient barplots, greater dissimilarity was seen between TS and lower airway
samples with a score of 2 0.7. There were twelve patients with Bray Curtis
scores above this threshold. Of these, five had positive growths on culture of
BALF specimens (excluding growths of “upper respiratory tract flora only”,

N = 3). Organisms cultured were Staphylococcus aureus (N = 2), Haemophilus
influenzae (N = 2) and Serratia marcescens (N = 1); the dominant genus in their
corresponding sequenced sample was identical, namely Staphylococcus spp.;
Haemophilus spp. and Serratia spp. respectively. Four patients had no growth on
culture of BALF, of which three had a dominant organism on sequencing

(Streptococcus spp., Neisseria spp. and Moraxella spp.).
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Figure 3.10: Heatmap of the 50 most common OTUs present between upper (TS and CS) and lower airway samples (BALF and

bronchial brushings).

Each square in the grid represents the relative abundance (using rarefied data) for an OTU for a given sample. This illustrates

similarities in the relative abundances of 0TUs between upper and lower airway samples.
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Figure 3.11: Individual patient barplots (N = 39) comparing paired lower airway samples and TS for the 50 most common

OTUs.

The relative abundance of OTUs for each sample is shown with TS below and their corresponding lower airway sample above. Bars are

of uneven heights due to the presence of low abundance “other” OTUs which have not been included in the plot. This illustrates that the

airway microbiota is highly individual with variable degrees of similarity between TS and lower airway samples.
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Comparing TS and lower airway samples (either BALF or bronchial brushings)
(N = 39), no significant difference was found in richness, evenness or by the
Shannon Diversity Index (P > 0.05, Figure 3.12). Bland-Altman plots of alpha
diversity measurements showed somewhat less agreement between TS and
lower airway samples with low evenness (Figure 3.13), again suggesting that
there is less agreement between TS and lower airway samples in the presence of
a dominant organism. The mean Shannon Diversity Index was 2.09 (standard
deviation (SD 0.64) for TS and 2.12 (SD 0.78) for lower airway samples. Using
these observed mean Shannon Diversity values, a post-hoc power calculation
was performed. This showed that a sample size of 44 would have 90% power to
detect a difference in means of 0.3 assuming a standard deviation of differences
of 0.6, using a paired t-test with a 0.05 two-sided significance level. A small
significant difference (P = 0.001) was found in beta-diversity between TS and
lower airway samples using the Bray Curtis, unweighted and weighted UniFrac
scores (r2 = 0.06, 0.03 and 0.06 respectively) (NMDS plot showing unweighted

UniFrac comparison Figure 3.14).
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Figure 3.12: Alpha-diversity comparisons between lower airway samples

and TS.

No significant difference was seen in: (a) richness (t@zs) = 1.6523, P=0.107, mean

difference = 5.38, 95% Confidence Interval (CI) [-1.21 - 12.0]); (b) evenness

(Wzs) =367, P=0.756, median difference -0.012,95% CI [-0.070 - 0.051]), and
(c) Shannon diversity index (Wz¢) = 384, P = 0.940, median difference = -0.013,

95% CI [-0.263 - 0.276]). Different colours represent individual patients with

lines connecting paired lower airway samples and TS.
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Figure 3.13: Bland Altman plots showing agreement between TS and lower

airway samples in alpha diversity measurements.

Alpha diversity measurements illustrated are: (a) richness, (b) evenness and (c)

Shannon Diversity Index. Agreement between TS and lower airway samples is

shown by comparing the mean against the absolute difference in alpha diversity

measurements between TS and lower airway samples. The blue lines indicate

the mean and 95% limits of agreement. The majority of samples lie between

these limits, demonstrating overall agreement, apart from at low levels of

evenness and Shannon Diversity.
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Figure 3.14: Non-metric multidimensional scaling (NMDS) plot comparing
the unweighted UniFrac score between TS and lower airway samples.

This shows similarity in the clustering pattern between TS and lower airway

samples.
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After filtering to remove OTUs with less than a total of 20 reads, considering
genera 80% (72 out of 90) were in common being present both in lower airway
samples and TS, whilst 15.6% (14 out of 90) were unique to BALF and 4.4% (4
out of 90) were unique to TS. Those genera which were different between upper
and lower airway samples were present in very low relative abundance

(< 0.1%).

Spearman’s rank correlation testing showed good correlation between the

relative abundances of genera and OTUs present when comparing lower airway
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samples with TS (genera level: r = 0.776, P < 0.001; OTU level: r = 0.557, P <
0.001). Using multiple paired t-tests with Bonferroni correction to compare the
relative abundance of genera between TS and lower airway samples, a
significantly higher relative abundance in Streptococcus spp. was seen (t = -182,
P < 0.0001, Pag; = 0.0009) in TS. No other genus was significantly different

between TS and lower airway samples (Pagj > 0.05) (Table 3.3).
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Table 3.3. Comparing the mean relative abundance (percent) of the most

common or clinically important genera between TS and paired lower

airway samples (BALF or bronchial brushing).

Using multiple paired t-tests with Benjamini Hochberg correction, only

Streptococcus spp. was significantly different (Paqj)= 0.0009). TS - throat swab;

NS - non-significant (Pagj) > 0.05). SD - standard deviation.

Genus

Haemophilus spp.
Streptococcus spp.
Prevotella spp.
Neisseria spp.
Moraxella spp.
Veillonella spp.

Staphylococcus spp.
Gemella spp.
Fusobacterium spp.

Serratia spp.

Corynebacterium spp.

Granulicatella spp.
Dolosigranulum spp.
Porphyromonas spp.
Leptotrichia spp.
Rothia spp.
Burkholderia spp.
Pseudomonas spp.

Ralstonia spp.

Lower airway

mean (SD)

25.2 (24.4)

21.5 (22.2)
7.7 (9.9)

6.9 (10.1)

6.2 (17.4)

4.2 (5.6)
4.1 (16.3)
3.0 (2.6)
2.6 (3.8)
2.6 (15.9)
2.2 (6.6)
1.7 (1.7)
1.6 (4.2)
1.6 (5.4)
1.1 (2.7)
0.5 (1.0)
0.1 (0.1)
0.04 (0.1)
0.04 (0.1)

TS mean

(SD)
15.6 (16.2)
39.7 (22.8)
8.3 (10.0)

4.6 (6.3)

1.4 (7.0)

6.8 (7.1)
0.2 (0.7)
5.3 (7.3)
1.3 (2.0)
0.05 (0.1)
0.03 (0.1)
4.2 (3.9)
0.03 (0.1)
1.2 (2.5)
1.0 (2.6)
4.5 (15.6)
0.00 (0.02)
0.04 (0.1)
0.01 (0.03)

P(agj)-value

NS
0.0009
NS
NS
NS

NS

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
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Although CS sequenced poorly, when successfully sequenced they also showed
similarities in diversity with lower airway samples. The three most common
genera in CS were similar to those seen in BALF, bronchial brushings and TS with
Streptococcus spp. the most common (29.6% of reads), followed by Haemophilus

spp- (13.6%) and Prevotella spp. (13.5%)(Figure 3.10).

Comparing CS with lower airway samples (N = 17), no significant difference was
seen in richness (tue) = -0.831, P = 0.418), evenness (W = 40, P = 0.089) or the
Shannon diversity index (W = 48, P = 0.190). A significant difference was seen in
the Bray Curtis (r? = 0.08, P = 0.002) and weighted UniFrac scores (r? = 0.06, P =
0.029), but not in the unweighted UniFrac score (r? = 0.03, P = 0.2). Considering
genera, 70.4% (57 out of 81) were common to both lower airway samples and CS
whilst 19.6% (16 out of 81) were unique to lower airway samples and 10.0% (8
out of 81) were unique to CS (Figure 3.15). Spearman’s rank correlation testing
showed good correlation between the relative abundances of OTUs present
when comparing lower airway samples with CS (genera level: rho = 0.795, P <

0.001; species level: rho = 0.579, P < 0.001).

3.3.4 C(linical variables and the upper and lower airway microbiota

As highlighted in the prior section, there were variable degrees of similarity
between the upper and lower airway samples (Figure 3.11). To determine
whether specific clinical features underpinned these differences, beta-diversity
testing was performed using a PERMANOVA which included each of the variables

listed in Table 3.1 as well as “Patient ID” (i.e. which patient was sampled) and
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“Sample type” (11 variables included in the PERMANOVA in total). The influence
of FOB route and underlying pathology were tested in separate PERMANOVAs

using FOB samples or TS only respectively.

Two variables were found to exert a large influence on community structure:
“Patient ID” had the largest influence accounting for 47.0 - 53.8% of the variance
(P = 0.001), whilst the underlying pathology accounted for 18.7% - 22.5% (P <
0.006) (Table 3.4). All other variables, including “Sample Type”, had more minor
influence. FOB route accounted for 5.43% - 8.16% of the variance (P < 0.05),
with fewer Corynebacterium spp. (OTU 2657), Moraxella spp. (OTU 1365) and
Dolosigranulum spp. (OTU 349) present in FOB performed nasally than orally.
Other significant variables include the use of prophylactic antibiotics and
nebulized antibiotics. Patient age was not a significant influence on community

structure.
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Table 3.4. Beta diversity summaries of significant clinical variables
influencing community structure.

Adonis (PERMANOVA) results shown are for those variables which were
statistically significant (P < 0.05) using the Bray Curtis dissimilarity score.

[V - intravenous. FOB - fibreoptic bronchoscopy.

Variable & diversity measurement r? P-value
Sample Type 0.06 0.001
Patient ID 0.54 0.001
Underlying pathology 0.20 0.001
Lower respiratory tract symptoms 0.02 0.003
Nebulised antibiotics 0.02 0.003
Current IV antibiotics 0.01 0.012
FOB route 0.08 0.001

3.4 Discussion

The aim of this chapter was to assess whether upper airway samples (CS and TS)
could act as surrogates for characterising the lower airway microbiota and
therefore be used for longitudinal sampling in children with chronic lung
diseases. This was evaluated through a comparison of the airway microbiota on
paired upper and lower airway samples collected from children undergoing a
clinical FOB. In accord with the initial hypothesis, TS sequenced well and
reflected the lower airway microbiota in many children with chronic lung

diseases at a community level. When compared with lower airway samples
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(either BALF or bronchial brushings), there was no significant difference in
within sample alpha diversity. Whilst a significant difference in beta diversity
was seen between these sample types, the degree of variation due to sample site
and other clinical variables, such as antibiotic usage, was relatively small. This
was consistent when testing whether similar organisms were present between
samples (Bray Curtis dissimilarity) and when testing the relative abundance and
phylogenetic relationships between these samples (unweighted and weighted
UniFrac scores). For sample site it ranged from 2.95% (unweighted UniFrac) to
6.31% (Bray Curtis). Streptococcus spp. and Haemophilus spp. were two of the
commonest genera in both TS and lower airways, with strong correlation seen in

the relative abundance of genera between samples.

CS, however, sequenced poorly, with only 44% of CS sequencing well compared
with 94% of TS. This is likely attributable to the limited biomass and
recoverable microbial DNA from this type of sample. When successfully
sequenced, whilst CS also showed similarities in diversity with lower airway
samples, due to their poor yield on sequencing, these results suggest that CS
should not be to used to reflect the lower airway microbiota. With increasing
use of molecular techniques in clinical microbiology, these results demonstrate
that sampling method is an important consideration with the collection of TS

advised in preference to CS for genomic based methods of bacterial detection.

By contrast, there was much greater variability between disease states (up to
22.5%) than between upper and lower airway samples. There were sufficient

numbers of children for whom lower and upper airway samples were discordant
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to preclude the use of TS for clinical decision making in individuals (and testing
this was never the aim of this chapter). Nevertheless TS contain valuable
research information that could be used to explore the development of the lower
airway microbiota in groups of children with different diseases. For example, TS
could be used to determine whether the more benign clinical course of PCD
compared to that of CF relates to different temporal evolution of the lower

airway microbiota.

At an intra-individual level, for both CS and TS there were instances where
significant differences between upper and lower airway samples were observed.
At the genus level, however, only Streptococcus spp. was significantly different
between TS and lower airway samples, with a higher relative abundance in TS.
Examining individual patient barplots, this appears to be consistent across all
samples and therefore not related to the sequencing plate the sample was run

on.

Dominance of an OTU in either the upper or lower airway sample that was not
reflected in its companion sample also led to greater dissimilarity between TS
and lower airway samples. For those samples showing the greatest dissimilarity,
there was a trend for the dominant organism in BALF to be the same organism
grown on bacterial cultures of the same fluid. This could suggest overgrowth of
an organism in an individual sample, outcompeting other organisms, or low
biomass in that sample allowing artificial dominance of an organism. Therefore,
where samples are dominated by an individual genus, the results should be

treated with caution and repeat sampling paired with culture dependent
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microbiology may be advised. Upper airway samples may therefore fail to detect
dominant pathogens in the lower airways and vice versa, limiting clinical use in

an individual child; this should also be remembered in research studies.

Two main factors influenced the degree of variation in the airway microbiota.
The patient sampled had the greatest influence (53.8% of variation, Bray Curtis
dissimilarity score). This highlights how individual the microbiota is to each
patient which is well-recognized>4147.239, The underlying pathology accounted
for up to 22.5% of variation, assessed using TS only. This suggests that disease
differences can be detected utilizing TS and that TS may be useful in longitudinal
studies of the airway microbiota comparing different patient groups. All other
factors had a much more minor influence. Further work comparing TS with a
lower airway sample (e.g. bronchial brushings alone) in larger numbers of
patients from each disease group is needed to explore potential factors

influencing the relationship between the upper and lower airway microbiota.

These findings in 49 children are similar to those of Charlson et al3? , who
demonstrated similarity of the microbiota along the respiratory tree in 6 adults
(including smokers), and the study of Boutin et al?*® who demonstrated
similarities between TS and sputum samples in 20 adults and children with CF
with a mean age of 16.1 years. Similarly, Marsh et al.1>! compared upper airway
samples (nasopharyngeal and oropharyngeal swabs) with BALF sampled from a
single lobe and found upper airway samples were a reliable surrogate in 69% of
children with either idiopathic bronchiectasis, protracted bacterial bronchitis or

healthy airways. To my knowledge this is the first study comparing the
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microbiota using both TS and CS and lower airways samples in young children
with CSLD (CF or PCD) and non-CSLD controls (mainly recurrent LRTI). This is
important since such children are less able to spontaneously expectorate. They
are therefore the group in whom a reliable surrogate for lower airway sampling

is particularly pertinent.

The current study does have limitations. It was not possible to perform an a
priori power calculation so the study may be underpowered. Doing a post-hoc
power calculation a sample size of 44 would have 90% power to detect a
difference in the mean Shannon Diversity Index between TS and lower airway
samples with a 0.05 two-sided significance level. The clinical relevance of a
difference of 0.3 in Shannon diversity is unknown, however, making these results
difficult to interpret. A significant difference in beta-diversity was demonstrated
however, suggesting the study can detect differences between at least groups of
patient samples. Nonetheless caution should be taken when interpreting the CS
data in this study given the low sample size (N = 17) and their very low biomass,

rendering them at increased risk of contamination by spurious OTUs.

The sequencing depth varied greatly between samples, ranging from 118 to
192,812 reads. To account for this, similar to other microbiota studies samples
were rarefied to 1,000 reads to balance between capturing OTUs and retaining

sufficient samples for paired comparisons?241,

Eighteen patients (37%) had received a course of antibiotics in the previous 30

days and 41% were prescribed prophylactic antibiotics. Whilst this could
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potentially introduce a bias in our results by influencing both the upper and
lower airway microbiota so that they show greater similarity, it would not have
been ethically permissible to stop a clinically indicated treatment for the
purposes of this study. In addition, 12% of patients were prescribed nebulised
antibiotics inhaled through a mouthpiece at least in older children, the
deposition of which may be thus different between the upper and lower airways,
potentially driving greater differences. Due to the small numbers of patients
who received nebulised antibiotics, however, it was not possible to divide these

patients into subgroups to perform meaningful comparisons.

Ideally, all bronchoscopies would have been performed either via an LMA or
endotracheal tube in order to minimize risk of contamination of the
bronchoscope. @ The route however had to be determined by clinical
considerations. Bronchoscopy route accounted for up to 8.16% variance in
community structure, much less than the variance due to the individual patient
(53.8%) or the underlying disease (22.5%). Greater abundance of organisms
associated with the nasal passages such as Corynebacterium spp. was seen in
samples where bronchoscopy was performed nasally. This may represent
microaspiration of organisms from the upper airways or transfer of organisms
from the nasal passages by the bronchoscope. Nasopharyngeal samples were
not collected and have previously been found to be highly diverse in young
children?*. Their inclusion in future studies would allow the relationship

between upper and lower airway samples to be explored in greater detail.
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Furthermore, BALF was only collected from two lung lobes (right middle lobe
and either lingual or most diseased lobe) in this study. Given that lobar
differences exist in bacterial distribution?3¢, ideally all six lobes would have been
sampled and reproducibility tested within each lobe sampled. The methods used
in this study were in accordance with the European Respiratory Society BAL
Task Force?3> and to attempt to limit for lobar differences, samples from
different lobes were pooled prior to processing. Further work sampling each
lobe may help to ascertain whether differences between upper and lower airway

samples may be due to lobar differences within the lung.

In summary, CS sequenced poorly and whilst those successfully sequenced were
similar to lower airway samples, their use cannot be recommended for non-
culture based microbiota studies. For TS, there was good correlation between
the upper and lower airway microbiota in many children with chronic lung
diseases at a community level and disease differences could be discerned on TS.
This suggests that TS may be useful to study group differences in children with,
for example, PCD and CF although larger studies comparing TS and lower airway
samples within different disease groups are required to explore this relationship
fully. At an intra-individual level, whilst several patients showed similarities
between TS and lower airway samples, large differences existed for some
patients. This was particularly true if a dominant organism was present in TS
that was not present in its corresponding lower airway sample and vice versa. In
some patients upper airway samples failed to detect a dominant lower airway
pathogen which lower airway bacterial cultures may identify, also suggesting

interpretation of TS in an individual in a clinical context should be cautious.
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Further work is needed to determine in which individual patients TS are likely to
be reliable lower airway surrogates and those in whom the combination of
culture dependent and molecular microbiology using TS would be important.
Overall, in accord with the initial hypothesis, TS but not CS are a useful surrogate
in longitudinal studies of the lower airway microbiota for different disease
groups. TS were therefore the chosen sample type in the longitudinal studies
(Chapters 4 and 5) of the airway microbiota in children with CF diagnosed on
NBS the comparison of CF and PCD, and the effects of pulmonary exacerbations

and intravenous antibiotics.
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Chapter 4: Initial development of the airway

microbiota in infants with cystic fibrosis

4.1 Introduction

The role of the microbiota in early CF disease progression is unclear. In the UK,
since 2007 the majority of children with CF have been diagnosed through NBS at
a median age of 3 weeks® thus providing an opportunity to study the early
changes in the microbiota. This chapter describes the analysis of the airway
microbiota in infants diagnosed with CF on NBS recruited as part of the CLIMB
study described in Chapter 2, section 2.2. The aim was to better describe how
the airway microbiota develops over the first two years of life and the role of
community diversity in infants diagnosed with CF on NBS, in particular prior to
important clinical events, such as the first exacerbation requiring admission for
[V antibiotics and first growth of P. aeruginosa. To assess this, a prospective
cohort of infants with CF were recruited and TS collected at regular intervals for
up to 2 years of age to compare changes in molecular microbiology with age,
clinical status and culture-based microbiology. In addition, the results include a
cross-sectional subgroup analysis of the lower airway microbiota in infants
undergoing a routine clinical FOB between 3-5 months of age which were
collected as part of the comparison of the upper and lower airway microbiota
reported in Chapter 3. It is the first study to report study of the infant
microbiota in CF using the Illumina MiSeq, which allows greater depth of
sequencing with a lower error rate than with 454 pyrosequencing. As such, use

of the MiSeq may be more informative in identifying changes in the microbiota.
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4.2 Methods

4.2.1 NBS study patient recruitment and follow-up

Thirty patients were recruited from all those referred to RBH with a new
diagnosis of CF on NBS as part of the CLIMB study. Full details of the CLIMB
study are given in Chapter 2, Section 2.2. In the UK, all children are offered
newborn bloodspot screening for CF, as well as sickle cell disease, congenital
hypothyroidism and six inherited metabolic diseases at 5 days of age. If a
diagnosis of CF is confirmed on NBS, infants and their families have a two-day
educational visit, during which prophylactic antibiotics and multidisciplinary
team management is commenced. Patients were recruited at their first
scheduled clinical appointment following their educational visit. Based on
previous RBH CSLD Department records, on average 20 patients per year are
referred to RBH with a new diagnosis of CF on NBS. Therefore, the aim was to
recruit as many of these as possible in an 18-month period. During this period 35
infants were diagnosed with CF of which 30 (86%) consented to participate in
the study. Not wishing for TS to be collected was the most commonly reported
reason by parents for not consenting for their child to participate in the study

(N = 3).

The majority of infants were followed up at RBH every 2-3 weeks initially and

subsequently every 2-3 months, with the exception of those opting to be

managed predominantly at their local hospital. During the study period, infants
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with CF underwent a routine, clinical FOB at approximately 3 months of age. No

infant had a second FOB during the study period.

4.2.2 Sample collection & processing

The majority of TS, 97% (233 out of 241) were collected by myself with the
remainder (8 swabs) collected either by a Paediatric Respiratory registrar

(N = 7) or by the patient’s parent (N = 1). TS and FOB samples were collected
and processed as previously described in Chapter 2, Section 2.4 and Chapter 3,
Section 3.2.2. Sample collection deviated from the SOP for 5 samples (1.7% of
samples). Reasons for SOP deviation included: Oropharynx only swabbed 3
times due to patient distress (N = 3); sample collected by parent into incorrect
tube (N = 1), and sample accidentally left at room temperature for 48 hours (N =

1). Samples which deviated from the SOP were discarded from analyses.

4.2.3 Data analysis

In addition to the analysis pipeline described in Chapter 2 Section 2.13, the
following analyses were performed for the NBS cohort. Sankey plots were
constructed using the riverplot package in R to illustrate the proportion (%) of
each organism by phylogenetic rank within samples. Individual patient plots,
illustrating barplots of the most common genera against changes in bacterial
load, the Inverse Simpson’s diversity index, culture results and presence or
absence of lower airway symptoms were constructed using ggplot222> and

gridExtra226.
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Kendall correlation testing was used to assess the relationship between age (in
days) and changes in bacterial load and alpha diversity. In addition, mixed
effects modelling was performed to assess the relationship between bacterial
load or alpha diversity with age (grouped into 2 month age ranges until 1 year of
age and 3 month age ranges between 1-2 years of age, reflecting more frequent
routine follow up under 1 year of age) or clinical variables (such as growth of

P. aeruginosa), using the Ime4 (Linear Mixed-Effects Models using Eigen and S4,
version 0.14.3)2%42 and nmle (Linear and Nonlinear Mixed Effects Models, version
3.1-131)?43 packages. Mixed effects models contain both fixed and random
effects and are useful for exploring relationships between variables, particularly
for studies with repeated measures, longitudinal design or instances where there
may be missing data. They are therefore more applicable for analysing changes
in diversity and genera level changes than a repeated measures ANOVA, which is
less robust for handling missing data. Variance and P values were calculated

using the MuMIn (Multi Modal Inference) package (version 1.15.6)%%4,

A blocked design was used when performing PERMANOVAZ231 to compare beta
diversity between paired samples longitudinally. Analyses were blocked either
by participant study number (to analyse the influence of age on beta diversity) or
by age range (to analyse the influence of clinical variables on beta diversity).
Multiple correlation testing using Spearman’s rank with a false discovery rate
(FDR) correction using the multtest package and mixed effects models were used
to assess genera and OTU level changes with age. A P value of less than 0.05 was

considered to be statistically significant.
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The sequencing depth (the number of sequences per sample) differed widely
between samples (Figure 4.1a). For this analysis a rarefaction level of 600 reads
was chosen. Examining rarefaction curves, the majority of samples had reached
an asymptote at 600 reads (Figure 4.1b). At this level, 38 samples (14%) had a

sequencing depth below 600 reads and were removed (Figure 4.2).

Figure 4.1: Justification for rarefaction to 600 reads.

(4.1a): Histogram of sequencing depth for samples in NBS cohort.

This illustrates the percentage of samples at a given sequencing depth (read
count). Wide variation in sequencing depth is seen with the majority of samples

having under 5000 reads.

Distribution of sample sequencing depth

BUUD
Read counts
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(4.1b): Rarefaction curve calculated using Shannon Diversity Index
measurements.
The asymptote of the rarefaction curve illustrates the sequencing threshold at

which the majority of OTUs from the sample community are identified. The

yellow lines depict the number of OTUs captured at 600, 1000 and 3000 reads.

At 600 reads, the majority of samples have reached an asymptote.
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Figure 4.2: Summary of samples obtained for infants diagnosed with CF on

newborn screening before and after rarefaction to 600 reads.

Y

16S rRNA gene sequencing & rarefaction to 600 reads

38 (14%) of samples removed.

v v

Throat swabs BALF E:::l::gasl
(N =212) (N=13) (N = 13)

Random re-sampling of a population with replacement is an alternative reported
method of standardisation. Using this method, species are randomly sampled
from a population and diversity measures (e.g. richness and evenness) from the
species sample are calculated. These species are then replaced back into the
population sampled and the process repeated to a given number of iterations
(e.g. 1,000 iterations). A matrix containing the mean, median, standard deviation
and range of diversity scores is constructed for each sample, which can be used
in statistical analyses. The advantage of this method is it does not require a
minimum sequencing threshold, thus no samples are removed using this
method, allowing more comparisons to be made between patients. A

disadvantage is that rare species may fail to be sampled.

Bushra Ahmed 157



To ascertain whether random re-sampling with replacement (with 1,000
iterations) yields similar results to rarefaction (to 600 reads), alpha diversity
results were compared between these two methods of standardisation. This
showed that the results using random sampling with replacement were
comparable with rarefaction. For example, a weak correlation was seen
comparing changes in richness and age whether using rarefaction (t = 0.181, P <
0.001) or random re-sampling with replacement (t = 0.171, P < 0.001).
Currently, however, this method cannot be used with the adonis function
(PERMANOVA) in phyloseq, therefore random re-sampling with replacement

was used with mixed effects modelling and rarefaction with adonis.

4.3 Results

4.3.1 Patient demographics

Thirty infants with CF were recruited, with a median age of 84 days (35 - 235
days) at recruitment. Patient characteristics are summarized in Table 4.1.
Patients were followed up for a mean duration of 14 months (SD 5 months), with
a median of 35 days (range 1 - 301 days) between each sample visit. Two
patients (7%) were lost to follow up as they moved outside London at 9 and 11
months of age respectively. Three patients had predominantly local hospital

care and therefore only 6 monthly or annual follow up at RBH.

All patients were born at term (> 37 weeks gestation) with the majority born

vaginally (70%) and 53% receiving some breast milk in infancy (either
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exclusively breastfed or in combination with formula feeds). Twelve patients
(40%) were homozygous for pPhe508Del and seventeen (57%) patients were
heterozygous for the mutation. In heterozygous patients, eleven (65%) of the
non p.Phe508Del mutations were Class I - III mutations, which are associated
with a more severe, pancreatic insufficient phenotype. The non p.Phe508Del
mutations were: five patients with Class I mutations (p.Gly542X84, c.1585-
1G>A24 and ¢.489+1G>T%45); four patients with Class II mutations
(p-Leu206Trp?46, p.Arg560Thr 84, and p.Gly85Glul?); two patients with Class III
mutations (p.Gly551Asp3* and p.Arg352GIn?#7); three patients with Class IV
mutations (p.Argl17His® and p.Arg334Trp24°); one patient with a Class V
mutation (c.3717+12191C>T?%45), and two patients for whom the mutation class

was unknown.

The majority (73%) of patients were pancreatic insufficient. Eight patients
(27%) had GORD. In accordance with UK CF Trust’? and RBH guidelines, all
infants received prophylactic antibiotics during the study period; 25 patients
(83%) had started antibiotic prophylaxis prior to recruitment
(http://www.rbht.nhs.uk/healthprofessionals/clinical-departments/cystic-

fibrosis/clinical-cf-guidelines-care-of-children/).

Seven patients (23%) had a pulmonary exacerbation requiring IV antibiotics
(usually with ceftazidime and tobramycin) in the first 2 years of life at a mean
age of 7 months (sd +/- 4 months). An analysis of the number of days of oral
antibiotics per patient was not performed as this relied on retrospective parental

reports, which many parents often struggled to recall confidently. P. aeruginosa
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was the most commonly grown organism on bacterial cultures, with 7 (23%)
patients P. aeruginosa positive at a mean age of 7 months (sd +/- 3 months). All
growths of P. aeruginosa on culture were reported as “scanty growth”
(equivalent to 103 CFU/ml). Given the prognostic significance, eradication was
then attempted at RBH for any growth of P. aeruginosa with three weeks of oral
ciprofloxacin and three months of colistin nebulisers. Six patients had a single
growth of P. aeruginosa which was successfully eradicated with such treatment.
One patient grew P. aeruginosa twice, which was successfully eradicated on both
occasions. Three (43%) of the patients who grew P. aeruginosa also received IV
antibiotics, one of whom received this as part of the Trial of Optimal Therapy for
Pseudomonas Eradication in Cystic Fibrosis (TORPEDO-CF) study

(http://www.torpedo-cf.org.uk/).
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Table 4.1: Patient demographics for NBS infants in the CLIMB study.

GORD - gastro-oesophageal reflux disease; SVD - spontaneous vaginal delivery;

LSCS - lower segment Caesarian section; TS - throat swab.

Demographic (N = 30)

Age atrecruitment (in days)
Gender (female)

Genotype:

Homozygous p.Phe508Del
Heterozygous p.Phe508Del
Other

Extra-pulmonary features:
Pancreatic insufficiency
Meconium ileus

GORD

Birth history

Mode of delivery:

SVD

LSCS

Feeds in infancy:
Breastfeeding (exclusively or in
combination with formula)
Exclusively formula fed
Exacerbations & antibiotic use
Exacerbations

Prophylactic antibiotics at
recruitment

Bacterial growth on TS culture
P. aeruginosa

S. aureus

H. influenzae

“Upper respiratory tract flora”

Median (range) or N (%)
84 (35 - 235)

17 (57%)

12 (40%)
17 (57%)
1 (3%)

22 (73%)
1 (3%)
8 (27%)

21 (70%)

6 (20%)

16 (53%)

14 (47%)

7 (23%)

25 (83%)

7 (23%)
1 (3%)
1 (3%)
1 (3%)
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Sampling frequency for each individual patient is illustrated in Figure 4.3. It was
not possible to collect samples for each patient at each desired timepoint due
usually to patient non-attendance at routine clinical appointments but
occasionally because of unavailability of the sample collector. Due to a greater
frequency of scheduled clinical appointments, samples were collected more
frequently in the first year of life (Section 4.2.2). Age ranges were therefore
grouped into two and three month intervals during the first and second year of
life respectively to account for missing timepoints and to allow the greatest
number of comparisons between patients. Twelve (40%) children were
successfully recruited at the first clinical appointment after their educational
visit (between 5-9 weeks of age) and had multiple samples in the first two
months of life. Samples collected at one and two months of age were not
grouped into a two month age range as significant changes in diversity and
community structure of the airway microbiota have been noted in healthy
infants by two months of age, suggesting this may be a critical period in the
development of the microbiota2338, Where a child had more than one sample in
a given time period, the first sample taken in that range was used for
comparisons between patients for analyses where age was analysed as a
categorical variable; all samples at all timepoints were included for analyses

where age was analysed as a continuous variable.
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Figure 4.3: Frequency of throat swab (TS) sampling.
4.3a: [llustration of the number of monthly samples collected.
Each box in the grid represents a monthly sampling timepoint coloured by: red for baseline samples, yellow for follow-up samples, and

blue for missing samples. Due to opportunistic sample collection, there was variability in sampling frequency.
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4.3b: Illustration of sample frequency clustered into age ranges.

Due to greater frequency of sampling in the first year of life, samples were clustered into 2-month age ranges until 1 year of life and 3

month age ranges thereafter to allow the greatest number of comparisons between patients.
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4.3.2 Examining sequencing quality

Two hundred and ninety patient samples from thirty patients, with a median of
ten samples per patient (range 1 - 15 samples) were sequenced on six plates
alongside twelve PCR controls and eight kit controls (five technical controls from
blank swabs and prewash BALF and three DNA extraction kit controls).
14,529,156 high quality reads were obtained after combining forward and
reverse reads, demultiplexing and quality filtering, with a median of 14,891
reads per patient sample (range 88 - 272,268 reads). Run quality statistics are

summarized in Table 4.2.

Table 4.2: Summary of sequencing quality statistics for the NBS cohort in
the CLIMB study.

This illustrates the number of paired reads (in millions) generated by each
sequencing run (“BAX1”, “BAX2”, “NBS1”, “NBS2”, “NBS3” and “NBS4”) and their
associated quality statistics. Shown are: the percentage of bases with a Phred
quality score greater than 30 (Q30), cluster density and percentage of clusters

passing filter (ideally > 70%).

Sequencing Totalno ofreads > Q30 Cluster Clusters

run (million) (%) Density passing filter
number (k/mm?) (%)

BAX1 7.2 82.8 433 68.8

BAX2 8.0 81.2 413 81.0

NBS1 14.7 77.4 673 72.6

NBS2 11.4 81.3 489 76.1

NBS3 11.6 83.2 507 79.3

NBS4 12.5 80.1 547 74.9

As per the quality control measures described in Chapter 2, Section 2.13.2.1.

PCR negative, DNA extraction and technical controls were examined to identify
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contaminants. OTUs were identified as contaminants if they had greater than
3,000 total reads in the controls or had been identified as common reagent
contaminants in previous literature?!®. The following were considered
contaminants and removed: Undibacterium spp., Comamonadaceae,
Sediminibacterium spp., Methylobacterium spp., Planomicrobium spp. and a

Burkholderia OTU (ID 1931).

NMDS plots showed consistency between all runs. Upon PERMANOVA testing, a
small batch effect between sequencing plates was however seen, accounting for
up to 6% of variance in diversity (Bray Curtis r? = 0.06, unweighted UniFrac r? =
0.05, and weighted UniFrac r? = 0.05, all P = 0.001). Examining bar plots of the
mock community from each sequencing plate, a reduction in Streptococcus spp.
was seen in plate “BAX2” (shown as “Mock 6” in Figure 4.4). This reduction in
relative abundance had been previously noted as the plate was involved in the
cross sectional comparison of lower and upper airway microbiota (Chapter 3
Section 3.2.2). When plate BAX2 was excluded, the batch effect was small at <
5% (Bray Curtis r?= 0.05, P = 0.002; unweighted UniFrac r?= 0.05, P = 0.001, and
weighted UniFracr? = 0.04, P=0.001). Eleven TS and eleven BALF samples were
sequenced on plate “BAX2”. As the batch effect was small, these samples were

not excluded from further analyses.
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Figure 4.4: Barplot comparing mock communities run on each sequencing
plate to assess for consistency between sequencing plates for NBS study.
[llustrated is the relative abundance of the 27 genera included in the mock
community as listed in Chapter 2, Section 2.7. Each barplot corresponds to a
sequencing plate on which samples from infants with CF in the NBS cohort were
sequenced. Plates “Mock 5” and “Mock 6” correspond to plates “BAX1” and
“BAX2” respectively, which were involved in the cross sectional comparison of
lower and upper airway microbiota. This shows a reduction in Streptococcus
spp. in “Mock 6” (BAX2) but consistent sequencing of the mock community for all

other sequencing plates.
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4.3.3 Development of the airway microbiota in the first 2 years of life

4.3.3.1 Changes in bacterial load

For the thirty patients, a median of 48,877 copies of the 16S rRNA gene were
obtained per swab (range 20 - 22,461,921 copies per swab). Comparing changes
in bacterial load with age in days, there was a small but statistically significant
increase in bacterial load over the first 2 years of life (T = 0.105, P = 0.016)
(Figure 4.5). However, using a mixed effects model, there was no significant

difference in bacterial load with age for paired samples by age ranges (e.g. 3-4m,

5-6m etc.).

Figure 4.5: Changes in bacterial load with age on TS obtained in the first 2
years of life.
This demonstrates a weak positive correlation (Kendall’s Tau = 0.105, P=0.016)

between age (in days) and bacterial load (16S rRNA copies per swab) in the first
2 years of life.
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There was no difference in bacterial load between: infants who were born by

SVD or LSCS; infants who received any breast milk versus those who were

exclusively formula fed; those who were homozygous pPhe508Del and

heterozygous pPhe508Del, and those who were or were not pancreatic

insufficient (all P> 0.05) (Table 4.3).

Table 4.3: Differences in bacterial load for clinical variables.

Comparisons shown in the mean (SD) in bacterial load (16S rRNA copy number

per swab) in the presence or absence of the clinical variables listed below. All

differences were non-significant (NS, P > 0.05). SVD - spontaneous vaginal

delivery.

Clinical variable Yes No P-value

Gender (female) 614,000 285,000 NS
(2,442,000) (723,000)

Genotype (homozygous) 614,000 344,000 NS
(2,544,000) (1,089,000)

Mode of delivery (SVD) 444,500 506,000 NS
(1,930,000) (1,582,000)

Breastfeeding 375,000 562,000 NS
(1,135,000) (2,487,000)

Pancreatic insufficiency 525,000 249,000 NS
(2,089,000) (539,000)
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4.3.3.2 Genus and OTU level changes

At the genus level, Streptococcus was the most common genus present in the first
2 years of life in infants with CF, representing over half the bacterial community
(55% of reads). Other common genera included: Haemophilus (12.5), Veillonella
(7.4%), Neisseria (5.6% of reads), Granulicatella (3.8% of reads), Gemella (3.1%)
and Prevotella (2.9% of reads). Staphylococcus had low relative abundance
(0.1% of reads) and Pseudomonas was not a common genus (< 0.01% of reads).
The most common genera present in the first 2 years of life are illustrated in

Figure 4.6.

Mixed effects models (Section 4.2.4) were used to test changes in relative
abundance of the five most common genera over the first 2 years of life from
baseline with patient study number as a random effect and age range as the fixed
effect. This allowed paired, longitudinal comparisons in the relative abundance

of genera to be performed.

Streptococcus spp. and Haemophilus spp. began with a similar relative abundance
but diverged thereafter (Figure 4.7). Streptococcus spp. increased in relative
abundance in the first 7-8 months of life (t(172) = 3.42, P < 0.001) before reaching
an asymptote, with no statistically significant difference in the relative
abundance of Streptococcus spp. at 2 years of age to that in the first 2 months of
life (ta7zy = 1.09, P = 0.279). In contrast, Haemophilus spp. decreased
significantly in relative abundance from 3 to 9 months of age (at 9-10 months,

tarz) = -3.77, P < 0.001) and thereafter plateaued, although their relative
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abundance at 2 years of age was still significantly lower than in the first 2
months of life (tu72) = -2.20, P = 0.029) (Figure 4.9). Similarly, Veillonella spp.
decreased rapidly at 2 months of age (t(172) = -4.36, P < 0.001) and then remained
at a similar relative abundance until 2 years of age (tu72) = -1.67, P =0.097),
whereas the relative abundance of Neisseria spp. fluctuated and Granulicatella
spp. only showed a significant increase in relative abundance after the first year

of life (t(172) = 1.65, P =0.013 at 19-21m of age).

Staphylococcus spp. and Pseudomonas spp. were very low in relative abundance
in the first 2 years of life, with a significant increase seen at the end of the second
year for Staphylococcus spp. (t172) = 2.94, P =0.004) but not for Pseudomonas spp.

(ta7z) = 1.63, P =0.105), although the levels of both remained very low.
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Figure 4.6: Sankey plot illustrating the most common species present in the airway microbiota in the first 2 years of life.
Analysed by combining all TS collected during the study period following rarefaction to 600 reads. The plot illustrates the hierarchy of
classification by the eight major taxonomic ranks (Phylum, Class, Order, Family, Genus and Species) and the relative abundance (%) of
different species. . The width of the ribbon represents the proportional abundance of that species within the community. The most
common genera have been highlighted in colour. This illustrates that Streptococcus is the most common genus, accounting for 55% of

reads. Other common genera include: Haemophilus, Veillonella, Neisseria, Granulicatella, Gemella and Prevotella.
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Figure 4.7: Changes in the relative abundance of five most common genera with age in infants with CF.

This figure shows the mean relative abundance of Streptococcus spp., Haemophilus spp., Neisseria spp., Veillonella spp. and Granulicatella

spp. measured in number of reads from samples rarefied to 600 reads. The error bars represent the standard deviation. This illustrates

an inverse relationship in the relative abundance of Streptococcus spp. and Haemophilus spp. in the first two years of life: Streptococcus

spp. increased in the first 7-8 months of life (t(172) = 3.42, P < 0.001) before reaching an asymptote, whereas, Haemophilus spp. decreased

from 3 to 9 months of age (at 9-10 months, t(172) =-3.77, P< 0.001) and then plateaued.
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Figure 4.8: Heatmap illustrating changes in the 50 most common OTUs in the first 2 years in ascending age.

Red bars highlight those OTUs which increased in relative abundance with age on Spearman’s rank correlation testing, with the r value

given on the right hand side of the bar. All correlations were weak (r < 0.3).
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At the OTU level, multiple Spearman rank correlation testing with FDR
correction was performed to assess to changes in the relative abundance of all
OTUs with age. Several OTUs showed a small (r < 0.245) but significant (Pagj<
0.05) increase in relative abundance with age. Several OTUs belonging to four of
the most common genera showed an increase in relative abundance in the first 2
years and including Streptococcus (OTU ID 412, 432 and 1841), Haemophilus
(OTU ID 2347 and 2369), as well as individual OTUs belonging to the genera
Neisseria (OTU ID 2124) and Veillonella (OTU ID 1463). In addition, several less
common OTUs showed an increase in relative abundance with age, including
Alysiella (OTU ID 2166) (from the Neisseriaceae family), Enterococcus (OTU ID
1712), Lactobacillus (OTU ID 1586), Prevotella OTU ID 657 and 692) and Rothia
(OTU ID 2603) (Table 4.4). One species of Streptococcus (OTU ID 1897) showed
a decrease in relative abundance. Overall changes in the fifty most common

OTUs over the first 2 years of life are shown in the heatmap in Figure 4.8.

From examining individual patient barplots, whilst the airway microbiota
appeared to be highly individual, Streptococcus spp. was abundant throughout all
patients at all timepoints. No consistent changes were seen with changes in

symptoms or positive growth on bacterial cultures (Figure 4.9 & Appendix A4).
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Table 4.4: List of 0TUs showing significant (Pagj < 0.05) changes in relative

abundance with age.

Assessed using Spearman rank multiple correlation testing with FDR correction.

Several species of Streptococcus, Haemophilus and Prevotella, as well as other

individual species showed a small (r < 0.3) but significant positive correlation

with age in the first two years of life.

OTU name r value Adjusted P-value
Actinomyces (OTU ID 2665) 0.25 <0.001
Alysiella (OTU ID 2166) 0.23 0.006
Atopobium (OTU ID 1256) 0.21 0.013
Capnocytophaga (OTU ID 812) 0.20 0.016
Enterococcus (OTU ID 1712) 0.20 0.014
Haemophilus (OTU ID 2347) 0.23 0.006
Haemophilus (OTU ID 2369) 0.24 0.003
Lachnoanaerobaculum (OTU ID 251) 0.26 <0.001
Lactobacillus (OTU ID 1586) 0.19 0.025
Lautropia (OTU ID 2253) 0.26 <0.001
Leptotrichia (OTU ID 1059) 0.26 <0.001
Neisseria (OTU ID 2124) 0.19 0.025
Prevotella (OTU ID 657) 0.26 <0.001
Prevotella (OTU ID 692) 0.19 0.020
Rothia (OTU ID 2603) 0.21 0.013
Streptococcus (OTU ID 412) 0.23 0.006
Streptococcus (OTU ID 432) 0.25 0.002
Streptococcus (OTU ID 1841) 0.24 0.004
Streptococcus (OTU ID 1897) -0.19 0.016
Veillonella (OTU ID 1463) 0.24 0.006
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Figure 4.9: Example plot of an individual patient illustrating changes in

relative abundance of OTUs against bacterial load (16S rRNA copies per

swab), diversity changes and clinical variables.

Despite frequent sampling during an 18-month follow-up period, little change

was seen in bacterial load, the Inverse Simpson’s diversity index or community

structure (shown by the barplot) with changes in symptoms, growth of

P. aeruginosa or

antibiotic treatment (oral or IV). Other individual patient

barplots (Appendix A4) similarly showed a lack of identifiable biomarkers

associated with changing clinical status.
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4.3.3.3 Changes in alpha diversity

A weak positive correlation was seen between richness (Tau = 0.181), evenness
(Tau = 0.196), the Shannon (Tau = 0.204) and Inverse Simpson’s diversity
indices (Tau = 0.183) (P < 0.001) and age. This suggests that there was a small
increase in the number of different organisms present and their spread within

the community during the first 2 years of life (Figure 4.10).

Figure 4.10: Scatterplot of changes in Shannon diversity index with age.
This illustrates a weak positive correlation (Kendall’s Tau = 0.204, P < 0.001)

between the Shannon Diversity Index and age (in days).
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Mixed effects models were used to test the relationship between alpha diversity
and age grouped into 2-3 month age ranges. However, this showed there was no
significant association between alpha diversity (richness, evenness, Shannon and

Inverse Simpson’s diversity index) and increasing age (P > 0.05) (Figure 4.11).
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This suggests that the age of the patient does not influence the number of
different organisms (measured by richness) and the spread of these organisms
(measured by evenness) within a community in the first 2 years of life. There
was no significant difference in alpha diversity with upper or lower respiratory

tract symptoms (P > 0.05).
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Figure 4.11: Changes in alpha-diversity by age range illustrating an increasing trend in alpha diversity with age.

Using a mixed effects model, no significant association between alpha diversity and age (P > 0.05).
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4.3.3.4 Changes in beta-diversity

Beta diversity measures species turnover and nestedness within a community 248
and was analysed to assess the influence of age on community structure using
the adonis function in R. A blocked design was used, constrained by patient
study number to account for the repeated measures study design. A significant
influence of patient age on beta diversity was demonstrated using the Bray
Curtis (r?2 = 0.15, P = 0.03), unweighted UniFrac (r? = 0.16, P = 0.027) and
weighted UniFrac (r? = 0.17, P = 0.04) scores. This suggests that age has a
significant impact on community structure. The specific organisms present, their
phylogenetic relationships and relative abundance (as reflected in each of the
above scores respectively) differed with increasing age during the first 2 years of

life in infants with CF.

4.3.3.5 Perinatal predictors of community structure

Alpha and beta diversity testing were repeated to determine whether any clinical
variables influence community structure. Evenness, the Shannon diversity index
and Inverse Simpson’s diversity index but not richness were significantly higher
in patients delivered by LSCS than SVD (Evenness median 14.5 [range 6-21] in
LSCS and 13 [3 - 32] in SVD, P = 0.045; Shannon diversity index median 0.4 [0.1 -
0.6] in LSCS and 0.345 [0.02 - 0.63] in SVD, P = 0.045, and Inverse Simpsons
median 3.7 [1.1 - 11.4] in LSCS and 3.2 [1.04 - 12.3] in SVD, P = 0.04). There was
also a significantly lower Inverse Simpson’s diversity index in those patients who
had GORD (median 2.8 [range 1.1- 10.8]) than those who did not (median 3.5

[range 1.0 - 12.3]) (P = 0.04).
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A PERMANOVA was used to test the influence of multiple clinical variables
simultaneously on community composition measured by beta diversity. Overall,
whilst several clinical variables had a significant influence on beta diversity, the
degree of variance attributed to any of the clinical variables tested was small.
Mode of delivery (SVD or LSCS) exerted the greatest influence, accounting for up
to 3% of variance in community structure (Weighted UniFrac, P = 0.015). Other
significant variables on beta diversity testing included: growth of P. aeruginosa
during the study period; genotype (homozygous pPhe508Del vs. heterozygous
pPhe508Del/other); pancreatic insufficiency; the presence of upper respiratory

tract symptoms, and receiving oral or nebulised antibiotics (Table 4.5).
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Table 4.5: Testing the influence of clinical variables on beta diversity.

Listed below are the clinical variables that exerted a significant influence on

beta-diversity as measured using a permutational multivariate ANOVA

(PERMANOVA).
Clinical variable Diversity measure r? P-value
Mode of delivery Bray Curtis 0.02 0.009
Weighted UniFrac 0.03 0.026
Homozygous Bray Curtis 0.02 0.004
p-Phe508Del UniFrac 0.01 0.001
Pancreatic insufficiency UniFrac 0.01 0.011
Upper respiratory tract Bray Curtis 0.01 0.027
symptoms (yes/no) Weighted UniFrac 0.02 0.013
Any P. aeruginosa grown  Bray Curtis 0.01 0.015
Weighted UniFrac 0.02 0.015
Nebulised antibiotics Bray Curtis 0.01 0.039
UniFrac 0.01 0.017
Oral antibiotics Bray Curtis 0.01 0.006
UniFrac 0.01 0.031
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4.3.3.6 The impact of the first exacerbation
Seven patients experienced an exacerbation (definition see Chapter 2, Section
2.3) during the study period. Five of the patients had sequential samples

collected at:

e Baseline (B) - within the month prior to starting IV antibiotics;
e Exacerbation (E) - within 48 hours of starting IV antibiotics;
e Treatment (T) - between days 10-14 of IV antibiotics;

e Recovery (R) - within 1 month of completing IV antibiotics.

Due to the small sample size, an exploratory analysis of the changes at
exacerbation was performed. One patient (CLIMB0078) showed a markedly
higher bacterial load at baseline than the other patients who had an
exacerbation. This sample was collected by a helpful parent, who collected the
TS into a tube containing culture medium, as is used in clinical practice (Figure
4.12). The sample collection methods for this sample therefore deviated from
the TS collection SOP and this sample was excluded from statistical analyses.
Overall, there was no significant difference in bacterial load (copies of 16S rRNA
gene per throat swab) between baseline, exacerbation, treatment and recovery

samples using mixed effects modelling (P > 0.05).
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Figure 4.12: Changes in bacterial load (16S rRNA copies per throat swab)
with exacerbations (N = 5).

[llustrated for each individual patient at 4 timepoints: “Baseline” - within 1
month prior to exacerbation; “Exacerbation” - within the first 48 hours of
admission for IV antibiotics; “Treatment - week 2” - between days 10-14 of IV
antibiotic treatment; “Recovery” — within 1 month of cessation of IV antibiotic

treatment. No significant change in bacterial load between these timepoints was

observed (P > 0.05).
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At the genus level, whilst Streptococcus remained the most common genus at
exacerbation, its relative abundance decreased from 77.4% at baseline to 70.6%
at exacerbation for all Streptococcus combined. Whereas Haemophilus was the
second most abundant genus at baseline its relative abundance decreased at
exacerbation, from 10.3% at baseline to only 1.0% of reads at exacerbation.
Other changes occurring between baseline and exacerbation samples:

Granulicatella increased from 1.7% to 9.1%; Veillonella increased from 3.1% to
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8.8%, and Prevotella and Gemella remained constant from 1.0% and 2.5% to

1.8% and 2.8% respectively (Table 4.6).

Table 4.6: Changes in the relative abundance (%) of common genera

between baseline and exacerbation samples.

Genus Relative Relative P-value

abundance at abundance at

baseline (%) exacerbation (%)
Streptococcus 77.4 70.6 0.662
Haemophilus 10.3 1.0 0.096
Veillonella 3.1 8.8 0.079
Granulicatella 1.7 9.1 0.288
Gemella 2.5 2.8 0.931
Prevotella 1.0 1.8 0.819

Examining trends in the 5 most common genera at baseline, exacerbation, during
treatment and at recovery, the relative abundance of Streptococcus spp.
decreased from baseline to exacerbation, treatment and recovery, showing a
shaper rate of decline between treatment and recovery samples. In contrast
Haemophilus spp. decreased from baseline to exacerbation but recovered
thereafter at treatment and recovery samples. Granulicatella spp. and Veillonella
spp. showed similar but less pronounced trends, increasing slightly at
exacerbation, but decreasing thereafter. Prevotella spp. showed little change in
relative abundance throughout (Figure 4.13). However, there was no significant
difference in the relative abundance of the five most common genera between
baseline and exacerbation samples using a mixed effects model (P > 0.05).
Similarly, there was no significant difference at an OTU level using multiple

correlation testing using Spearman rank with FDR correction (Pagj < 0.05).
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No difference was seen in alpha diversity between baseline, exacerbation,
treatment and recovery samples using mixed effects modelling (P > 0.05) or Beta
diversity (PERMANOVA, Bray Curtis P = 0.089, unweighted UniFrac P = 0.629,

Weighted UniFrac P = 0.127).
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Figure 4.13: Changes in the relative abundance of the five most abundant genera with exacerbations.

The figure illustrates changes in the mean relative abundance (shown as the total number of reads following rarefaction to 1000 reads)

of Streptococcus spp., Haemophilus spp., Granulicatella spp., Veillonella spp. and Prevotella spp. at baseline (1 month prior to starting [V

antibiotics), exacerbation (within 48 hours of starting IV antibiotics), treatment (at days 10-14 of IV antibiotics) and recovery (within 1

month of stopping IV antibiotics). All changes were non-significant (P > 0.05).
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4.3.3.7 The impact of the first growth of P.aeruginosa

Seven patients grew P. aeruginosa during the study period. All growths were
reported as “scanty” (equivalent to 103 colony forming units). From those,
paired samples prior to, during and after P. aeruginosa growth were obtained

from 6 patients. These samples were described as:

e Pre-Pa - to represent the last sample taken prior to P. aeruginosa growth.
e Pa - to represent the sample collected at the time P. aeruginosa was
grown on bacterial culture in a clinical sample.
e Post-Pa - to represent the sample collected after treatment for
P. aeruginosa, following successful eradication when bacterial cultures

were negative.

Samples taken at the time of bacterial growth of P.aeruginosa showed a low

relative abundance (< 1%) of Pseudomonas spp. on 16S rRNA gene sequencing.

Overall, there was no significant difference in total bacterial load between
samples prior to, during or after growth of P. aeruginosa (H = 0.009, P = 0.923)
(Figure 4.14). One patient (CLIMB0080) showed an increase in total bacterial
load at the time of P. aeruginosa growth and another patient (CLIMB0107)
showed a marked increase in bacterial load after P. aeruginosa treatment. There
were no identifiable differences between these samples and other samples

collected from patients who grew P. aeruginosa.
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Figure 4.14: Bacterial load in relation to P. aeruginosa growth and
treatment.

The figure illustrates that there was no significant change in bacterial load.
Samples were taken at: “Pre-Pa”, reflecting the last throat swab taken prior to

P. aeruginosa being isolated on clinical cultures; “Pa” to reflect the sample taken
at the time of P. aeruginosa growth; “Post-Pa”, to reflect the first sample taken in

which there was no growth of P. aeruginosa following its isolation.
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Due to the small number of patients, an exploratory analysis of changes in

Pre-Pa, Pa and Post-Pa samples was performed. Examining trends in the most
common genera, Streptococcus appeared to increase in relative abundance from
before P. aeruginosa growth to when P. aeruginosa was isolated and continued to
rise after. Prevotella showed a similar trend, whereas Haemophilus and Neisseria
appeared to decrease throughout and Gemella appeared to decrease at growth of

P. aeruginosa then began to recover thereafter (Figure 4.15).
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Figure 4.15: Changes in the relative abundance of the five most common
genera in patients who grew P. aeruginosa in the first two years of life.
Samples were taken at: “Pre-Pa”, reflecting the last throat swab taken prior to

P. aeruginosa being isolated on clinical cultures; “Pa” to reflect the sample taken
at the time of P. aeruginosa growth; “Post-Pa”, to reflect the first sample taken in
which there was no growth of P. aeruginosa following it’s isolation.
Streptococcus increased in relative abundance in P. aeruginosa and Post-Pa
samples whilst Haemophilus showed the opposite trend. All patients contributed

equally to these changes. All changes were non-significant (P > 0.05).
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In Pre-Pa samples, the most common OTUs were: Streptococcus (OTU ID 2),
accounting for 36.3% of reads; Neisseria (OTU ID 2015) 14.2%; Gemella (OTU ID
2831 12.1%; Haemophilus (OTU ID 2362 accounting for 7.48% of reads and OTU
ID 2417 7.29%) and Prevotella (OTU ID 1360) 3.79%. In Pa samples,
Streptococcus (OTU ID 2) remained the most common OTU, increasing to 40.36%
of reads. Other common OTUs in Pa samples were Haemophilus (OTU ID 2362)

9.33%, Neisseria (OTU ID 2070 and OTU ID 2015 accounting for 3.64% of reads
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each) and Prevotella (OTU ID 1360) 3.00%. Pseudomonas spp. was not one of the
fifty most common OTUs in either Pre-Pa or Pa samples (Figure 4.16). However,
there was no significant difference in relative abundance for any OTU between
Pre-Pa, Pa and Post-Pa samples using either mixed effects modelling or multiple

correlation testing using Spearman’s rank with FDR correction (Pqag > 0.05).
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Figure 4.16: Individual patient barplots of the twenty most common genera prior to P. aeruginosa growth (Pre-Pa, shown on

the left of each plot), at the time of P. aeruginosa growth (Pa, middle) and after P. aeruginosa growth (Post-Pa, right).
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For alpha diversity, there was no significant change with growth of P. aeruginosa
(Figure 4.17). For beta diversity, a significant difference was seen between Pre-
Pa, Pa and Post-Pa using Bray Curtis (r? = 0.135, P = 0.036) and weighted UniFrac
(r2=0.153, P =0.025) but not the unweighted UniFrac score (r2 = 0.153,

P=0.068).

Figure 4.17: Boxplots illustrating change in alpha diversity before (Pre-Pa),
during (Pa) and after (Post-Pa) growth of P. aeruginosa on bacterial
cultures.

Measured by (a) richness, (b) evenness, (c) the Shannon Diversity Index and (d)
the Inverse Simpson’s diversity index. Mixed effects models were used to test for
differences in each of the above alpha diversity metrics with growth and
treatment of P. aeruginosa. There were no significant differences in alpha

diversity at any of these timepoints (P > 0.05).
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4.3.3.8 The lower airway microbiota in infancy

To determine whether diversity of the microbiota is prognostically important,
alpha diversity was compared on lower airway samples between: (a) infants
prescribed IV antibiotics during the study period and those who did not require
[V antibiotics; (b) infants who subsequently grew P. aeruginosa (N = 5) and those
who did not. Twenty-two patients provided twenty-five samples (7 patients in
whom BALF was obtained only, 12 with bronchial brushings only and 3 patients
in whom both samples were obtained) at a median age of 4 months (range 1-8
months). The results in Chapter 3 illustrated that BALF and bronchial brushings
are reasonably equivalent in their representation of the lower airway
microbiota. Therefore, for patients in whom both BALF and bronchial brushings

were collected (N = 3), bronchial brushings were analysed in preference to BALF.

There have been few descriptions of the lower airway microbiota. Figure 4.18
illustrates the most common genera present in the lower airway microbiota at 4
months of age. Similar to TS, Streptococcus and Haemophilus remained the most
common genera in lower airway samples, representing 27.92% and 22.39% of
total reads respectively. Staphylococcus, a much less common genus in upper
airway samples in the first 2 years of life (Section 4.3.3.2) was the third most
abundant genus in lower airway samples at 4 months of age, representing
11.46% of reads. Other common organisms were similar to those seen
longitudinally in upper airway samples: Veillonella (5.94%), Neisseria (4.01%),

Prevotella (4.48%) and Granulicatella (3.19%) (Figure 4.18).

Bushra Ahmed 195



There was no significant difference between infants based on need for IV
antibiotics (Evenness t = 0.342, P = 0.762; Richness t = 0.129, P = 0.909; Shannon
Diversity Index t = 0.248, P = 0.825; Inverse Simpson’s Diversity Index W = 27, P
= 0.793). Comparing infants who grew P. aeruginosa with those who were free
of P. aeruginosa growth, a significant decrease in richness was seen in infants
who subsequently grew P. aeruginosa (t = 3.11, P = 0.008). There was no
significant difference in evenness (t=1.55, P = 0.170), the Shannon Diversity
Index (t=2.11, P = 0.068) and the Inverse Simpson’s Diversity Index (W =52, P =
0.130) (Figure 4.19), although it is difficult to assess this definitively due to the

low sample size.
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Figure 4.18: Sankey plot showing the relative abundance of the most common genera in lower airway samples in infancy
(median age 4 months, N = 22). Whilst Streptococcus remained the most prevalent genus in lower airway samples, its relative
abundance is less in comparison with TS. Other common genera included: Haemophilus, Staphylococcus, Veillonella, Neisseria, Prevotella
and Granulicatella.
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Figure 4.19: Comparing alpha diversity on lower airway samples between patients who grew P. aeruginosa with those who did

not.

There was significantly lower richness in patients who grew P. aeruginosa (t = 3.11, P = 0.008) but not in evenness, the Shannon
Diversity Index and the Inverse Simpson’s Diversity Index.
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4.4 Discussion

The aim of this chapter was to describe and better understand how the infant
microbiota in CF develops over the first two years of life, in particular prior to
the first exacerbation requiring admission for IV antibiotics and first growth of P.
aeruginosa and the role of community diversity in these processes. This was
achieved by recruiting a prospective cohort of infants diagnosed with CF on NBS
(N =30) and collecting TS at median frequency of 5 weeks between samples over
the first two years of life and comparing changes in the microbiota with age,
clinical status and culture-based microbiology. It is the largest study of the
oropharyngeal microbiota to date in infants with CF with more frequent
sampling than previously reported. This has resulted in a greater opportunity to
identify changes in the microbiota with a sampling method that has shown good

correlation with the lower airway microbiota (Chapter 3).

Previous studies in adults have suggested that diversity of the airway microbiota
may be an important determinant of disease progression3140, The results of
this study have shown that the airway microbiota in infants with CF is highly
individual and gradually evolves over the first 2 years of life (Sections 4.3.3.1 -
4.3.3.4). In contradiction to the study hypothesis, only a small positive
correlation was seen between age and both bacterial load and alpha diversity of
the airway microbiota, measured by richness (the number of different organisms
present), evenness (the spread of those organisms), the Shannon Diversity Index
and the Inverse Simpson’s Diversity Index (which give a composite score of both

richness and evenness). In contrast, a more pronounced effect of age was seen
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on beta diversity, a measure of community nestedness and turnover between
samples. Up to 17.2% of variance in the unweighted UniFrac score was
attributed to the age of the patient. In addition, there was no significant
difference in diversity between infants who experienced a pulmonary
exacerbation or grew P. aeruginosa and those who did not in a cross-section of
lower airway samples taken in infants aged 3-5 months (Section 4.3.3.8); the
relationship between the two, specifically whether a drop in diversity is cause or
effect or coincident to P. aeruginosa isolation, needs further study. This suggests
that examining changes in the organisms present and their relative abundance
(which are measured by the unweighted UniFrac score) in the first 2 years of life
may be more informative than focussing on changes in alpha diversity, as has

been reported in several previous studies3?,

At the genus level, Streptococcus was the most common genus present in
oropharynx in the first 2 years of life (Section 4.3.3.2), accounting for 55.0% of
total reads; this is not what would have been expected from conventional culture
results. Haemophilus was the second most common genus, accounting for 12.5%
of reads. Both Streptococcus and Haemophilus were also the most common
genera on BALF, reconfirming the findings of Chapter 3 that the oropharyngeal
microbiota shows good correlation with that of the lower airway. Despite their
high detection rates on 16S rRNA gene sequencing, Streptococcus spp. and
Haemophilus spp. were not common organisms detected on bacterial culture of
paired clinical samples (see Table 4.2). H. influenzae was identified in only one
patient in this study, and no streptococcal species were identified on culture.

These findings support those of Mahboubi et al?%°, in which concordance
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between bacterial culture and pyrosequencing of the V3- V5 hypervariable
region of the 16S rRNA gene was assessed for 945 sputum samples collected
from 132 patients CF. Mahboubi et al. found that despite detection of
Streptococcus spp. in 88.7% of samples using pyrosequencing, Streptococcus spp.
was only identified on culture in 1.6% of samples. Similarly, Haemophilus spp.
was identified in 37.2% of samples using pyrosequencing and only 4.8% of
samples using bacterial cultures. In contrast, “typical” CF organisms, such as

P. aeruginosa, showed good concordance between culture and sequencing
results. This further highlights that bacterial culture may fail to identify
organisms present in the airway microbiota, even when they are highly
abundant. A further explanation of these findings may be that many
Streptococcal species, such as those belonging to the Streptococcus milleri group,
are often dismissed as “normal oral” or “upper respiratory tract flora”, even
when detected. As only one participant grew “upper respiratory tract flora”
during this present study, this is less likely to be applicable to the results

presented in this Chapter.

Over the first 2 years of life, trends in the relative abundance of Streptococcus
spp. and Haemophilus spp. appear to have an inverse relationship: as the relative
abundance of Streptococcus spp. increases in the first 7-9 months of life, the
relative abundance of Haemophilus spp. decreases over the first 9-11 months of
life (Section 4.3.3.2). Thus Streptococcus spp. and Haemophilus spp. may be
competitors and have an antagonistic relationship in the airways of infants with

CF, although further data are required to confirm this.
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In vitro, Streptococcus pneumoniae outcompetes H. influenzae when co-cultured,
particularly, in low pH environments?>0. Studies using a pig model of CF lung
disease have demonstrated that airway surface liquid (ASL) is more acidic in CF
due to defective bicarbonate transport as a result of absent or defective cystic
fibrosis transmembrane regulator protein than in those with normal CFTR
function. Reduced ASL pH was associated with reduced bacterial Kkilling,
suggesting that airway pH plays a critical role in the ability of the CF airways to
evade infections®. It is possible therefore, that in the airways of infants with CF,
low ASL pH creates an environment which favours Streptococcus spp. growth,
creating one mechanism by which it may outcompete Haemophilus spp.
Streptococcus spp. are also found in high abundance in the airways of healthy
infants?? and their role in the CF airways is uncertain, with one study suggesting
that it is a core genus in both the respiratory and gut microbiota in infants with
CF148, However, a recent study of 770 adolescents with CF found that

H. influenzae exerts a protective effect on lung function, with preservation of lung
function seen in adolescents with CF both following the acquisition and
continuous infection with H. influenzae1®. In addition, a study of patients with
non-CF bronchiectasis showed that patients with Haemophilus spp. dominated
communities experienced fewer pulmonary exacerbations?5l.  Therefore,
therapeutic strategies which aim to maintain Haemophilus spp. levels, either
through the use of specific antibiotics to target other community members and
avoid Haemophilus spp. killing, or by maintaining airway surface pH, may be
beneficial in maintaining lung health in infants with CF. However, the alternative
explanation, that Haemophilus spp. may merely be less harmful, needs to be

excluded before this therapeutic strategy is utilised.
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Staphylococcus spp. and Pseudomonas spp. two of the organisms more
commonly identified on bacterial cultures in children, had very low relative
abundance in the microbiota in the first 2 years of life. Whilst the relative
abundance of Pseudomonas spp. shows little change in the first 2 years of life,
Staphylococcus spp. shows a significant increase in relative abundance at the end
of the second year of life. However it should be noted that all children in this
study received prophylactic anti-staphylococcal antibiotics (either flucloxacillin
[N = 23] or Co-Amoxiclav [N = 7]) throughout the study period, in accordance
with UK CF Trust Guidelines’2. It is possible therefore that the low levels of
Staphylococcus spp. seen reflect the suppression of Staphylococcus spp. growth
as a consequence of the prophylactic antibiotics, the effects of which on the
airway microbiota are currently unknown. The increase seen at two years of age
may reflect decreasing adherence to flucloxacillin prophylaxis with increasing

age.

Several studies of adults have found a high number of obligate and facultative
anaerobes present in the airways of patients with CF14144 which increase with
agel®’. Similarly in this study several obligate and facultative anaerobes were
found in the airway microbiota of infants with CF, the most abundant of which
was Veillonella spp. accounting for 7.36% of reads during the first 2 years of life
(Section 4.3.3.2). With increasing age the relative abundance of Veillonella spp.
was found to decrease whilst less abundant anaerobes, particularly Prevotella
spp. showed a small but significant increase with age. The role of anaerobes in
CF airways disease is currently unclear. Anaerobes have however been found to

be present in the airways of healthy adults?” and infants23. Furthermore, a study
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in adults with CF reported a correlation between increased levels of anaerobes
and increased FEV; and decreased inflammation, measured by sputum
neutrophil elastase and serum CRP173, In contrast, increased levels of some
anaerobes, such as Gemella spp.1%, Veillonella spp. and Prevotella spp.14* have
been found during pulmonary exacerbations with a recent study suggesting that
Prevotella spp. may indirectly shield P. aeruginosa from antibiotic killing through
Extended-Spectrum-Beta-Lactamase production252, From the results in this
study, it is possible that in the first few months of life the airways of infants with
CF contain some protective anaerobes which are gradually replaced by genera,
such as Prevotella spp., which individually may not be pathogenic but however
promote the survival of pathogens, such as P. aeruginosa, once present. Further
work is required to fully determine the role of anaerobes in CF airway disease
and whether the addition of antibiotics targeting anaerobes may be beneficial in

preventing disease progression.

Pulmonary exacerbations have been shown to be an important determinant of
later FEV: in children with CF!12. During the 2-year follow-up period of this
study, 7 (23%) infants experienced a pulmonary exacerbation. Due to a lack of a
universally accepted definition of pulmonary exacerbation, this was defined as a
change in symptoms necessitating an admission to hospital for IV antibiotics.
Using this definition, however, limited the analysis of changes at exacerbations to

only those patients with the most severe exacerbation.

To determine the changes in the microbiota at exacerbation, samples were

compared at 4 timepoints: baseline, exacerbation, treatment and recovery.
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Overall, there was no significant change in bacterial load, alpha or beta diversity
between these timepoints, suggesting that changes in diversity are not relevant
to pulmonary exacerbations (Section 4.3.3.6). At a genus level, the relative
abundance of Streptococcus spp. was largely static at exacerbation (77.4% at
baseline and 70.6% at exacerbation). Decreases were seen thereafter, with a
sharp rate of decline seen between treatment and recovery samples; the
prognostic significance of this decline merits further study. Haemophilus spp.
showed mostly the opposite trend: a decrease from 12.5% at baseline to 0.84%
of reads at exacerbation but recovery thereafter. Whilst these changes did not
reach statistical significance (and it is acknowledged that this part of the study
was underpowered), these trends suggest that Streptococcus spp. and
Haemophilus spp. may have an antagonistic relationship such that Haemophilus
spp. occupies the space left in the niche by Streptococcus spp. with antibiotic
treatment. Little change was seen in the relative abundance of anaerobes at
exacerbation. This may be due to the small numbers of patients who met the
definition of pulmonary exacerbation used in this study. In addition, one
limitation of this study is that, the definition for pulmonary exacerbations used
may have missed changes in patients with milder symptoms who were treated
with oral antibiotics but may still have had significant lung function decline23.
Use of oral antibiotics was not included for two reasons. Firstly, because in
current clinical practice there is a low threshold for initiating oral antibiotic
treatment for even mild respiratory symptoms. Secondly, because this relied on
retrospective parental reports of oral antibiotic usage in which there was a lack

of confidence.
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However, for each patient, individual barplots tracking changes in the microbiota
with clinical variables (change in symptoms, microbial growth on culture and
antibiotic use etc.) were plotted (Appendix A4). These did not identify a
consistent bacterial biomarker associated with changes in upper and lower
respiratory tract symptoms necessitating oral or IV antibiotics. However, it is
important to note that the sample size in this study is small (N = 5 with serial
samples). A longitudinal study with a larger sample size is therefore needed to

explore further the changes occurring at pulmonary exacerbation.

Streptococci have previously been suggested as a biomarker for pulmonary
exacerbations with one study reporting SMG to be the dominant pathogens in
almost 40% of pulmonary exacerbations'®® with treatment targeted at
Streptococcus spp. showing improvements in patients previously unresponsive
to IV antibiotics in one case series!®®. Given that the Streptococcus genus has
itself been associated with clinical stability and diversity!>7, its relationship to
pulmonary exacerbations remains unclear. One limitation of the present study is
that organisms could not be characterised at a species level. It is plausible that
some species of Streptococcus spp., such as SMG, may be more pathogenic than
others and may be associated with exacerbations. It has also been suggested that
there may be a tipping point, at which levels of Streptococcus spp. lead to lung
diseasel’. Thus regular microbiological surveillance, combining both culture
data and 16S rRNA gene sequencing, may be beneficial to identify changes in the
relative abundance of Streptococcus spp. early so that targeted treatment
towards reducing Streptococcus spp. can be considered. Whether changes in the

relative abundance of Streptococcus spp. in TS are reflective of lower airway
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changes in the microbiota is uncertain as illustrated in Chapter 3. Further study
of the changes in the airway microbiota in childhood, which ideally would
include PCR of specific Streptococcus genes to aid species discrimination and
repeated lower airway sampling, with clinical correlations may help to further

our understanding of the role of Streptococcus spp. in exacerbations in CF.

Seven infants grew P. aeruginosa for the first time during the study period. In all
of these cases, the growth of P. aeruginosa was reported to be scanty. The
relevance of scanty upper airway growths of P. aeruginosa to lower airway
disease is unclear as frequently upper and lower airway cultures for

P. aeruginosa®® do not correlate.  To investigate whether changes in the
microbiota occur prior to first P. aeruginosa growth, at the time of growth and
following treatment for P. aeruginosa, serial samples at each of these timepoints
were compared between patients (Section 4.3.3.7). Whilst there was no
significant difference in bacterial load or alpha diversity, between samples
difference in beta diversity was seen. This suggests that there are differences in
community structure with growth and treatment of P. aeruginosa. Surprisingly,
Pseudomonas spp. was an uncommon genus present in the samples taken from
patients at the time of P. aeruginosa growth with a relative abundance of less
than 0.1%. It is unlikely that this represents an error in sequencing, because
Pseudomonas spp. was readily sequenced from the mock communities included
in each sequencing plate. This could, however, reflect the high sensitivity of
bacterial cultures for isolating P. aeruginosa, even when it is present in small
numbers, the success of clinical microbiology protocols in actively seeking to

identify P. aeruginosa when present, or the ability of P. aeruginosa to outgrow
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other organisms when co-cultured, emphasising the benefit of obtaining results
from both bacterial culture and 16S rRNA gene sequencing when analysing the

airway microbiota.

At each timepoint in this study, patient sampling was paired with collection of
detailed clinical data, including variables such as birth history, feeding history,
genotype, antibiotic use and presence of upper and lower respiratory tract
symptoms. These revealed that several clinical variables, such mode of delivery,
exert a small but significant influence on the airway microbiota in the first 2
years of life (Section 4.3.3.5). In contrast to previous studies, alpha diversity was
found to be higher in those delivered by LSCS than those delivered by SVD. This
seems counterintuitive as SVD exposes the newborn infant to more microbes
than LSCS. In this present study, there was no distinction made between
emergency (in labour delivery following rupture of membranes) and elective
(pre-onset of labour and rupture of membranes) LSCS due to the small total
number of patients born by LSCS (N = 6). Future work comparing larger cohorts
of patients born either by SVD, elective or emergency LSCS may reveal a different
trend that was not possible in the current study design. In addition, whilst the
results of this study suggest that mode of delivery at birth may influence
community structure, they should be treated with caution, due to the very
uneven sample sizes, as 70% of infants (N = 21) in this study were delivered by

SVD.

There are several important limitations in this study. Firstly, whilst the number

of participants is larger than previously reported studies of the oropharyngeal
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microbiota, the number in this study is still small. During the 18-month
recruitment period, the family of almost every infant with CF consented to take
part in research. Thus, within the lifetime of this PhD, obtaining a greater sample
size was not realistically feasible. Nevertheless despite the small sample size,
changes in the microbiota with age were seen and the additional findings

highlight that a further multi-centre study is warranted.

Another limitation of this study is the lack of a healthy control group. It was not
feasible to include a healthy control group due to practical difficulties in
recruiting healthy babies and ensuring regular, frequent attendances to RBH for
TS collection during this PhD. Consequently it is difficult to know what changes
seen in this study are related to CF disease processes or may be normal changes
occurring in infants during the first 2 years of life. Studies of the nasopharyngeal
microbiota in infants with CF compared with healthy controls however suggest
that there are differences in the microbiota between infants with CF and healthy
infants from as early as 2 months of age with higher abundances of S. aureus and
Streptococcus mitis in CF and increased H. influenzae and Moraxella spp. in
healthy controls!4%. It is plausible therefore that differences would also be seen
in the oropharyngeal microbiota between infants with CF and healthy controls.
Whilst infants with PCD could be considered as a comparator group, the average
age at diagnosis in PCD is higher at 5.3 years!83, thus precluding a direct
comparison between these groups. In addition, all of the CF children in this
study received anti-staphylococcal prophylaxis which may have impacted
community structure. This prophylaxis is not a policy adopted worldwide and

the benefit of antibiotic prophylaxis in children with CF is still under debate.
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Therefore, a future study comparing longitudinal changes in the microbiota
between infants with CF on antibiotic prophylaxis with those receiving no
prophylaxis, such as in the CF START study (www.cfstart.org.uk), would provide

real insights into the role of antibiotic prophylaxis in airway infections in CF.

Ideally the participants in this study would have been recruited as soon as
possible following diagnosis, ideally within the first 1-2 months of life. Whilst
many families are admitted for 2 days following diagnosis for education, it was
felt to be insensitive to recruit participants during this highly emotional
experience. Participants were therefore recruited at their next routine clinical
appointment following their educational visit. This resulted in variability in the
age of recruitment. In addition, patient sampling was performed
opportunistically during routine clinical appointments by a single operator (B.
Ahmed). Whilst this ensured consistent sampling techniques, this sometimes

resulted in missed samples at a given timepoint, a limitation of the present study.

In conclusion, in accordance with the study aims, this chapter reports the largest
longitudinal study of the oropharyngeal microbiota in NBS infants to date, with
more frequent follow-up and one of the longest periods of follow-up. Overall,
there was little change in bacterial load, the number of different organisms and
the spread of those organisms with increasing age, pulmonary exacerbations or
first growth of P. aeruginosa. This contradicts the study hypothesis that changes
in the microbiota would be seen with clinical status in the first two years of life.
In contrast, the changes seen in community structure with age, measured by beta

diversity and specific genus level changes, provide some evidence to support the
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hypothesis. An inverse relationship in the relative abundance of Streptococcus
spp. and Haemophilus spp. was seen both with age and pulmonary exacerbation
suggesting a potentially competitive relationship between these organisms
within the niche of the CF infant airways. This suggests that the interactions
between organisms in the airway microbiota might be important in
exacerbations in infants with CF. The airway microbiota seen at 2 years of age
does not reflect that seen reported in CF adults indicating that at 2 years of life
the airway microbiota in CF is still being established. Longitudinal study of older
children with CF is therefore needed to better understand the relationship
between the airway microbiota and clinical outcomes in CF. This will therefore

be explored in the next chapter.
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Chapter 5: Comparison of the airway microbiota in

Cystic Fibrosis and Primary Ciliary DysKkinesia

5.1 Introduction

The aim of this chapter was to assess whether changes in the airway microbiota
occur with age and changing clinical status in children with CF and PCD who
were recruited as part of the CLIMB study described in Chapter 2, section 2.2. CF
and PCD share a similar pathology of airway infection and neutrophilia and
respectively secondary and primary impairment of mucociliary clearancel?.
The prognosis however differs, with a slower rate of decline of lung function and
longer survival in PCD1%7. The airway microbiota in PCD has been little studied
but differences between it and that of CF may relate to the differences in
prognosis for the two diseases. If such differences in the airway microbiota exist
between patients with CF and those with PCD, this could identify new
therapeutic strategies that convert CF from a severe to a milder airway disease.
Thus a second aim was to assess whether the differences in prognosis between
CF and PCD are associated with differences in the airway microbiota over time
and in response to treatments, such as antibiotics. The objective was to recruit
prospective cohorts of children with CF (excluding NBS) or PCD and collect TS at
three month intervals for up to 2 years at times to describe the longitudinal
changes in the airway microbiota in CF and PCD with clinical features, including
pre- and post- IV antibiotic treatment. In addition, the differences in the

microbiota between CF and PCD were evaluated.

Bushra Ahmed 212



5.2 Methods

5.2.1 Patientrecruitment and follow-up

Children with CF and PCD were recruited as part of the CLIMB study. Full details
of the CLIMB study are given in Chapter 2, Section 2.2. At the beginning of the
study (December 2012), 330 children with CF and 150 children with PCD
received care under the Paediatric Respiratory Department at RBH. The
majority of these children received shared care at RBH and their local hospital
and therefore had fewer appointments at RBH. Based on records from the
Paediatric Respiratory Department, 90 children with CF and 50 children with
PCD were seen exclusively at RBH at the beginning of the study, including fifteen
children with more progressive CF disease who were listed for elective
admissions every 3 months for IV antibiotics, irrespective of clinical status. The
aim therefore was to recruit as many of these children as possible. Diagnostic
and inclusion criteria for CF and PCD are described in Chapter 2, Section 2.2).
Generally, children with CF were seen routinely every 2-3 months, whereas
children with PCD were seen every 6 months (see Chapter 2 Section 2.2).

Samples were collected opportunistically during routine clinical appointments.

5.2.2 C(linical information

Clinical information (such as infection status, lung function etc.) was collected as
described previously in Chapter 2, Section 2.3 and is given in Chapter 2, Table
2.2. Median change in FEV1% values during the study period was calculated by
calculating the difference between the first and last sample taken divided by the

duration of follow-up for each individual patient.
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As previously (Chapter 2, Section 2.3), the definition of a pulmonary
exacerbation was defined as a deterioration in clinical status necessitating [V
antibiotics, as judged by a paediatrician independent of the study. For some
patients, a two-week course of IV antibiotics was initiated in hospital and then
continued at home. Due to uncertainty in the reliability of retrospective parental
reports regarding duration of oral antibiotic administration, oral treatment
courses of antibiotics were not included in the analyses. Presence of
bronchiectasis was determined by a Radiologist on CT scans performed for

clinical reasons.

5.2.3 Sample collection & processing

TS were collected from patients during routine clinical appointments (outpatient
and inpatient) as described in Chapter 2, Section 2.2. In addition, spontaneously
expectorated sputum was collected when available. Patients were asked to
expectorate sputum into two sterile universal containers. The first container
was sent for routine clinical microbiology and kept at room temperature until
transfer to the Clinical Microbiology laboratory at RBH. The second container
was immediately frozen on dry ice and stored at -80°C for culture independent
analysis. The majority of samples (393 samples [96%]) were collected by a
single operator (B. Ahmed). Samples were processed as previously described in

Chapter 2, Section 2.4.
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For DNA extraction, whole sputum samples were defrosted and 300 pl was
aliquoted and added directly to a LME tube (Chapter 2, Section 2.5). DNA
extraction and library processing for 16S rRNA gene sequencing followed the

methods described in Chapter 2, Sections 2.5 - 2.12.

5.2.4 Data analyses

From sequencing data obtained for each sample, forward and reverse reads were
combined and quality filtered as previously described in Chapter 2, Section
2.13.1. Examining rarefaction curves, an asymptote is reached by 1,000 reads,
suggesting at this level an accurate representation of the microbiota is obtained
(Figure 5.1) without compromising the number of samples retained following
rarefaction. Samples were therefore rarefied to 1,000 reads prior to downstream
analyses to standardise sequencing depth. Four hundred and nine samples were
collected; 76 samples (18.6%) had a read count below this threshold and were

therefore removed at rarefaction.

Downstream data analyses were performed in phyloseq in R (Chapter 2, Section
2.13.2). Longitudinal changes in the relative abundance of 0TUs were compared
both within and between disease groups. For OTU level analyses, Sankey plots
were constructed as previously described in Chapter 4, Section 4.2.4. Individual
patient plots, illustrating barplots of the most common OTUs against changes in
FEV1 % (for children aged over 5 years), the Inverse Simpson’s diversity index,
culture results and presence or absence of lower airway symptoms were

constructed using ggplot2 and gridExtra. Genera and OTU level differences as
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well as alpha diversity testing to assess the relationship between alpha diversity
and age and clinical variables were assessed as previously described in Chapter

4, Section 4.2.3.

For beta-diversity testing, to allow comparisons between paired samples
longitudinally, a block study design was used when using the adonis function
using the strata argument of this function. Analyses were blocked either by
participant study number (to analyse the influence of age on beta diversity) or by
age range (to analyse the influence of clinical variables on beta diversity). A P-

value of less than 0.05 was considered to be statistically significant.

Figure 5.1: Justification for rarefaction to 1000 reads. Illustrating the
rarefaction curve calculated using Shannon Diversity Index measurements.
The asymptote of the rarefaction curve illustrates the sequencing threshold at
which the majority of OTUs from the sample community are identified. At 1,000
reads, an asymptote was reached, providing justification for rarefaction to this

level.
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5.3 Results

5.3.1 Patient demographics

For the longitudinal comparison of the airway microbiota in CF versus PCD, 31
children (age matched) were studied in each diagnostic category. If more than
one child with CF matched to a child with PCD, the CF child who was closest in
age to the PCD child was selected. Within the CF group there were seven
children who received elective IV antibiotics whilst in the PCD group there were

three. Baseline demographics are shown in Table 5.1.

The mean age of participants was 9.3 years (sd 4.8 years) for CF and 9.9 years
(sd 4.6 years) for PCD. Eighteen (58%) children with CF and 20 (65%) children
with PCD were female. Patients were followed-up for a shorter period than 2
years as initially intended, with a mean duration of 1.1 years in each group (SD
0.46 years and 0.48 years for CF and PCD respectively). There were no
significant differences in BMI-Z scores, FEV1% at baseline, median FEV1% change

during the study period or FVC% between CF and PCD (Table 5.1).

The majority of children with CF were either homozygous for the p.Phe508Del
mutation (55%) or heterozygous (29%). Mutation class information could only
be found for three of the patients who did not have a p.Phe508Del mutation; two
of these patients had Class | mutations (one who was p.Arg1162X homozygous
and one who was heterozygous for p.Gly542X and 1717-1G>A) and one who had
a complex mutation which had properties of Class II, IIl and VI mutations
(p-Asn1303Lys). Twenty-eight (90%) patients with CF were pancreatic

insufficient, two (6%) had CF related diabetes (CFRD), five (16%) had CF liver
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disease, one (3%) had allergic bronchopulmonary aspergillosis (ABPA) and four
(13%) had nasal polyposis. Twenty two (81%) children with PCD had
abnormalities in ciliary structure with the remainder diagnosed with PCD based
on clinical phenotype, low nasal nitric oxide (nNO), abnormal ciliary beat
frequency or pattern abnormalities on light microscopy or confirmation of

disease causing mutations (Table 5.1).

There were significantly more children with GORD (definition in Chapter 2,
Section 2.3) in CF than in PCD (42% and 3% respectively, P = 0.0003) as
diagnosed by the treating clinician. Ten patients with CF had CT chest
performed prior to recruitment, of whom eight had bronchiectasis and five
received elective IV antibiotics every 3 months and therefore were patients with
worse disease. Eleven patients with PCD had a CT chest performed prior to or at
recruitment, of which 10 showed bronchiectasis. No patients with CF or PCD had

CTs performed during the follow-up period.

There was a significant difference in P. aeruginosa infection status at baseline.
Twenty-five (81%) PCD patients had never grown P. aeruginosa whereas
twenty-five (81%) CF patients had grown P. aeruginosa prior to recruitment,
with six patients (19%) with CF and no patients with PCD chronically infected
with this organism. There were several significant differences in baseline
microbiology between CF and PCD. More patients with PCD had grown

H. influenzae and Streptococcus pneumoniae prior to recruitment; more patients
with CF had grown methicillin sensitive S. aureus (MSSA), non-tuberculous

mycobacteria (NTM) and Aspergillus fumigatus prior to recruitment. Organisms
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grown during the study period are listed in Table 5.2. Five organisms had
different rates of positive culture between CF and PCD during the study:

P. aeruginosa (P = 0.03) and Aspergillus fumigatus (P = 0.001) were grown more
frequently in CF than PCD, and Streptococcus pneumoniae (P = 0.01),

H. influenzae (P < 0.0001) and “upper respiratory tract flora” (P < 0.0001) were

grown more frequently in PCD than CF.

Over half the patients in each disease group were admitted for IV antibiotics
during the study period with eighteen patients (58%) with CF admitted for
either emergency IV antibiotics for an exacerbation (35%) or elective 3 monthly
IV antibiotics (23%). Seventeen patients (55%) with PCD were admitted for

either emergency Vs (45%) or elective Vs (10%).
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Table 5.1: Patient demographics comparing children with CF and PCD.

Values are given as mean (SD) or number (percentage, %). Significant
differences between groups (P < 0.05) are shown in bold. NS - non-significant (P

> 0.05); BMI - body mass index; MSSA - Methicillin sensitive S.aureus; MRSA -

Methicillin resistant S.aureus; BCC - Burkholderia cepacia complex; NTM - non-
tuberculous mycobacteria; GORD - gastro-oesophageal reflux disease.

Demographic CF PCD P-value
No. of participants 31 31 N/A
Age (years) 9.3 (4.8) 9.9 (4.6) NS
Gender (female) 18 (58%) 20 (65%) NS
BMI (z-score) -0.222 (0.969) -0.149(1.29) NS
Baseline FEV1 (%) 76.5 (16.9) 79.3 (17.9) NS
Median FEV1% change (range) 2.6 (-18.5-138.7) 0(-34.5-146.9) NS
Baseline FVC (%) 91.8 (19.8) 82.0 (16.0) NS
Genotype N/A N/A
p.Phe508Del homozygous 17 (55%)

p.Phe508Del heterozygous 8 (26%)

Other 6 (19%)

Ciliary structure N/A N/A
Inner & outer dynein arm defect 7 (23%)

Outer dynein arm defect 9 (29%)

Inner dynein arm & other 3(10%)

Other 3 (10%)

Normal electron microscopy 9 (29%)

Pancreatic insufficient 28 (90%) N/A N/A
GORD 13 (42%) 1 (3%) 0.0003
Clinical microbiology

P. aeruginosa infection status <0.0001
Chronic 6 (19%) 0 (0%)

Intermittent 6 (19%) 2 (6%)

Free 13 (42%) 4 (13%)

Never 6 (19%) 25 (81%)

Previous organisms grown:

H. influenzae 3(10%) 17 (55%) <0.0001
MSSA 14 (45%) 6 (19%) 0.030
MRSA 3 (10%) 1 (3%) NS
Streptococcus pneumoniae 0 (0%) 10 (32%) 0.001
BCC 1 (3%) 0 (0%) NS
NTM 6 (19%) 0 (0%) 0.012
Stenotrophomonas maltophilia 3(10%) 0 (0%) NS
Serratia marcescens 1 (3%) 0 (0%) NS
Aspergillus fumigatus 11 (35%) 0 (0%) 0.0003
Exacerbations & treatments

Inhaled steroid use 11 (35%) 8 (26%) NS
Prophylactic antibiotics 22 (71%) 15 (48%) NS
Exacerbations IV antibiotics 11 (35%) 14 (45%)

Elective IV patients 7 (23%) 3 (10%)
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Table 5.2: Organisms grown on clinical microbiology during study period
for patients with CF and PCD.

MSSA - Methicillin sensitive S. aureus; MRSA - Methicillin resistant S. aureus;
NTM - Non-tuberculous mycobacterium; URT - upper respiratory tract.

Significant differences (P < 0.05) are shown in bold.

Organism name CF PCD P-value

(No. of patients, %) (No. of patients, %)

P. aeruginosa 10 (32%) 3(10%) 0.03
Mucoid P. aeruginosa 3(10%) 0 (0%) NS
MSSA 4 (13%) 4 (13%) N/A
MRSA 1 (3%) 0 (0%) NS
Streptococcus pneumoniae 0 (0%) 6 (19%) 0.01
H. influenzae 0 (0%) 14 (45%) <0.0001
Stenotrophomonas N/A
maltophilia 1 (3%) 1 (3%)

Serratia marcescens 2 (6%) 0 (0%) NS
NTM 2 (6%) 0 (0%) NS
“URT flora” 1 (3%) 23 (74%) < 0.0001
Moraxella catarrhalis 0 (0%) 1 (3%) NS
Coliforms 1 (3%) 1 (3%) N/A
Aspergillus fumigatus 9 (29%) 0 (0%) 0.001
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5.3.2 Sampling frequency

A median of seven samples per patient (range 2- 23 samples) were collected
from CF patients with a median interval of 42 days between samples (range 1-
238 days). A median of five samples per patient (range 2 - 15 samples) were
collected from PCD patients with a median interval of 61 days between samples
(range 1 - 403 days) (Figure 5.2). Many patients with PCD had less frequent
follow-up than patients with CF so frequency of sampling was significantly
higher in CF than in PCD (P = 0.004). Sampling frequency for each group per
study month is shown in Figure 5.3. Whilst it was planned for TS to be collected
at each sample visit, this proved not feasible for all patients either due to non-
attendance at routine clinical appointments or because of unavailability of the
sample collector. PCD patients who were able to expectorate were often less
keen to have TS taken in addition to sputum. Consequently more sputum
samples (N = 91) than TS (N = 65) were collected for PCD patients, with the

reverse being the case for CF patients (TS: N = 171; sputum: N = 82) (Figure 5.2).

To account for the more frequent sampling in children with CF than those with
PCD and allow the greatest number of comparisons between the study groups,
sampling time points were combined into 3-month age ranges (baseline, 3- 6
months, 9 - 12 month, 15 - 18 months) (Figure 5.4). Where a patient had more
than one sample in a given time period, the first sample taken in that range was
used for comparisons between patients for analyses where age was analysed as a
categorical variable; all samples at all timepoints were included for analyses

where age was analysed as a continuous variable.
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Figure 5.2: Summary of the number of samples in each study group (CF or

PCD) before and after rarefaction to 1000 reads.

Children with either CF (N = 31) or PCD (N = 31) recruited.
Throat swabs and/or sputum (N = 409) collected.

Throat swabs: N = 171. Throat swabs: N = 65.
Sputum: N = 82. Sputum: N = 91.

Y

16S rRNA gene sequencing & rarefaction to 1000 reads.

76 samples (18.6%) removed.

Throat swabs: N = 111. Throat swabs: N = 51.
Sputum: N = 81. Sputum: N = 90.
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Figure 5.3: Frequency of samples taken per month of the study duration for

(a) Patients with CF and (b) Patients with PCD organised in ascending age.

Red indicates a timepoint at which TS was collected; blue indicates sputum (ES)

collected.
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Figure 5.4: Sampling frequency grouped into four study timepoints: Baseline, 3-6 months, 9-12 months and 15-18 months.
(a) for patients with CF and (b) for patients with PCD. Red indicates a timepoint at which a sample was obtained; blue indicates a
missed sample. “1” indicates a timepoint where TS was collected only; “2” where sputum was collected only; “3” where both TS and

sputum were collected.

- Sample taken 1 TS only
Missed sample 2 Sputum only

3 TS & Sputum
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5.3.3 Examining sequencing quality

Four hundred and nine patient samples from the 62 patients were sequenced on
10 plates alongside 20 PCR controls (10 mock communities and PCR negative
controls each) and 13 kit controls (4 technical controls from blank swabs and 9
DNA extraction kit controls). 35,923,028 reads were obtained after combining
forward and reverse reads, de-multiplexing, quality filtering and removal of
PhiX, with a median of 18,324 reads obtained per patient sample (range 82 -
348,657 reads). Examining run quality statistics, all the sequencing runs

achieved the required thresholds.

Upon examining PCR negative, DNA extraction and technical controls, the
following were identified as contaminants based on the previous literature?10
and were therefore removed: Undibacterium spp., Comamonadaceae,

Chlamydophila (OTU ID 4987) and Burkholderia (OTU ID 8746) (Figure 5.5).
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Figure 5.5: Contaminant identification & removal.

This illustrates the most common OTUs present within PCR negative, technical
sampling and DNA extraction kit control samples. The top and bottom images
show the OTUs present before and after contaminant removal respectively.

Contaminants removed were: Undibacterium spp., Comamonadaceae, a

Chlamydophila OTU (ID 4987).
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NMDS plots showed consistency between all runs. A small significant batch
effect was seen using the unweighted UniFrac score (r2 = 0.07, P = 0.003) but not
with the Bray Curtis (r? = 0.15, P = 0.052) or the weighted UniFrac scores (12 =
0.04, P = 0.855). When examining barplots of the mock community, a reduction
in Streptococcus spp. can be seen in BAX2, as noted previously in Chapter 3
(Section 3.3.2). The other sequencing plates showed similarity between the

mock communities (Figure 5.6).

Figure 5.6: Stacked barplots comparing mock communities of each
sequencing run to assess for consistency between sequencing runs.

As previously identified (Chapter 3 Section 3.3.2) a reduction in Streptococcus
spp. in the mock community of run BAX2 exists but for all other sequencing runs

the mock community is consistent.
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5.3.4 Spontaneously expectorated sputum versus throat swabs

As highlighted earlier (Section 5.3.2) for some time points only sputum was
collected with no corresponding TS. In the early comparison of the upper and
lower airway microbiota (Chapter 3), sputum was only available for two of the
patients in the study group (mostly because of their young age) and
consequently it had not been feasible to conduct a comparison of the microbiota

between sputum and lower airway samples.

In this chapter, for the 62 patients being studied 16 had paired sputum and TS
samples collected at the same clinical appointment (9 patients with PCD and 7
with CF). These paired samples were therefore investigated to determine
whether sputum and TS could both be used equivalently to assess longitudinal
changes in the airway microbiota. Comparing all TS combined and all sputum
combined, the four most common genera were found to be identical and were:
Streptococcus (47.5% and 27.1% of total reads respectively), Veillonella (13.6%
and 18.8%), Prevotella (7.0% and 11.0%) and Neisseria (5.6% and 3.9%).
Pseudomonas was the fifth most common genus in sputum (3.9%) but found to
be less abundant in TS (0.5%). Examining a heatmap of the fifty most common
OTUs between individual TS and sputum (Figure 5.6), however, a difference in
the relative abundance of Pseudomonas was not apparent. In four sputum and
six TS samples Pseudomonas was one of the fifty most common OTUs present
with a similar relative abundance in these samples, with the exception of one
sputum sample, which had a higher relative abundance of Pseudomonas (Figure

5.8).
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Individual patient barplots demonstrated similarities between TS and sputum
for the majority of patients (75%, 12 out of 16) (see Figure 5.8 as an example;
individual patient barplots shown in the Appendix A5). A minority (25%, 4 out
of 16) of patients showed higher relative abundances of Pseudomonas (N = 2),
Staphylococcus (N = 1) and Moraxella (N = 1) in sputum than in TS. Using
Spearman’s rank to compare samples at a genera level, there is strong
correlation between the relative abundance of genera present between TS and
sputum (r = 0.75, P < 0.0001). Similarly, there was no significant difference seen
in the relative abundance of genera between paired sputum and TS using

multiple paired t-tests with Benjamini Hochberg correction (Pag; > 0.05).
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Figure 5.7: Heatmap comparing the relative abundance of OTUs in sputum and TS.

Samples organised by sample type and ascending patient study number. Pseudomonas spp. is highlighted in red to illustrate the

similarities in relative abundance of Pseudomonas spp. in sputum and TS samples, with the exception of one sputum sample

(emphasised with a red box), which had a higher relative abundance of Pseudomonas spp.
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Figure 5.8: Example individual patients’ barplots for expectorated sputum

versus throat swab comparison.

(a) Example of a patient in whom sputum and TS appeared similar. Below

(b) Example of a patient in whom Pseudomonas spp. have a higher relative

abundance in sputum than in TS.
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No significant difference in alpha diversity (richness, evenness, Shannon or the
Inverse Simpson’s diversity index) was seen between TS and sputum for patients
with CF (P > 0.05). Whilst richness was significantly lower in TS than in sputum
for patients with PCD (P = 0.011), no significant difference was seen in evenness,
Shannon diversity or the Inverse Simpson’s diversity index (P > 0.05) (Figure

5.9).
There were no significant differences between TS and sputum for either CF or

PCD in relation to beta diversity using the Bray Curtis dissimilarity, unweighted

UniFrac or weighted UniFrac scores (Table 5.3).
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Figure 5.9: Comparing richness between sputum and TS.

CF samples are shown above and PCD below demonstrating no significant

difference between samples for CF but a significantly lower richness in TS in

comparison with sputum for PCD.
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Table 5.3: Beta diversity comparisons between TS and sputum for CF and

PCD.

Study group Beta diversity r? P-value
metric

CF Bray Curtis 0.11 0.419
UniFrac 0.06 0.991
Weighted UniFrac  0.13 0.309

PCD Bray Curtis 0.04 0.780
UniFrac 0.07 0.326
Weighted UniFrac  0.04 0.869

Overall, for patients with CF and PCD, TS and sputum showed good correlation in
relation to the OTUs identified and similarities in diversity and community
structure, as illustrated by alpha and beta diversity analyses respectively.
Therefore, in the subsequent analyses in this chapter both TS and sputum have
been used to compare patients with CF with those with PCD longitudinally. TS
was analysed, where available, and sputum if no TS sample had been collected at

that timepoint.

5.3.5 Development of the airway microbiota in children with CF

5.3.5.1 Genus and OTU level changes with age

For the thirty-one CF patients, at genus level Streptococcus was the most
common genus present throughout childhood until 17 years of age, representing
over half the bacterial community (55.0% of total reads). Other common genera
included: Pseudomonas (8.1%), Veillonella (8.1%), Granulicatella (4.2%), Gemella
(4.2%), Neisseria (3.8%), Prevotella (3.3%), Haemophilus (3.2%), Rothia (1.45%),

Staphylococcus (1.1%), and Fusobacterium (1.1%) (Figure 5.9). There was poor
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concordance (32%) between Pseudomonas spp. identification on 16S rRNA gene
sequencing and P. aeruginosa growth on bacterial cultures. Poor concordance
was seen for all other organisms. Individual patient barplots illustrating
changes in the microbiota coupled with clinical microbiology results are shown

in Appendix A6.

Mixed effects models were used to test changes in the relative abundance of the
five most common genera with increasing age from baseline with patient study
number as a random effect and age range as the fixed effect. Examining trends in
the 5 most common genera, Streptococcus was the most abundant genus
throughout childhood but showed a non-significant decrease in relative
abundance with age and reached its lowest relative abundance at 14 years of age
(tazey = -1.90, P = 0.060) but showed an increasing trend thereafter.
Pseudomonas was the second most abundant genus throughout childhood
remaining constant until 9 years of age but then fluctuated in relative abundance
thereafter. Similarly the relative abundance of Gemella and Veillonella fluctuated
throughout childhood, whilst the relative abundance of Granulicatella showed
little change. None of these changes however reached statistical significance (P >
0.05) (Figure 5.11). From examining individual patient barplots (Appendix A6),
whilst the airway microbiota appeared to be highly individual, Streptococcus
were abundant throughout all patients at all timepoints. There were no
consistent changes in genera seen with changes in symptoms or positive growth

on bacterial cultures (example shown in Figure 5.12).
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To assess changes in the relative abundance of all OTUs with age multiple
correlation testing using Spearman rank with FDR correction was performed.
This revealed two OTUs to have a small (r < 0.3) but significant (Pagj< 0.05)
change in relative abundance with age: Haemophilus (OTU ID 10158) decreasing
with age (r = - 0.286, Pagj = 0.003) and Actinomyces (OTU ID 6782) increasing

with age (r = 0.226, Pagj = 0.01).
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Figure 5.10: Sankey plot illustrating the most common genera present in the airway microbiota in children with CF.
Analysed by combining all TS and sputum collected during the study period. Number of patients = 31. The width of the ribbon

represents the proportional abundance of that species within the community. This plot reveals that Streptococcus was the most

abundant taxon (55.0% of total reads).
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Figure 5.11: Changes in the relative abundance of the 5 most common
genera with age throughout childhood in CF.

This figure shows trends in the mean relative abundance with standard error
bars of Streptococcus spp., Pseudomonas spp., Veillonella spp., Granulicatella spp.
and Gemella spp. with increasing age until 17 years of age. All changes were non-

significant (P > 0.05).
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Figure 5.12: Example plot of an individual patient with CF illustrating
changes in relative abundance of OTUs against spirometry measurements
(FEV1), diversity changes (Inverse Simpson’s) and clinical variables
(antibiotic use, organisms grown on clinical microbiology and presence of
upper and lower airway symptoms).

The example shown is for a patient who was admitted for elective IV antibiotics
every 3 months. Despite frequent sampling, no consistent trends were seen with
changes in FEV1 % predicted, intravenous antibiotics, positive culture for

P. aeruginosa and presence of symptoms.
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5.3.5.2 Changes in community diversity with age

Overall, there was no significant correlation between age (from 0.5 years - 17
years) and richness, evenness, Shannon or Inverse Simpson’s diversity index (P
> 0.05). Mixed effects models also confirmed there was no relationship between
alpha diversity and age in years (Figure 5.13). Differences in beta diversity with
age were assessed using the same approach as described in Chapter 4, Section
4.2.4. A blocked design was used constrained by patient study number to
account for the repeated measures study design. No significant influence of
patient age was seen on community structure (using Bray Curtis dissimilarity,
unweighted UniFrac and weighted UniFrac, P > 0.05). This suggests that the age

of the patient does not appear to have an influence on community structure.

Figure 5.13: Changes in alpha-diversity by age range for CF.
All results non-significant (P > 0.05).
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5.3.5.3 Clinical variables influencing community structure

Alpha and beta diversity testing were repeated to determine whether any clinical
variables (Table 5.1) influence community structure again using a blocked
design but constrained by age. Significant differences (P < 0.05) in alpha
diversity were found for the following variables: P. aeruginosa infection status
(“chronic”, “intermittent”, “free” or “never”, as defined in Chapter 2, Section
52.3), and genotype (homozygous p.Phe508Del, heterozygous or other). Alpha
diversity (richness, evenness, Shannon diversity and the Inverse Simpson’s
diversity index) was higher in patients who were intermittently infected with

P. aeruginosa or free of P. aeruginosa infection in comparison to those who had
chronic P. aeruginosa or had never grown P. aeruginosa. Due to lack of
confidence in parental recall of oral antibiotic use, it was not possible to
determine whether children who had grown P. aeruginosa had received more
courses of antibiotics than those who did not. Richness was higher in patients
who were heterozygous p.Phe508Del than those who were homozygous or had

other mutations (Table 5.4).

Overall, whilst several clinical variables have a significant influence on
community structure (measured by beta diversity), the degree of variance
attributed to any of the clinical variables tested was small (< 7%). Genotype and
P. aeruginosa infection status at baseline exerted the greatest influence on
community structure, accounting for up to 5.8% and 6.9% of variance in
community structure respectively (Bray Curtis dissimilarity, P = 0.001) (Table
5.4). Several other variables were also found to have a significant but small

influence (< 2%) on community structure and therefore are of uncertain
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biological significance. These included: spirometry at baseline (FEV; %predicted
or FVC %predicted) and CF liver disease. Due to only two patients with
heterozygous p.Phe508Del mutations having a milder phenotype (Class IV and V

mutations) mutation class was not compared between patients.
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Table 5.4: Testing the influence of clinical variables on alpha and beta

diversity for children with CF.

Listed below are the clinical variables that exerted a significant influence (P <

0.05) on beta diversity as measured using a permutational multivariate ANOVA

(PERMANOVA). Only those variables with r2> 0.02 on beta diversity testing are

included. CFRD - cystic fibrosis related diabetes; GORD - gastro-oesophageal

reflux disease.

Clinical variable

P. aeruginosa infection:

e Chronic
e Intermittent
e Free
e Never
Genotype:
e Homozygous
e Heterozygous
e Other
Clinical variable

Genotype

P. aeruginosa infection

CFRD (N = 2)
Gender
GORD (N =13)

Alpha diversity
metric

Inverse Simpson’s*

Richness

Beta diversity
metric
Bray Curtis

UniFrac
Weighted UniFrac
Bray Curtis

Bray Curtis
Weighted UniFrac
Bray Curtis
Weighted UniFrac
Weighted UniFrac

Median
(range)

3.2 (1.0 - 16.1)
5.0 (1.1 - 14.0)
5.1 (1.1-17.8)
3.2 (1.2-10.8)

17 (4 - 37)
19 (7 - 36)
13 (2 - 34)
rZ

0.06

0.04

0.06

0.07

0.06

0.04

0.02

0.03

0.02

P value

0.007

0.0007

P value

0.001
0.011
0.003
0.001
0.001
0.007
0.043
0.015
0.006

*Indicates that all the alpha diversity metrics (richness, evenness, Shannon and
Inverse Simpson’s diversity index) were significant. Only Inverse Simpson'’s has

been quoted.
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5.3.5.4 Changes with a pulmonary exacerbation in children with CF
Eleven patients experienced a pulmonary exacerbation during the study period.
Of those eleven, seven had samples collected at each of B, E, T, R timepoints, as

defined in Chapter 4, Section 4.3.3.6.

Whilst Streptococcus remained the most abundant genus at exacerbation, its
relative abundance increased from 37.4% at baseline to 54.5% at exacerbation.
Several other genera showed a small increase from baseline to exacerbation,
including: Pseudomonas (from 13.1% to 15.9%) and Granulicatella (from 1.7% to
4.1%). Three common genera halved in their relative abundance from baseline
to exacerbation: Staphylococcus (from 12.2% to 6.0%), Veillonella (from 8.0% to
3.5%) and Haemophilus (from 7.6% to 3.4%). All other genera showed less than

1% change between baseline and exacerbation (Table 5.5).
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Table 5.5: Changes in relative abundance of 10 most common genera

between baseline and exacerbation samples in CF.

Genus Relative Relative P-value

abundance at abundance at

baseline (%) exacerbation (%)
Streptococcus 37.4 54.5 0.270
Pseudomonas 131 15.9 0.873
Staphylococcus 12.2 6.0 0.534
Veillonella 8.0 3.5 0.209
Haemophilus 7.6 3.4 0.398
Prevotella 3.1 2.1 0.570
Neisseria 2.3 1.8 0.691
Granulicatella 1.7 4.1 0.419
Gemella 1.3 2.2 0.490
Fusobacterium 1.3 0.3 0.170

Examining trends in the five most common genera at baseline, exacerbation,
treatment (weeks 1 and 2) and recovery, the relative abundance of Streptococcus
spp. showed a non-significant increase from baseline to exacerbation and
increased further with treatment and at recovery. All other changes in genera
were small. The relative abundance of Pseudomonas spp. showed an increasing
trend at exacerbation but decreased with treatment and remained low at
recovery. The relative abundance of Staphylococcus spp. and Haemophilus spp.
showed a similar relationship, with a gradual decrease between B, E and T
timepoints but with small increase in Haemophilus spp. in recovery samples. The
relative abundance of Veillonella spp. showed an increasing trend at
exacerbation but fell with treatment before rising again at recovery (Figure
5.14). Using mixed effects models and multiple correlation testing using

Spearman rank with FDR correction, no significant difference however was
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found in the relative abundance of any specific genera or OTUs respectively

between baseline, exacerbation, treatment or recovery samples (Pagj > 0.05).

Similarly, no significant difference was seen in alpha diversity between baseline,
exacerbation, treatment and recovery samples using mixed effects modelling (P
> 0.05) or beta diversity (PERMANOVA, Bray Curtis P = 0.457, unweighted

UniFrac P = 0.870, Weighted UniFrac P = 0.977).

There was no significant difference in FEV; (% predicted) between B, E, T and R
timepoints (Kruskal-Wallis, H = 38, P = 0.582). Therefore, an assessment of
differences between patients who recover lung function following treatment for

an exacerbation and those who do not could not be made.
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Figure 5.14: Changes in the relative abundance of the 5 most abundant

genera with exacerbations in CF.

The figure illustrates changes in the relative abundance with standard error bars

of Streptococcus spp., Pseudomonas spp., Haemophilus spp., Veillonella spp. and

Staphylococcus spp. at baseline (1 month prior to starting IV antibiotics),

exacerbation (within 48 hours of starting IV antibiotics), treatment (at days 10-

14 of IV antibiotics) and recovery (within 1 month of stopping IV antibiotics).
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5.3.6 Development of the airway microbiota in children with PCD.

5.3.6.1 Genus and OTU level changes with age

Examination of the data for the 31 PCD patients, revealed that at the genus level
Streptococcus was the most common genus present throughout childhood until
17 years of age but represented just under one third of the bacterial community
(31.3% of total reads). This is in contrast to CF where Streptococcus represented
just over half of the bacterial community. Haemophilus were more prevalent in
PCD than in CF representing one fifth of the community (20.5%) in contrast to
3.2% in CF. Pseudomonas was less prevalent in PCD than CF (1.2% and 8.1%
respectively). The relative abundance of other common genera was similar
between CF and PCD and included: Veillonella (10.4%), Neisseria (6.3%),
Prevotella (5.2%), Granulicatella (4.0%), Moraxella (3.3%), Gemella (2.8%),
Fusobacterium (2.3%) and Pseudomonas (1.2%). The most common genera

present in children with PCD are illustrated in Figure 5.15.

Whilst Streptococcus spp. and Haemophilus spp. were also the two most common
taxa identified on bacterial cultures, in contrast to the results of 16S rRNA gene
sequencing, Haemophilus spp. was the most common organism cultured (55%)
and Streptococcus spp. were the second most common organisms (32%) (Table
5.1). Staphylococcus spp. were not one of the fifty most abundant OTUs
identified on sequencing and was only cultured in 13% of patients. Similar to CF,
anaerobes (e.g. Veillonella spp. and Neisseria spp.) were not isolated by bacterial
cultures for PCD patients. Individual patient barplots illustrating changes in the

microbiota coupled with clinical microbiology results are shown in Appendix A7.
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As before, mixed effects models were used to test changes in the relative
abundance of the 5 most common genera with increasing age from baseline with
patient study number as a random effect and age range as the fixed effect.
Examining trends in the five most common genera, Streptococcus had a high
relative abundance in early childhood whereas the relative abundance of
Haemophilus was low. With age, changes in the relative abundance of
Streptococcus and Haemophilus showed an inverse relationship: Streptococcus
decreased in relative abundance until 5 years of age (tg4 = -2.61, P = 0.011)
whilst Haemophilus increased (tszy = 1.90, P = 0.060); Streptococcus then
showed an increasing trend in relative abundance until 9 years of age, whilst
Haemophilus showed a decreasing trend although neither of these were
significant (P = 0.222 and 0.912 respectively). Streptococcus decreased in
relative abundance between the ages of 10 and 17 years (t@g4) = -2.46, P = 0.016
at 17 years of age) whilst Haemophilus increased (tsz) = 2.35, P = 0.021 at 17
years of age). This contrasts with CF where Streptococcus decreased in relative
abundance until 14 years of age and increased thereafter and Haemophilus was

notably not one of the five most common genera (Figure 5.16).

The relative abundance of Neisseria spp. fluctuated from 9 years of age onwards
and showed a significant increase at around 12 years of age (ts2) = 2.10, P =
0.039). No significant changes were seen in the relative abundance of Prevotella
spp. and Veillonella spp. (Figure 5.16). Examining individual patient barplots, no
consistent changes were seen in genera with age or clinical status (example

shown in Figure 5.17). At the OTU level, applying multiple correlation testing
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with FDR correction there was no significant difference in the relative

abundance of OTUs with age.
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Figure 5.15: Sankey plot illustrating the most common genera present in the airway microbiota in PCD throughout childhood.

The width of the ribbon represents the proportional abundance of that species within the community.
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Figure 5.16: Changes in the relative abundance of the 5 most common
genera with age throughout childhood in PCD.

This figure shows trends in the mean relative abundance with standard error
bars of Streptococcus spp., Haemophilus spp., Veillonella spp., Granulicatella spp.

and Neisseria spp. with increasing age.
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Figure 5.17: Example plot of an individual patient with PCD.

This illustrates changes in relative abundance of OTUs against spirometry

measurements (FEV1 % predicted), diversity changes (Inverse Simpson’s) and

clinical variables (antibiotic use, organisms grown on clinical microbiology and

presence of upper and lower airway symptoms). Overall, no consistent changes

in the microbiota were seen with clinical variables.
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5.3.6.2 Changes in community diversity with age

No significant correlation was seen with increasing age with richness, evenness,
Shannon or the Inverse Simpson’s diversity index (tau = 0.014, P’'s 0.447, 0.661,
0.663 and 0.806 respectively). Mixed effects models were used to test the
relationship between alpha diversity and age in years (tested as a categorical
variable). In contrast to CF, there was a significant increase in richness until
adolescence in patients with PCD (tpes) = 2.36, P=0.02 at 13 years of age) with a
non-significant decrease seen thereafter (t9s) = 1.27, P = 0.207). There were no
significant changes with age for evenness, Shannon or the Inverse Simpson’s
diversity index (P > 0.05) (Figure 5.18). Similar to CF, no significant influence of
patient age was seen on community structure using the Bray Curtis, unweighted

UniFrac and weighted UniFrac (P > 0.05).
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Figure 5.18: Changes in alpha-diversity by age range for PCD.
Only richness showed a significant change until 13 years of age (t(¢96) = 2.36, P = 0.02). All other changes are non-significant (P > 0.05).
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5.3.6.3 Clinical variables influencing community structure

Alpha and beta diversity testing was repeated to identify whether any clinical
variables influenced the PCD microbiota. Alpha diversity was tested using t-tests
or Wilcoxon signed-rank test for parametric and non-parametric binary
variables and ANOVAs and Kruskal-Wallis test similarly for variables with
multiple values. Beta diversity testing was performed using a PERMANOVA. In
contrast to CF, only two clinical variables influenced either alpha or beta
diversity: ciliary structure and gender. Ciliary structure (classified as “inner and
outer dynein arm defect”, “outer dynein arm defect”, “other” [e.g. radial spoke or
microtubule defects], “inner dynein arm defect and other” and “normal”) had the
largest influence on community structure, accounting for up to 8.3% of the
variance in community structure (Bray Curtis, r?2 = 0.05, P = 0.042, UniFrac r? =
0.04, P = 0.06 and weighted UniFrac r?= 0.08, P = 0.001). Comparing alpha
diversity, there was a significant difference in richness, evenness, Shannon
diversity and Inverse Simpson’s diversity indices with different ciliary
ultrastructural defects (P < 0.05). However, on further analysis, this difference
was only evident between patients with combined inner and outer dynein arm
defects (richness mean 16.9 ([d 6.7]) and patients with isolated outer dynein

arms defects (richness mean 21.5 [SD 6.4]) only (Tukey HSD, P.gj = 0.017)

(Figure 5.19).

Gender also had a significant although much smaller influence on community
structure (using Bray Curtis dissimilarity and unweighted UniFrac scores, r? =

0.02 and 0.02 respectively, P = 0.001). There was however no significant
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influence of gender on alpha diversity (richness, evenness, Shannon or Inverse

Simpson’s diversity indices, P > 0.05).

Figure 5.19: Boxplot showing difference in richness between patients with
PCD with different ciliary ultrastructural defects.

Ciliary ultrastructural defects on electron microscopy (EM) (“EM results”) were
classified as: “Normal EM”, “Inner and outer dynein arm defects”, “Inner dynein
arm and “other” defects (e.g. radial spoke and microtubular defects) and “other”.
A significant difference was seen between those with combined inner and outer

dynein arm defects and those with isolated outer dynein arm defects only (Tukey

HSD, Pag = 0.017).
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5.3.6.4 Changes at exacerbation

Fourteen patients with PCD had an exacerbation requiring admission for IV
antibiotics during the study, twelve of whom had sequential samples at baseline,
exacerbation, treatment (week 1 of treatment = T1, week 2 of treatment = T2)
and recovery. At the genus level, in the month prior to exacerbation,
Haemophilus spp. was the most common genus with a relative abundance of 32%
of total reads, which decreased at exacerbation to 13.2%. In contrast to CF,
Streptococcus was the second most abundant genus but changed little in relative
abundance from 27.0% at baseline to 28.8% at exacerbation. With the exception
of Pseudomonas, Prevotella and Neisseria (between baseline and exacerbation:
Pseudomonas decreased from 7.6% to 2.8%; Prevotella increased from 2.3% to
7.7%; Neisseria increased from 4.1% to 6.0%), (Table 5.6) all other genera

showed less than 1% change between baseline and exacerbation.
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Table 5.6: Changes in the relative abundance of the 10 most common

genera between baseline and exacerbation samples.

Genus Relative Relative P-value

abundance at abundance at

baseline (%) exacerbation (%)
Haemophilus 32.0 13.2 0.025
Streptococcus 27.0 28.8 0.769
Veillonella 10.3 10.0 0.819
Pseudomonas 7.6 2.8 0.452
Neisseria 4.1 6.0 0.433
Granulicatella 3.9 4.7 0.767
Gemella 2.5 3.1 0.161
Prevotella 2.3 7.7 0.018
Actinomyces 1.7 1.0 0.842
Fusobacterium 1.5 1.6 0.745

Using mixed effects models to examine trends in the five most common genera at
baseline, exacerbation, treatment (both weeks 1 and 2; T1 and T2) and recovery,
Streptococcus spp. and Haemophilus spp. again showed opposite trends.
Streptococcus spp. increased significantly at week 1 (tiz9) = 2.44, P = 0.021) and
week 2 (tpo) = 2.45, P = 0.02) of treatment and then fell within 1 month after
treatment (non-significant, P = 0.402). This was in contrast to the trend seen in
CF where the relative abundance of Streptococcus spp. continued to increase in
the recovery sample. Haemophilus spp. decreased significantly in relative
abundance at exacerbation (t(29) = - 2.36, P = 0.025) and with treatment (t(29) = -
3.20, P = 0.003 after 1 week of treatment and tp9) = - 2.97, P = 0.006 after 2
weeks of treatment) but increased within 1 month after treatment (te29) = - 2.64,

P = 0.013). Prevotella spp. showed a significant increase at exacerbation (tiz9) =
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2.49, P = 0.018) but showed no change in relative abundance from baseline with
treatment or recovery. Veillonella spp. and Granulicatella spp. showed no
significant changes (Figure 5.20). At the OTU level, using multiple correlation
testing using Spearman rank with FDR correction, no significant difference was
found in the relative abundance of any OTUs between baseline, exacerbation,

treatment or recovery samples (Pag;> 0.05).
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Figure 5.20: Changes in the 5 most common genera with exacerbations,
treatment and recovery for children with PCD.

The figure illustrates changes in the relative abundance of Streptococcus spp.,
Haemophilus spp., Granulicatella spp., Veillonella spp. and Prevotella spp. at
baseline (1 month prior to starting IV antibiotics), exacerbation (within 48 hours
of starting IV antibiotics), treatment (during week 1 (T1) and week 2 (T2)) and

recovery (within 1 month of stopping IV antibiotics).
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Using mixed effects models, there was a significant increase in richness (tp9) =
2.4,P=0.022), evenness (tz9) = 3.12, P = 0.004), Shannon diversity (tz9) = 3.12, P
= 0.004) and Inverse Simpson’s diversity index (tpzo) = 2.31, P = 0.028) at
exacerbation in comparison with baseline. No significant changes were seen in
alpha diversity with either treatment or recovery. For beta diversity, a
significant difference in community structure using Bray Curtis dissimilarity (r?
= 0.17, P = 0.001) and unweighted UniFrac score (r? = 0.10, P = 0.007) but not

weighted UniFrac (P = 0.226). There are no post-hoc tests currently for the
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adonis (PERMANOVA) function in the Vegan package in R, thus it was not
possible to statistically test where this difference lies between the five
timepoints. From visual examining the NMDS plots, clustering of baseline
samples appears to differ from exacerbation, treatment and recovery samples
(Figure 5.21 example NMDS plot: Bray Curtis dissimilarity). Similar to CF, there
was no significant difference in FEV: (% predicted) between B, E, T and R
timepoints (Kruskal-Wallis, H = 31, P = 0.415). Therefore, an assessment of
differences between patients who recover lung function following treatment for

an exacerbation and those who do not could not be made.

Figure 5.21: Non-metric multidimensional scaling (NMDS) plot illustrating
differences in beta diversity (shown here using Bray Curtis dissimilarity)
for patients with PCD receiving IV antibiotics for treatment of an
exacerbation at baseline (“B), exacerbation (“E”), treatment (at week 1

“T1” and week 2 “T2”) and recovery (“R”).
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5.3.7 Comparison of the microbiota between CF and PCD

Comparing the relative abundance of the most common genera between CF and
PCD (all samples and all timepoints), there was a significant difference in the
relative abundance of Haemophilus spp. only, which was six fold higher in PCD

(mean 0.23 [sd 0.05]) than CF (mean 0.04 [sd0.02], P < 0.0001, Pag; 0.0005).

Overall, alpha diversity was significantly higher in PCD than CF (all samples and
all timepoints) as measured by species richness (mean 19.6 [sd 6.9] and 17.1 [sd
6.2] in PCD and CF respectively, P = 0.007), evenness (median 0.46 [range 0.041
- 0.681] and 0.42 [range 0.036 - 0.686] in PCD and CF respectively, P = 0.040)
and Shannon diversity (median 2.12 [range 0.190 - 3.137] and 1.94 [range 0.167
- 3.158] in PCD and CF respectively, P = 0.04) but not Inverse Simpson’s
diversity index (median 4.94 [range 1.1 - 17.1] and 4.53 [range 1.06 - 16.3] in

PCD and CF respectively, P = 0.072).

Differences in beta diversity were measured by comparing Bray Curtis
dissimilarity, unweighted UniFrac and weighted UniFrac scores between
children with CF and PCD. Overall, when comparing all samples at all timepoints,
there was a significant influence of study group (CF or PCD) on community
structure, with between 1.3% (weighted UniFrac, P = 0.013) and 5.5% (Bray

Curtis, P = 0.001) of variance explained by study group (Figure 5.22).
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Figure 5.22: Non-metric multidimensional scaling (NMDS) comparison of
Bray Curtis dissimilarity in children (aged 0.5- 17 years) with CF and PCD.
CF is shown in red and PCD is shown in blue. This demonstrates differences in

clustering between patients with CF and PCD (r?2 = 0.06, P = 0.001).
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5.3.8 The impact of antibiotics on diversity of the CF microbiota

Studies of the CF microbiota in adults have suggested reduced diversity is
associated with end stage disease and have implicated frequent antibiotic use as
the primary driver of reduced diversity!3°. As described in the RBH CF Clinical
Guidelines, children with more severe lung disease are admitted every 3 months
for 1V antibiotics irrespective of whether they are experiencing an exacerbation
at the time of admission. Looking at patients recruited into the study there were
seven who received 3 monthly IV antibiotics. Of these, five patients had both
elective admissions and emergency IV admissions for treatment of an
exacerbation. Although numbers were small the effect of antibiotics on the
airway microbiota in CF elective versus emergency IV admissions was compared
within these five patients at BETR timepoints as previously described in Chapter

4, Section 4.3.3.6.

Overall, there was no significant difference in either alpha (richness, evenness,
Shannon or Inverse Simpson’s diversity indices) using mixed effects modelling or
beta diversity (Bray Curtis dissimilarity, unweighted UniFrac or weighted
UniFrac scores) at any timepoint (B, E, T and R) using PERMANOVA when
comparing elective and emergency IV admissions (P > 0.05). However, in view of

the small numbers, these data must be interpreted with care.

5.4 Discussion
The aim of this chapter was to determine the influence of the airway microbiota

on clinical features in children with CF and PCD and whether differences in
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prognosis between CF and PCD are related to differences in the airway
microbiota. Accordingly, sixty-two age-matched children with CF and PCD

(N = 31 in each group) were recruited and TS or sputum collected every 2-3
months for an average of 1.1 years to assess the relationship between
longitudinal changes in diversity and community composition and clinical
features, particularly pre- and post-1V antibiotics. It is the first study to report
on the longitudinal changes in the airway microbiota children with CF of all ages
(0 - 17 years) and the first such longitudinal study in children with PCD. At the
time of writing this thesis, the current literature at present does not contain any
exploration of the role of the airway microbiota in prognostic differences

between CF and PCD.

Previous studies in CF have suggested that diversity of the airway microbiota has
an inverse relationship with disease progression!3140, with a cross-sectional
study of age-stratified patients with CF suggesting that there is an increase in
diversity until adolescence and a decrease thereafter!3>145, The results of this
present study have shown that the airway microbiota is highly individual in
children with CF. There was no significant difference with age in either alpha
diversity (measured by richness, evenness, Shannon Diversity Index and Inverse
Simpson’s Diversity Index) or beta diversity (measuring community nestedness
and turnover). In addition, there was no significant difference in either alpha or
beta diversity with spirometry (FEV1 % predicted or FVC% predicted). Similarly,
almost no significant changes in alpha or beta diversity were seen with age or
spirometry on in children with PCD, with the exception of species richness which

was found increase with age until 13 years of age using a mixed effects model.
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Overall the data and results suggest that diversity of the airway microbiota is not

an important determinant of disease progression in children with CF or PCD.

Comparing diversity between children with CF and those with PCD, alpha
diversity was higher in PCD and beta diversity was also significantly different
between CF and PCD when comparing all ages combined. Given that PCD is
associated with a milder phenotype than CF, this could support the suggestion
that increased diversity of the airway microbiota is associated with a more
favourable prognosis although it contradicts the trends described with lung
function above. This may be however because disease severity in this study with
regard to PCD and CF was relatively mild (mean FEV; (% predicted) in CF: 76.5
[SD 16.9]; in PCD: 79.3 [17.9]), reducing the ability to detect a relationship with
disease severity which would have been possible if very severe patients were
included. Furthermore, there was no significant difference in FEV;between CF
and PCD. This is a surprise finding considering that PCD is associated with a
milder phenotype and could suggest a selection bias in either the group of CF or
PCD children recruited in this study, which could not be excluded. Thus, in
accordance with the aims of this study, whilst a difference in the microbiota
between CF and PCD could be demonstrated, whether this difference relates to

differences in disease prognosis could not be fully determined.

A further possible explanation for these findings is that FEV:; may not be a
sensitive marker for tracking lung disease in children, as it often falls late with
lung disease in CF25>. Whilst protocols for infant lung function testing have been

developed by some centres, currently the protocol cannot be reliably performed
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in children under 5 years of age and therefore significant early changes may be
missed. In contrast, lung clearance index (LCI), a measure of ventilation
inhomogeneity measured by multi-breath washout testing, has been shown to
track changes in lung disease and can be performed in preschool children2é,
Thus tracking change in LCI with changes in airway microbiota diversity may be
more revealing. Unfortunately insufficient children in this study had LCI
performed as part of routine clinical care to permit this comparison.
Consequently from the results in this study it is not currently possible to

conclude whether diversity is beneficial.

The results in this study contrast with the findings of Zhao et al.13° who observed
decreased alpha diversity with “progressive” lung disease over a nine year
follow-up period in adult patients with CF. In the study by Zhao et all3’,
“progressive” lung disease was defined by the average decline in FEV; per year of
study calculated by calculating the difference in FEV: between the first and last
sample collected in the study divided by the study period. Applying Zhao et al’s
methods for calculating lung function change in the dataset in this present study,
there was no relationship found between FEV; % change and diversity of the
microbiota. There are several reasons why the results in this study may differ
from those of Zhao et al.13°. Firstly, the patients in the study by Zhao et al.13?
were older (aged between 18 and 30 years) than the patients in the present
study. Furthermore, Zhao et al. only found an association between FEV; and
diversity in three progressive patients and not the three stable patients also
recruited in their study. In addition, no standardised threshold exists for defining

“stable” and “progressive” FEV; decline, thus the use of arbitrary cut-offs may
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lead to misleading results. Caution should therefore be taken in generalising

the findings in three CF patients to an entire population.

Whilst several other studies in adults have found a similar relationship between
diversity and lung function to that of Zhao et al.13, the studies have likewise only
involved a small number of patients (e.g. N = 4)143. As such, the present study
described in this current chapter has involved a substantially larger sample size
of 31 patients and whilst still small it is better powered to reflect true

differences.

At the genus level, Streptococcus was the most common genus in children with
CF, representing 55% of total reads. Pseudomonas was the second most common
genus (8.1%) and was present at a higher relative abundance than that seen in
early CF in the NBS cohort reported in Chapter 4. In the NBS cohort
Pseudomonas was not a common genus. This is consistent with traditional
culture data from the UK CF Registry that has shown that Pseudomonas is more
prevalent in later childhood. Similar to several previous studies of the CF airway
microbiota and the results from the NBS cohort reported in Chapter 4, several
anaerobes were prevalent in the airway microbiota in children with CF including
Prevotella spp., Veillonella spp. Granulicatella spp. Gemella spp. and

Fusobacterium spp.

Overall, with the exception of Pseudomonas spp., 16S rRNA gene sequencing and
bacterial culture results were often discrepant particularly for Streptococcus spp.

and anaerobes. The findings of this Chapter are similar to those of Mahboubi
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et al.* (Chapter 4, Section 4.4 for discussion of Mahboubi et al. findings) and the
findings in Chapter 4 for children with CF on NBS. Only 3% of children with CF
included in this study grew “upper respiratory tract flora” on culture, therefore it
is unlikely that Streptococcus spp. have been dismissed as belonging to this
group. Whilst bacterial cultures showed greater similarity with 16S rRNA gene
sequencing in patients with PCD discrepancies were nonetheless still seen with
H. influenzae being the most common organism cultured (45%) and
Streptococcus pneumoniae the second most abundant whilst anaerobes failed to
be cultured. In this study, however, 16S rRNA gene sequencing was only able to
discern organisms to the genus level. Thus it is plausible that the discrepancies
between culture and sequencing results may reflect different species being
identified on sequencing to those identified on culture. Anaerobes, such as
Prevotella spp. and Veillonella spp., are notoriously difficult to grow in culture
hence the low detection of these organisms on bacterial cultures may reflect the
limitations of the clinical microbiology techniques during the study period.
Successful detection of a large number of anaerobes in CF has been reported
with strict anaerobic bacterial culture techniques!32. Use of these techniques
may demonstrate better concordance between microbiota profiles and bacterial

culture results.

Whilst Streptococcus was the most common genus in patients with PCD, its
relative abundance was lower than that seen in CF, representing just under one
third of total reads. In contrast, Haemophilus spp. were significantly more
abundant (21%) and Pseudomonas spp. were less abundant (non-significant) in

PCD (10%) than in CF (3.2%). Comparing these results with the results in
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Chapter 4 of NBS infants with CF, NBS and PCD appear to have greater
similarities than NBS with older children with CF, with a greater abundance of
Haemophilus spp. and a low abundance of Pseudomonas spp. seen in NBS and
PCD whereas the reverse is true for older children with CF. Similarly when
comparing longitudinal changes in the five most abundant genera, PCD showed
similar trends to NBS infants with an inverse relationship seen in the relative
abundance of Streptococcus spp. and Haemophilus spp. with age. CF, however,
showed a non-significant reduction in the relative abundance of Streptococcus
spp. until 13 years of age and an increase thereafter only. Overall this perhaps
suggests that the microbiota in PCD, a milder form of CSLD than CF, is similar to
that of the early microbiota in CF (NBS) and that perhaps a switch occurs in CF
from a less pathogenic to a more pathogenic community composition and this
does not occur for PCD, at least in childhood. Whether this switch is of direct
pathological significance or a marker of another underlying disease process is
unclear. Elucidating what may cause such a switch may help to identify

therapeutic targets for maintaining lung health.

Differences in the relative abundance of Haemophilus spp. and Pseudomonas spp.
could be one potential cause of this switch. Similar to the findings in this study,
an age-stratified cross sectional study of children and adults with CF found that
Haemophilus spp. are highly abundant in early childhood and are replaced by
Pseudomonas spp. with agel35. A cross-sectional study analysing the microbiota
of 60 patients with non-CF bronchiectasis found a strong competitive effect
between Haemophilus spp. and Pseudomonas spp., such that when Haemophilus

spp. were the dominant species Pseudomonas spp. were either absent or present
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in very low abundance and vice versa. Haemophilus spp. dominated microbiota
profiles were associated with a greater prevalence of aerobes, such as Neisseria
spp., and Pseudomonas spp. dominated profiles were associated with a greater
prevalence of anaerobes, such as Prevotella spp. thought to be related to
production of thickened mucus and reduced oxygen concentrations by
Pseudomonas spp.257 It is plausible therefore that the airway microbiota in early
CF is largely influenced by the high abundance of Haemophilus spp., leading to a
milder phenotype, which is later replaced by Pseudomonas spp., leading to a
more severe phenotype. Interventions aimed at promoting Haemophilus spp. to
aid it to outcompete Pseudomonas spp. may therefore improve prognosis for
patients with CF, although this is speculative as the role of Haemophilus spp. in
CF has not yet been determined and it may not be beneficial. In vivo competition
experiments using established CF models, such as the CF pig, are needed to

explore this potential relationship further.

During the study period, eleven patients with CF experienced a pulmonary
exacerbation requiring admission for IV antibiotics. Of these eleven, 7 patients
had samples taken in the month prior to exacerbation (baseline), at admission
for IV antibiotics (exacerbation), during treatment with IV antibiotics (at week 1
= T1 and week 2=T2) and within 1 month of stopping IV antibiotics (recovery).
Overall, no significant difference was seen at the genus level or in alpha or beta
diversity between these timepoints. Similar to several previous studies of the
airway microbiotal3?143152 this suggests that the microbiota does not change
significantly during an exacerbation. However, the number of patients with CF

experiencing an exacerbation who were analysed in this study was small. Larger
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longitudinal studies are needed to fully ascertain the changes occurring in

patients with CF at exacerbation.

Fourteen patients with PCD experienced an exacerbation, twelve of whom had
samples taken at baseline, exacerbation, treatment and recovery. Comparing
these timepoints, in contrast to CF, species richness, evenness, Shannon and
Inverse Simpson’s diversity indices showed a significant increase at exacerbation
from baseline but not between exacerbation and treatment or recovery samples.
Coupled with the significant changes in beta diversity seen in the Bray Curtis
dissimilarity and unweighted UniFrac scores, this could suggest that community
composition shifts occur at exacerbation for patients with PCD but this is not
seen in CF, although it is important to note that the numbers under study are
small. Comparing genera, Haemophilus was found to significantly decrease at
exacerbation whereas Prevotella spp. increased, suggesting that reductions in
Haemophilus spp. may create a niche in which more pathogenic organisms can
flourish. Furthermore, treatment strategies for exacerbations in both CF and
PCD do not currently target anaerobes, such as Prevotella spp. If Prevotella spp.
are increased at exacerbations, including anaerobic cover (such as
metronidazole) to current treatment for exacerbations may improve clinical
outcomes. Randomised clinical trials to assess the potential benefits and harms
of such a treatment strategy are needed. Insights may be gained to inform
current antibiotic strategies from the ongoing CF Microbiome-determined
Antimicrobial Therapy Trial in Exacerbations: Results Stratified trial
(“CFMATTERS”, https://www.cfmatters.eu/) in which 252 adult patients with CF

who have stable lung disease and are chronically infected with P. aeruginosa
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have been randomised to receive either standard treatment at exacerbations
with IV ceftazidime and tobramycin or “microbiota-driven” treatment, in which
an additional antibiotic is given based on the dominant organism in the patient’s

microbiota to compare differences in FEV.

During this study, detailed clinical information was collected concurrently with
patient samples. This permitted the relationship between both modifiable
clinical variables (such as antibiotic use) and non-modifiable variables (such as
genotype) and the microbiota to be explored. Whilst several clinical variables
were found to have a statistically significant influence on both alpha and beta
diversity, the degree of variance in the microbiota attributed to any one variable
was invariably small (often < 5%) and therefore unable to inform changes in

current treatment strategies.

To ascertain the influence of antibiotics, differences in the microbiota between
emergency [V (during an exacerbation) and elective IV admissions (3 monthly,
not during an exacerbation) were compared in a subgroup of five patients who
had at least one emergency and one elective admission each. The aim of this was
to determine whether previously reported effects of antibiotic treatment in
driving reductions in diversity of the microbiota!3? would still be seen when not
confounded by intrinsic changes of exacerbations. Comparison were made
within patients rather than between patients who had been admitted for
emergency IVs vs. elective [Vs, as was originally planned due to difficulties in age
and sex matching. Similar to previous studies, this showed no significant

difference at either baseline, admission, with treatment or at recovery in either
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alpha or beta diversity!44160. However, given that there were only five patients
included in this part of the study, it is likely that there was insufficient statistical
power to detect a difference. Future studies comparing the microbiota in large
samples of children with CF randomised to either elective 3 monthly IV
antibiotics or [V antibiotics during exacerbations only would be more
informative, particularly as the diagnosis of exacerbations improve with more

objective, biomarker driven diagnosis258259,

The study reported here has several strengths. It is to date the largest
longitudinal study to date of both the CF and PCD microbiota in childhood. The
groups were well matched in terms of age, gender, lung function and BMI.
Patients were sampled frequently with a median of 42 days between samples in
CF and 61 days in PCD, allowing meaningful comparisons and a more detailed

investigation of the microbiota to be made.

However, one limitation of this study is that different sampling methods (TS and
sputum) were used at different timepoints. Ideally the same sample type would
have been collected at each timepoint from each patient. Unfortunately this
proved impossible as sometimes patients refused to have TS taken.
Unfortunately too few (N = 2) of the patients included in the comparison of the
upper and lower airway microbiota (Chapter 3) were able to produce sputum to
allow for the correlation between sputum and lower airway samples to be
assessed. More sputum samples were collected from PCD patients than CF. Thus,
it is plausible that the differences seen in the microbiota between these two

groups may reflect differences between these two sample types. A comparison
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however of paired TS and sputum from 16 patients in this study did not
demonstrate a significant difference at the genus level or in alpha or beta
diversity. This would support the conclusion that the differences seen between
children with CF and PCD are true disease differences and not due to differences

in sampling.

A further limitation is that samples were obtained opportunistically when
patients attended for routine clinical appointments. As a result, there were no
pre-specified timepoints at which samples were obtained and sampling
frequency was variable between patients (Figures 5.2 and 5.3) often with
missing samples at a given timepoint for each patient. Performing a statistical
comparison of the longitudinal changes in the microbiota between CF and PCD
was therefore not possible during the time of my doctoral studies but will be the

focus of future work.

Due to time constraints, it was not possible to complete sample processing for all
the samples collected in the CLIMB study. This includes performing quantitative
PCR (qPCR) to measure changes in bacterial load with changes in the microbiota
and clinical status in children with CF and PCD, as was reported for NBS children
in Chapter 4. Nonetheless the results of this study demonstrated that there is an
increase in richness until adolescence (13 years of age) but not for any other
alpha diversity metric in patients with PCD. This suggests that the number of
different organisms increases until adolescence for children with PCD but not the
spread of these organisms (evenness) and hence overall diversity is unchanged.

Coupling this finding with changes in bacterial load may provide further useful
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insights to help determine whether bacterial load increases as the number of
different organisms (richness) increases. This would allow it to be determined
whether the microbiota is expanding overall or whether established organisms

are being successively replaced by new organisms within the niche.

In conclusion, in accordance with the study aims, children with CF and PCD were
recruited for one of the first longitudinal studies of the airway microbiota in
these disease groups to date. A further aim of this study had been to compare
changes in the microbiota between CF and PCD longitudinally to investigate the
role of the airway microbiota in prognostic differences between these two
groups. Unfortunately such a statistical analysis was not possible and only a
descriptive study was performed. Overall, in contradiction to the study
hypothesis, there were no significant changes in diversity with increasing age or
FEV1 % predicted in either children with CF or PCD. Similarly, there were no
significant changes in the microbiota seen with exacerbations in CF. Community
composition, however, did differ between CF and PCD, with changes throughout
childhood in PCD with patterns similar to that seen in NBS infants with CF
(Chapter 4). Given that both PCD and NBS infants have reportedly milder lung
disease than older children with CF, this could suggest a potential switch from a
potentially less pathogenic community composition in infancy to a more
pathogenic community later in childhood. Changes in the relative abundance of
Haemophilus spp. (which was more prevalent in PCD) and Pseudomonas spp.
(which was more prevalent in CF) may contribute to this switch. An increase in
Prevotella spp. and a decrease in Haemophilus spp. was seen at exacerbation in

PCD, suggesting that anaerobes may have a role in exacerbations. Further work
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is needed to further clarify the competitive relationship between Haemophilus
spp., Pseudomonas spp. and Prevotella spp. as well as randomised controlled
trials to ascertain the risks and benefits of including anaerobic cover into current

treatment strategies for exacerbations.
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Chapter 6: General discussion

Recurrent airway infection and its complications are the leading cause of death
in CF but remain poorly understood. Whilst longitudinal studies of the airway
microbiota in adults have suggested an important role of diversity of the
microbiota in disease progression!3, there have been few such longitudinal
studies in early CF disease in children. This is in part due to uncertainty
regarding the reliability of upper airway samples in representing the lower
airway microbiota and the impracticalities of repeatedly performing FOB in

children, which requires a general anaesthetic.

The aim of this PhD was to perform a two-part study of the airway microbiota in
childhood to assess the role of the airway microbiota in children with CSLDs. In
the first part, a prospective, cross-sectional study comparing the microbiota on
upper (CS and TS) and lower airway samples (BALF and bronchial brushings)
was performed to determine whether upper airway samples could act as
surrogates for characterising the lower airway microbiota in longitudinal
studies. It was hypothesised that upper airway samples would reflect the
diversity and community composition of the lower airway microbiota. The
results of this were used to inform the sample collection in the CSLD
Longitudinal Investigation of the Microbiota (CLIMB study) in the second part of
this study, which related changes in the airway microbiota with clinical features
in infants with CF identified on NBS and older children with CF compared with

PCD.
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The key findings of the cross sectional study were:

e TS sequenced whereas CS sequenced poorly, precluding their use for
molecular microbiology (Chapter 3, Section 3.3.2).

e There was good correlation between TS and lower airway samples at a
community level (community diversity and membership) but not at an
individual level (Chapter 3, Section 3.3.3). Differences in the microbiota
were identified in different diseases on TS (Chapter 3, Section 3.3.4).

e There was a trend in samples showing the greatest discordance for this to
be driven by dominance of a genus in either the lower airway sample or
TS. The dominant genus on BALF was frequently from the same genus

identified on clinical culture of the same fluid (Chapter 3, Section 3.3.3).

In accord with the study hypothesis, this suggests that TS reflect the lower
airway microbiota at a community level and can distinguish different disease
groups but show an inconsistent relationship at an individual level limiting their
use in clinical decision making in an individual child. In particular, caution
should be observed when a dominant organism is identified on TS as these
samples may be poor surrogates for the lower airway microbiota. This has
important implications in the interpretation of TS for longitudinal studies.
Where samples are dominated by an individual genus, repeat sampling paired
with culture dependent microbiology to confirm findings may be advisable or
alternative sampling methods, such as BALF, should be considered.
Furthermore, this highlights the importance of combining bacterial cultures with
molecular microbiology to obtain a more comprehensive insight into the lower

airway microbiota.
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These findings are unsurprising as a recent study has demonstrated similar
results in infants with CF2%0 (N = 17). To my knowledge, this thesis reports one
of the largest studies to date (N = 49) comparing the upper and lower airway
microbiota in children with a variety of chronic lung diseases (e.g. CF, PCD and
non-CSLD controls) of all ages (0.2 - 16.1 years). It is the first study to compare

CS with the lower airway microbiota and demonstrate their limited use.

In contrast to previous studies, nasopharyngeal sampling was not included in
this study due to several previous studies demonstrating that nasopharyngeal
swabs have a distinct microbiota profile to that of the lower airways in both
adults and children?>1.260, [n addition, the role of induced sputum, performed by
ultrasonic nebulisation of hypertonic saline, as a surrogate for lower airway
sampling in non-productive patients was not assessed. This was due to
difficulties in obtaining induced sputum in young children, and the time-
consuming nature of the procedure, although there have been recently reported
improved success rates in this group?61-263,  Nevertheless, a study including
induced sputum is needed to better ascertain whether it is better than TS in

reflecting the lower airway microbiota in young children.

Overall, the findings of this study suggest that TS can be used to follow the
development of the lower airway microbiota at a community level in different
diseases. Thus the aim of this part of the study, to determine whether TS could
be used as surrogates for lower airway sampling in longitudinal studies of the
airway microbiota was met. TS were therefore used as the predominant

sampling method in the CLIMB study.
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The aim of the CLIMB study was to better understand the role of the airway
microbiota in disease progression in children with CSLDs, in the long term to try
to identify strategies for maintaining lung health into adulthood. This was
achieved by performing a longitudinal study relating changes in the airway
microbiota with age and clinical features in: (a) infants with CF identified on NBS
and (b) children with CF compared with PCD, including pre- and post- antibiotic
treatment. Prospective cohorts of infants with CF diagnosed on NBS (N = 30),
older children with CF (N = 31) or PCD (N = 31) and TS or sputum collected at
regular intervals (median approximately 1 month for NBS and 2 months for CF
and PCD) for up to two years. This included an assessment of the changes
occurring during prognostically important clinical events, namely with the first
growth of P. aeruginosa, at the first pulmonary exacerbation in the NBS cohort

and subsequent exacerbations in older children with CSLDs.

The key findings of the CLIMB study were:

e A small change only in diversity was seen in the first two years of life
(Chapter 4, Section 4.3.3.3), with no change in diversity with age
thereafter in either CF or PCD (Chapter 5, Sections 5.3.5.2 and 5.3.6.2) or
with important clinical events, such as pulmonary exacerbations (Chapter
4, Section 4.3.3.6) or the first growth of P. aeruginosa (Chapter 4, Section
4.3.3.7). Overall diversity was higher in PCD than in CF (Chapter 5,
Section 5.3.7).

e Streptococcus was the most common genus in children of all ages with CF
or PCD (Chapter 4, Section 4.3.3.2 and Chapter 5, Sections 5.3.5.1 and

5.3.6.1) although its relative abundance was higher in CF than PCD. In CF
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in the first 7-9 months of life, the relative abundance of Streptococcus spp.
increased and thereafter showed a decreasing trend with increasing age.

e Haemophilus was the second most common genus in NBS infants (Chapter
4, Section 4.3.3.2) and PCD (Chapter 5, Section 5.3.6.1) and Pseudomonas
was the second most common genus in older children with CF (Chapter 5,
Section 5.3.5.1). Neither Staphylococcus spp. nor Pseudomonas spp. were
common in NBS infants.

e An inverse relationship was seen between the relative abundance of
Streptococcus spp. and Haemophilus spp. with age in NBS and PCD but not
older children with CF (Chapter 4, Section 4.3.3.2 and Chapter 5, Section
5.3.6.1).

e [V antibiotic treatment for pulmonary exacerbations had no significant
impact on diversity of the airway microbiota in NBS, CF or PCD (Chapter

4, Section 4.3.3.6, Chapter 5, Sections 5.3.5.4, 5.3.6.4 and 5.3.8).

These findings contradict the first part of the study hypothesis that changes in
diversity would be seen with age and clinical status in children with CF and PCD.
This was an unexpected finding, given that two age-stratified cross-sectional
studies of the airway microbiota, one of which included a large number of
patients (N = 269)145, suggested that diversity increases rapidly in early
childhood35145,  Whilst this may be due to differences in study design
(longitudinal vs. cross-sectional), it is also plausible that diversity is reduced
overall in infants with CSLDs in comparison to infants with healthy airways.
Thus, a limitation of this study is that there is no comparator healthy control

group to determine whether the microbiota profile found is specific to children
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with CSLDs due to the challenges in recruiting large numbers of healthy children
for regular hospital attendance for sampling of the airway microbiota. An
alternative would have been to recruit children with mild protracted bacterial
bronchitis to compare children with CSLDs with mild airways disease, as these
children are already under frequent follow-up and sampling at RBH but this was
not feasible within the time of this PhD. The findings of this study, however,
suggest that diversity of the airway microbiota may not be an important

determinant of disease outcomes at least in children with CSLD.

However, examining relationships at the genus level may be more informative.
That Streptococcus. was the most common genus in both NBS and older children
with CF was a surprise finding because Streptococcus spp. are not traditionally
associated with the CF airways. Despite being more traditionally associated with
PCD, the relative abundance of Streptococcus spp. in PCD was lower than in CF.
PCD is associated with a less severe phenotype and taken with the trend towards
an increased relative abundance at exacerbation in CF, this could suggest a
potentially pathogenic role for Streptococcus spp. in children with CSLD. The
Streptococcus milleri group (SMG) has previously been implicated in causing
exacerbations in CF158159 A limitation of 16S rRNA gene sequencing is that it is
often only able to identify bacteria to the genus level. Thus species level
information was not available to ascertain whether the streptococci in this study
belonged to SMG or another species of Streptococcus. Given that Streptococcus
was the most common genus in all three of the groups studied and decreased in
relative abundance with age in CF, it is plausible that species replacement of

potentially beneficial (or at least neutral) species with more pathogenic ones
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occur with increasing age. Overall, the role of Streptococcus spp. in disease

progression requires further study.

A novel finding of this study was that an inverse relationship might exist
between Streptococcus spp. and Haemophilus spp. with age in both NBS infants
and PCD but not older children with CF. This leads to the hypothesis that there is
competitive inhibition between Streptococcus spp. and Haemophilus spp. in
children with CSLDs. In vitro, Streptococcus pneumoniae outcompetes

H. influenzae when co-cultured, particularly, in low pH environments2%0. [t is
possible therefore that the low pH environment of the CF airways favours
Streptococcus spp. growth. Thus Streptococcus spp. and Haemophilus spp. may
be competitors and have an antagonistic relationship in the airways of infants

with CF, although further data are required to confirm this.

Whether Haemophilus spp. are beneficial or pathogenic in CSLDs is unclear.
Comparing the most common genera present between NBS infants and older
children with CF, there appears to be an apparent replacement of Haemophilus
spp. in early CF with Pseudomonas spp. in later CF. This suggests that there may
be competition between Haemophilus spp. and Pseudomonas spp. as has
previously been suggested in a cross-sectional study of patients with non-CF
bronchiectasis?5’. In addition, similar to NBS, a high relative abundance of
Haemophilus spp. was seen in PCD. If a high relative abundance of Haemophilus
spp. is associated with a milder disease course, this may support a potentially
beneficial role for Haemophilus spp. Interventions aimed at promoting

Haemophilus spp., such as through the use of probiotics, may therefore improve
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prognosis for patients with CF. However, the alternative explanation, that
Haemophilus spp. may merely be less harmful, needs to be excluded before this
therapeutic strategy is utilised. Overall, the changes in genera seen in children
with CSLDs support the second part of the study hypothesis that changes in
community membership would be seen with age, clinical status and between CF
and PCD. Whether these changes are pathogenic or reflective of other disease

processes is undetermined.

Collectively, these findings demonstrate that greater similarity exists between
the airway microbiota in NBS CF and PCD than with older children with CF. This
suggests that a switch occurs in childhood CF from a milder to a more severe
phenotype that does not happen in PCD (although I cannot exclude that this may
happen in adult life), potentially driven by changes in the relative abundance of
Haemophilus spp. and Pseudomonas spp. Further longitudinal study to
determine when and how such a switch may occur may help to identify new
therapeutic targets to promote a profile associated with a milder phenotype for

children with CSLDs.

The low relative abundance of Staphylococcus spp. seen in NBS infants in this
study differs from longitudinal studies of the nasopharyngeal microbiota in
infants with CF in USA and Europel®!l, A possible explanation for these
differences is that all the infants with CF in this study received prophylactic anti-
staphylococcal antibiotics, in accordance with then current UK CF Trust
guidelines’?, which may have suppressed changes in the microbiota and

confounded trends in the natural history of the microbiota. The use of antibiotic
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prophylaxis is not a universally accepted practice internationally due to concerns
regarding previous reports of increased rates of P. aeruginosa with
administration of prophylaxis particularly with use of a broad-spectrum
cephalosporin?>. However, Pseudomonas spp. showed similarly low abundance
to Staphylococcus spp. in the cohort of NBS infants reported here. This leads to
the hypothesis that that anti-staphylococcal prophylaxis does not increase rates
of Pseudomonas spp. detection, a hypothesis which is currently being
investigated in the CF anti-staphylococcal antibiotic prophylaxis trial (CF START,

http://www.cfstart.org.uk/).

The lack of significant identifiable changes in the microbiota that precede the
onset of either the first pulmonary exacerbation or the first growth of

P. aeruginosa could suggest that virulence factors of the bacteria may drive these
events despite no overall change in their relative abundance. Alternatively,
other microbes may contribute significantly to both these two events in children
with CF, such as viruses and fungi. Rhinovirus is of particular interest given in
vitro models demonstrating that rhinovirus infection leads to the release of
planktonic P. aeruginosa from biofilms, leading to a more proinflammatory
state?®, To my knowledge, to date there have been no reported studies
combining investigation of the microbiome, respiratory virome and mycobiome
in infants with CF. In part this is due to challenges in selecting appropriate target
gene regions and primer design for fungi and no marker genes for viruses. This
has been the focus of an ongoing PhD project by Dr Imogen Felton at the National
Heart and Lung Institute. Further work in larger cohorts of NBS infants with a

longer period of follow-up incorporating virome and mycobiome analysis could
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be highly beneficial in identifying microbiological biomarkers and novel

treatments for important clinical events in CF, such as exacerbations.

In this PhD, the influence of antibiotics on the airway microbiota was also
explored by: (a) examining the changes in the microbiota with treatment for
pulmonary exacerbations with IV antibiotics, and (b) comparing admissions for
emergency IV antibiotics during an exacerbation with elective admissions for 3-
monthly IV antibiotics when patients were stable in a group of children with
progressive CF. Overall, no significant difference was seen with treatment for
exacerbations in NBS, CF or PCD or in diversity between elective and emergency

admissions.

This finding has several implications. Firstly, it is plausible that standard IV
antibiotic treatment in CF (predominantly with ceftazidime and tobramycin)
fails to target potential pathogens in the CF airways, such as anaerobes. This is
important in the context of the high relative abundance of Streptococcus spp. in
each of these disease groups as highlighted above, many of which are facultative
anaerobes. In particular, ceftazidime has been found to have low?265 or
intermediate activity?¢® against SMG, which may be important contributors to
airway disease in CF and are currently unabated. This warrants further
exploration of antibiotic strategies which provide greater anaerobic cover.
Furthermore, these findings contradict those of Zhao et al.13%, in which antibiotic
use was implicated as the primary driver for reduced diversity associated with
end stage disease in adults with CF. However, the numbers in each of these

groups was small, thus it is plausible that the study was underpowered to detect
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a difference with IV antibiotics. Larger studies are therefore needed to
determine the effect of antibiotics on the airway microbiota, which could not be

conclusively determined with this study.

A common limitation in each part of this study was that there was predominantly
one sample operator throughout. Although this is a significant strength as it
allowed for consistency in sampling technique, it frequently led to scheduling
conflicts between patients being followed up opportunistically and missed
samples. Having more sample collectors would not only have allowed more
samples to be collected but may have allowed more time for completion of the
laboratory work of the samples collected from the 56 children with CF
(excluding NBS) recruited as part of the CLIMB study and better powered

comparisons to be made.

However, this is one of the largest longitudinal studies of the oropharyngeal
microbiota in NBS infants to date with more frequent sampling than previously
reported. This allowed greater opportunity to identify changes in the microbiota
with a sampling method that has shown better correlation with the lower airway
microbiota than previous similar studies using nasopharyngeal sampling?60.267,
It is the first longitudinal study of the airway microbiota in children with CF and
PCD of all ages (0 -17 years) with changing clinical status thus permitting a
comparison between these two conditions which share a similar
pathophysiology but different prognosis, with PCD generally associated with a
more favourable prognosis than CF. Thus, it is the first study to suggest that the

microbiota in PCD is similar to that of the early microbiota in CF (NBS) and that a
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switch may occur in CF from a less to a more pathogenic community composition
that does not occur in PCD, for reasons which are unknown. Whilst differences
in the relative abundance of specific genera with age have been demonstrated in
this study in children with CSLD, whether these organisms are biologically active

and contributing to disease remains unanswered.

Overall, the CLIMB study demonstrates that diversity of the microbiota may not
be a determinant of disease severity in children with CSLD, namely CF and PCD.
Streptococcus spp. are highly abundant in the airways of children with CSLD and
an inverse relationship was seen in the relative abundances of Streptococcus spp.
and Haemophilus spp. in NBS and PCD but not in CF. This suggests that a switch
occurs in CF from a milder to a more severe phenotype that does not happen in
PCD, with changes in the relative abundance of Haemophilus spp. and
Pseudomonas spp. implicated as one potential driver of this. Further longitudinal
study to determine when and how such a switch may occur may help to identify
new therapeutic targets to promote a profile associated with a milder phenotype

for children with CSLDs.

Future work

In the comparison of the upper and lower airway microbiota, the role of induced
sputum as a surrogate for lower airway sampling in non-productive patients was
not assessed. This needs to be addressed by performing a comparative study of
induced sputum with TS and bronchial brushings taken from children
undergoing a clinically indicated bronchoscopy for 16S rRNA gene sequencing to

determine which is the optimum surrogate for the lower airway microbiota.
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Induced sputum could therefore be considered as an alternative longitudinal
sampling method in young children, but would only be employed if it offered
substantial advantages over TS, given the time and effort needed to induce

sputum.

Whether Streptococcus spp. and Haemophilus spp. are protective or pathogenic
in CF is as yet unknown, as is the relationship between Haemophilus spp. and
Pseudomonas spp. The findings in this thesis are exploratory and as such, it was
not possible to determine the interactions between organisms in the microbiota.
Future in vivo competition experiments using established animal models of CF,
such as the newborn CF pig, are needed to explore this potential relationship
further. Stoltz et al?68 demonstrated that, in contrast to wild type pigs, upon
challenge with an aerosolised inoculum of S. aureus the airways of newborn CF
pigs failed to eradicate S. aureus (determined from direct culture of lung tissue),
suggesting that bacterial killing is impaired in CF pigs within a few hours of birth.
In the experiment by Stoltz et al2%8, S. aureus was chosen as it is a common
pathogen in early CF disease. However, a similar experiment should be
performed by nebulising each of the genera highlighted as potentially important
in the CLIMB study, such as Streptococcus, or using bacterial cocktails of
Haemophilus spp. with either Streptococcus spp. or Pseudomonas spp. If a
pathogenic effect of either Streptococcus spp. or Haemophilus spp. was found
using animal models, this may warrant re-evaluation of current antibiotic
treatments in CF. Streptococcus specific PCR for speciation may also allow

further insights into the role of different streptococci in early CF lung disease.
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Overall, inclusion of specific PCRs to determine the species level changes

occurring in the microbiota would be of great benefit.

The human microbiota is highly individual. Thus, performing large, longitudinal
studies is important to better understand the relationship between the
microbiota and health and disease. In total, 56 children with CF (not including
NBS) were recruited for the CLIMB study. However, during this PhD, processing
(16S rRNA gene sequencing and qPCR) of all the samples collected
(approximately 1200 in total for the CLIMB study) could not be completed.
Including the remaining 25 patients with CF for whom samples were collected
would provide better statistical power to enable detection of changes with
associated with clinical status, such as exacerbations and is a planned area for

future work.

An interesting relationship, which was not explored in this study, is that of the
gut and airway microbiota. A previous longitudinal study of paired stool and
oropharyngeal samples from 7 infants obtained over the first 21 months of life
with CF found that the presence of some genera in the airway microbiota, such as
Enterococcus, was preceded by their presence in the gut'48. The mechanism by
which this may occur is unclear but if such a relationship is shown to exist, this
may have important implications as it suggests that orally administered
treatments, such as pre- and probiotics, may be successful in modulating the
airway microbiota in the treatment of CF airway disease. In addition, many
children with CF receive a high fat diet, which may impact the gut microbiota?%°.

Early life influences during the preschool years (< 5 years of age) appear to be
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particularly important in the development of later chronic airway diseases?7°.
Larger longitudinal studies are therefore needed comparing the TS and stool
microbiota in NBS CF infants followed for up to 5 years are needed to further
explore this relationship. This may be best achieved with a multi-centre study of

NBS infants to provide adequate statistical power.

As research into the role of the airway microbiota in children with chronic lung
diseases expands, there is a greater need to understand not only which bacteria
are present in the airways of children with CSLDs but also their activity, both in
relation to each other, other microbes (such as viruses and fungi) and their
human host. Thus longitudinal studies combining metagenomic, metabolomic
and proteomic platforms with changes in tissue inflammation and clinical
features in children with CSLD could provide the greatest insight yet into the
functional role of the microbiota. Through this, microbial targets could be
identified for intervention studies aimed at modulating the airway microbiota,
either indirectly through the use of oral probiotics, or directly through

nebulisation of antibiotic cocktails for microbiota transfer.

Conclusions

This study has demonstrated that TS provide sufficient information to be used as
surrogates for sampling the lower airway microbiota in longitudinal studies. In
the CLIMB study, Streptococcus spp. were found to be highly abundant in
children with CF and PCD of all ages. Similarities in the microbiota were seen
between NBS and PCD, with in particular an inverse relationship seen between

Streptococcus spp. and Haemophilus spp. This suggests that a switch occurs in CF
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during childhood from a milder to a more pathological community composition.
Further longitudinal work is needed to determine the importance of these

findings in guiding therapeutic strategies in children with CSLDs.
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Appendices

A1: Image taken of the CLIMB study database for collation of patient data

BAX study no BAX001 Enocunter type Bronchoscopy v
Hospital no: 08/19706
Genotype I: pPhes08Del
Date ofBirth: 16/10/2000
gender \ = Genotype Z: Arg11His
Ethnicity: British Caucasian CT scan results:  NJA
Study group 3: Elective Abx v

EM results: N/A
Date of encounter: 26/11/2012

Research studies | Birth history | Feeds | Family history | Lung function | Complications | Bacteria FungaI/Viral‘ Clinical status/ antibiotics ‘Antifungals;’othermeds Samples | F/u

Clinical status Intravenous antibiotics Oral antibiotics
Preceding po Abx O Preceding po Abx name: N/A
S Current po Abx O Current po Abx name: N/A
LRT symptoms IV Abx duration (days) a8
URT symptoms [ No Abx last 30 days: 22
No Abx last 3 hs: 22
Mo IV Abx last yr: 3 o Ao fast 2 months
Prophylactic Abx Prophylactic Abx name: ‘Flucloxacillin

Name of [V antibiotic |: :Ceftazidime

Mame of [V antibiotic 2: ;Tobramycin Inh Abx: Colomycin
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A2: Mock community composition

DSM Number
7288
19748
20478
30083
15643
4690
1135
9143
2291
10036
43665
16031
50090
17058
20231
2134
20575
12492
6778
20566
18670
20565
20567
14222
44697
43990
19120
20436
44287
9848
8978
17633
19025
20746
12643
20735

Species

Burkholderia cepacia
Chlamydophila pneumoniae
Enterococcus faecalis

Escherichia coli

Fusobacterium nucleatum subsp. nucleatum
Haemophilus influenzae
Leptotrichia buccalis

Moraxella catarrhalis

Mycoplasma pneumoniae
Neisseria meningitidis

Nocardia farcinica

Pasturella multocida subsp. multocida
Pseudomonas fluorescens
Salmonella enterica subsp. enterica
Staphylococcus aureus
Streptococcus agalactiae
Streptococcus constellatus subsp. consellatus
Streptococcus infantis
Streptococcus parasanguinis
Streptococcus pneumoniae
Streptococcus pseudopneumoniae
Streptococcus pyogenes
Streptococcus sanguinis
Treponema denticola
Mycobacterium psychotollerans
Mycobacterium. bovis
Actinomyces odontolyticus
Bifidobacterium denticum
Corynebacterium adiacens
Granulicatella adiacens
Haemophilus parainfluenzae
Neisseria flavescens

Prevotella buccae

Rothia mucilaginosa

Streptococcus mitis

Veillonella dispar
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A3: E Appendix for use in conjunction with Chapter 3: Individual patient
barplots comparing the upper and lower airway microbiota.

A4: E Appendix for use in conjunction with Chapter 4: Individual patient
barplots for infants with cystic fibrosis (CF) diagnosed on newborn screening
(NBS).

A5: E Appendix for use in conjunction with Chapter 5: Individual patient
barplots comparing the airway microbiota on throat swabs (TS) and sputum

samples in children with cystic fibrosis (CF) or primary ciliary dyskinesia (PCD).

A6: E Appendix for use in conjunction with Chapter 5: Individual patient
barplots for older children with cystic fibrosis (CF).

A7: E Appendix for use in conjunction with Chapter 5: Individual patient
barplots for children with Primary Ciliary Dyskinesia (PCD).
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A8: Abstracts arising from thesis
Comparison of the upper and lower airway microbiota in children
Ahmed B, Cox MJ, Cookson WOC, Davies JC, Moffatt MF, Bush A.
e Oral presentation, UK CF Microbiology Consortium, Liverpool, November 2014

e Poster presentation, British Thoracic Society Winter Meeting, London, December

2014

Early development of the airway microbiota in infants with CF.
Ahmed B, Cox M], Cuthbertson L, James P, Cookson WOC, Davies JC, Moffatt MF, Bush A.
e Poster presentation, North American CF Conference, Orlando, October 2016

e Oral presentation, UK CF Microbiology Consortium, Liverpool, November 2016

A9: Prizes awarded during PhD
e Highly Commended Poster Prize for poster on “Comparison of the Upper and
Lower Airway Microbiota in Children” at the 8t Annual NHLI Postgraduate
Research Student Presentation Day, Imperial College London, July 2014
e Winner of MPHrp Team Award at the Fourth National Institute for Health

Research (NIHR) Experimental Medicine Research Training Camp, July 2013
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How to use: bacterial cultures
in diagnosing lower respiratory
tract infections in cystic fibrosis

Bushra Ahmed,! Andrew Bush," Jane C Davies'?

ABSTRACT

Respiratory infections are the leading cause of
morbidity and mortality in cystic fibrosis. Certain
bacteria, such as Pseudomonas aeruginosa, are
associated with a worse clinical outcome than
others, but can be completely eradicated if
identified and treated early. The diagnosis of
lower respiratory tract infections can be
challenging in the non-expectorating patient,

in whom upper airway samples, such as cough
swabs, are a surrogate for lower airway
sampling. However, the results of these often
do not fit with the clinical picture, presenting a
management dilemma. Frequently, clinicians
are faced with a negative culture result in a
progressively symptomatic patient and vice versa.
When judging the clinical significance of a
positive upper airway culture result in an
asymptomatic patient, it is important to consider
the prognostic significance of the organism
cultured. Given that the reported sensitivity of
upper airway swabs (which includes throat
swabs) is variable, ranging from 35.7% to

71% for Pseudomonas aeruginosa, 50% to 86%
for Staphylococcus aureus and 11% to 92% for
Haemophilus influenza, upper airway samples
may fail to identify lower airway infections.
Therefore, in symptomatic children, a repeatedly
negative upper airway swab should not be
considered as reassuring, and alternative
sampling methods, such as induced sputum or
bronchoalveolar lavage, should be considered.
Here we use some examples of common
scenarios to illustrate how best to use bacterial
cultures to aid management decisions in cystic
fibrosis.

INTRODUCTION

Recurrent bacterial infections are the
leading cause of morbidity and mortality in
cystic fibrosis (CF), accounting for over
80% of deaths.! Early detection of infec-
tions is vital. Newborn screening allows
most children to be diagnosed soon after

birth providing a previously inaccessible
window of opportunity for microbiological
surveillance. The nutritional benefits of
early diagnosis are clear and studies have
also reported improvements in lung func-
tion, Pseudomonas aeruginosa acquisition
rates and survival.> Conversely chronic
infection with P aeruginosa is associated
with increased morbidity and mortality.®

It is important to detect lower airway
infection accurately and promptly. CF
Trust Guidelines* recommends regular
culture of expectorated sputum. In adults
this is usually straightforward. Sputum is
convenient, has a yield comparable with
the ‘gold standard’ bronchoalveolar
lavage (BAL)," and has a high negative
predictive value (NPV) and positive pre-
dictive value (PPV), up to 100%.°

More challenging is the non-expectorating
patient, in particular when asymptomatic.
Unfortunately, many patients, particularly
young children, and also a proportion of
adults, are unable to expectorate and cough
swabs are performed. However, these have
poor sensitivity and specificity and can lead
to undertreatment or inappropriate anti-
biotic therapy.

This review focuses on the strengths
and limitations of non-invasive airway
sampling in CF, and when alternatives,
such as sputum induction or BAL should
be considered.

PHYSIOLOGICAL BACKGROUND:
AIRWAY INFLAMMATION AND
INFECTION

CF is due to a defect in the gene encoding
the CF transmembrane conductance regu-
lator protein, leading to either absence or
lack of function of CF transmembrane con-
ductance regulator, defective regulation of
ion transport and airway surface dehydra-
tion. The current favoured hypothesis is

Ahmed B, et al. Arch Dis Child Educ Pract Ed 2013;0:1-8. doi:10.1136/archdischild-2012-303408
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thar reduced airway surface liquid leads to reduced
dliary function, increased mucus viscosity and
decreased mucociliary clearance.” There is mucus hyper-
secretion, and once infection and inflimmarion are
present, mucus viscosity is furmher increased by
neutrophil-derived DNA and actin. Cough dearance is
also impaired, resulting in the retention of secretions in
the lower airways, where they provide a nidus for bac-
terial infecton.

Early in life, bacteria such as Staphylococcus anreus
predominate. With increasing age, P aemiginosa
emerges as the most common and significant patho-
gen (figure 1).* Persistence in the airway and a
number of environmental triggers lead to mutations in
P aeruginosa, owverproduction of alginate and a
mucoid phenotype. In addition, quorum sensing initi-
ares biofilm formaton, which enhances resistance
antibiotics.” Although rraditionally only a few organ-
isms have been associated with CF airway infection,
aulture-independent techniques demonstrate greater
diversity of microbes alrin:-ufﬁh the clinical significance
of this is currently unclear.” !

TECHNOLOGICAL BACKGROUND

Lower airway cultures can be obtained by (A) spontan-
eous expectoration of sputum, (B) cough swab or
plare, (C) induced spurum or (D) direct access to the
lower airway (usually with bronchoscopy). Some
clinics also measure serum antipseudomonal anti-
bodies. Spontaneously expectorated sputum samples
are relatively straightforward and will not be discussed
further.

Cough swabs are performed by placing a swab into
the posterior pharynx and asking the child to cough (or
stimulating cough in a very young child); the aim is to
avoid direct contact with the pharyngeal mucosa o
prevent upper airway contamination. With older, com-
pliant children, this is easy, although in a well child with
a dry cough, yield may be low. Difficulties anse in
younger children. The ideal fiming of the test is debate-
able, with some studies showing increased sensitivity if
oropharyngeal cultures are collected after physiother-
apy'® or nebulised hypertonic saline.' Throar swabs
directly sampling from the upper airway are preferred in
USA. Swabs should not be raken immediately after a
child has been fed, due to the risk of gagging and poten-
tial contamination. Cough plates, taken by asking a
child to cough directly onto a plate of culture medium,
are sometimes used as an alternative, although repeated
samples with specific agar plates are required. Their sen-
sitivity is however debarable, with a recent study of 95
non-expectorating children demonstrating a pathogen
isolation rate of only 8% with mu%h plates in compari-
son with 18.2% with cough swabs.™

Sputum induction is performed by ultrasonic nebuli-
sation of hypertonic saline; even in healthy individuals,
some ‘sputum’ can often be expectorated and the pro-
cedure is, in general, well tolerated although it may

cause bronchoconstriction. However, it is time consum-
ing, with a median duration of 49 min, and expensive,
with an additional cost of US$150 in comparison with
conventional techniques, thus limiting its use within the
outparient clinic. It is not performed routinely in most
clinics, although some report high success rates even in
small babies.'"® Spurum induction, if successful, could
obviate the need for BAL. Studies are underway to
address this issue systemarically.

BAL, often said to be the gold standard, has disad-
vantages; most importantly, it requires sedation or a
general anaesthetic and cannot be performed fre-
quently. There are regional differences in pathogens,
s0 unless the entire bronchial tree is sam;fled, which is
impractical, organisms may be missed.'” '#

The temperature at which samples are stored can
impact culture results. The optimum storage tempera-
ture would prevent overgrowth of organisms, but not
lead to bacterial death. Ideally, samples would either
be processed immediately or frozen. However, in clin-
ical pracrice, particularly for samples collected in the
community, storage at room temperature or refriger-
ation at 4°C is more practical. There is a lack of dara
comparing the effecc of storage temperature on
culture results in CE Studies in bronchiectasis con-
firmed a negative impact of refrigeration of sputum
compared with storage at room temperature for up to
24 h, with a 10-fold reduction in the number of
pathogens present in 23% and 8% of samples,
respectively '? Conversely, May et al”® showed a 50%
decrease in isolation of Haemaophilus influenza in
samples posted to the laboratory and arriving 24-36 h
later. The CF Trust' recommends as a compromise
that samples be processed as soon as possible, and to
use refrigeration where there is likely to be a delay of
more than a few hours, and to interpret posted
samples with caution.

The laboratory handling of samples can pose difficul-
ties, and only experienced laboratories should be used.
Mucolytics, such as dithiothreitol, can help in the
culture of bacteria; mechanical homogenisation with
sterile glass beads is preferred by other laboratories. The
culrure of ‘polymicrobial samples is difficulr, because of
bacterial overgrowth, particulady by mucoid P aerngi-
nosa, and different pathogens will have different growth
requirements, so it is important to use selective
media® *' especially for Burkholderia cepacia complex
organisms. Culture duration is variable according to
pathogen, with up to 5 days required for B cepacia
complex*

The use of P acruginosa serology is controversial;
the rationale is based on the premise that children will
seroconvert during infection and revert once infection
is eradicared. If true, serology would provide an
attractive option but the data is variable, in part relat-
ing to differences in the narure of the sample (BAL vs
sputum or oropharyngeal cultures), antigen assayed
and cur-off values used (table 1).
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Respiratory Germs by Age, 2011
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Figure 1 Changes in prevalence of specific baderia with age.® Reproduced with the permission of the Cystic Fibrosis Foundation.

INDICATIONS AND LIMITATIONS

In the chronic management of children with CF, how often
should bacterial cultures be taken? Do regular surveillance
wltures improve the rate of detection of bacterial
infections?

Current, non-evidence based guidelines recommend
culture of sputum or cough swab ar every clinic visit
(every 2-3 months) and, in addition, during exacerba-
tions.”" ** There are no studies comparing outcomes
of surveillance microbiology with culture only when
patients are symptomartic. The rationale behind fre-
quent surveillance is that significant bacterial infection
is common in the absence of symptoms,™ with more
than 50% of patients with P aeruginosa positive cul-
tures reported to be asymptomaric,®® and thar early
artempts at eradication are likely to be more success-
ful. Without regular surveillance, the detection of
prognostically important pathogens may otherwise be
mi

In an asymptomatic child with CF, does a positive
surveillance cough swab mandate treatment

with antibiotics?

This is a common scenario, and the interpretation of
the positive cough swab depends on the dinical
context. The literature is (A) largely based on throat
rather than cough swabs and (B) divided on issues of
sensitivity and specificity. Cough swabs have usually
been compared with sputum, whereas throat swabs
have been compared with BAL. Importantly, the PPV
of upper airway cultures can vary greatly for individ-
ual organisms, with reported ranges of 44% to 83.3%
for P geruginosa, 33% to 64% for § aurens and 50%
to 81% for H influenza (see table 2), although this is
predominantly for throat swabs. Hence, the accuracy
of a positive upper airway culmure to predict lower
airway infections is questionable. There have been no
randomised controlled trals of trearing versus ‘ignor-
ing’ positive cultures in this context.

Table 1 Value of serology in the eary idertification of Pseudomonas senuginosa infections
Subjects’ age Comparison Antigens Sensitivity Spedficity PRV NPV
Authors and number sample assayed (%&) (%) (%) (%&)
Douglas af af**  0.1-5.6 years BAL Mag* 53 82 b3 94
76 pafients Exotoxin A 93 43 19 98
Hayes ar af*® -6 yearst Sputum Cell lysate 52 L] 84 &5
69 pafients Ompharyngeal Exaitonin A 49 L] 84 [
cultures Elastase 36 81 65 55
Ratjen af af*’  1-52 years Alcaline potease 854 475 96.6 BE 8
375 patients Exotoxin A 720 915 959 E0LE
Elastase 762 915 962 E3.2
*MAg—Multiple Psaudomonas aanginasa antigens.
tPatlents followed up fram diagnods on newborn soeening over 6 years.
BaL, bronchoalveolar lavage; NPV, negative predictive value; PPV, positive predictive value.
Anmed B, et al. Arch Dis Child Fifur Pract £ 20130018, dii-10.11 3 & anchdis child-20 12-303408 3
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Table 2 The value of upper airway cultures in oystic fibrosis

Compargon
Authors Swab type sample Age range (mean) Pathogen Sensitivity Specifidty PPV NPV
Ramsey of af> Throat BAL 4 months-25 years (8.2 years) Pseudomonas aenigingsa 56% a
Staphylococous aumwus 54% 100% NS NS
Hawmophilus influanza 11% ET%
Anretrong ef af® Throat BaL 1=52 maonithes {17 months) Prauiivmonas aenuginesa 1% 93% 57% 96%
Staphylococous aumwus BE% 61% 3% 95%
Haemophiis influenza 9% 97% 50% 99%
Rosenfeld ef af*® Throat BAL 1= 18 moniths Preudomonas aerudginesa 1. 44% 1. 95% 1. 44% 1. 95%
2= 18 moniths 2. 6B8% 2 04% 2 T6% 2a1%
Staphylococous aumus 1. 80% 1. 0% 1. 64% 1. BE%
2.73% 2 M% 2 50% 2 RI%
Haemophilus inflwenza 1.81% 1. 95% 1. 81% 1. 895%
2.55% 2 9% 2 50% 23
Bums af & Throat BAL 2 5=15.5months Praiivmonas Senginesa NS M5 69% 95%
{11.4 months)
Equi af af? Cough S putum Adults NS 34% 100% 100% N%
Jung er &* Throat BAL 5.2=34 2years (14.2 yearg Proudomonas aeriginesd 357 96.2 833 735
Kabra af a/' 1. € Sputum 6.37-8.5years (7.2 warg) Pguidomonas aeruginasa 1.42% 1. 100%
2. Throat 2 40% 2 0% NS NS
Staphylococous aumus 1. 50% 1. 99%
2. 57% 2 0%
Maha af af*® Cough Sputum E~16 years NS a. 35% NS NS NS
a. Mokt b. 35%
b. Dy
Chavasse ef & Cough Sputum NS NS 41% NS NS NS

BAL, bronchoalveolar lavage; NPV, negative predictive valee; NS, not stated, PPV, positive predictive value.
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The following details of the clinical context need to
be considered: What is the pathogen that has been
identified and what is dfts prognostic significance? Has
this child grown this pathogen before? Is this a new
isolate or does it reflect chromic infection? Is the
laboratory able to give some idea of the number of
organisms isolated? Some common clinical scenarios
are discussed in more detail below,

A surveillance cough swab positive for P aeruginosax 10~ dwimL in an
infant with previously negative culturs
Ramsey et al*® have reported thar quantitative oropha-
ryngeal cultures are neither more sensitive nor specific
than qualirative cultures for Paeruginosa, S aureus and
H influenza. Given the adverse prognosis associared
with P aeruginosa, treatment would be initiated by
most specialists after even a single upper airway culture
in a previously uninfected child, irrespective of quan-
tity of organisms present. Good practice would be t
artempt a second culture prior to initiating eradication
treatment, although this may not always be practical.
No rrials have yer defined the optimal emadication
regimen; success rares of around 850% have been
achieved with combinartions of oral dprofloxacin/colo-
mycin and with nebulised tobramycin. The UK is cur-
rently conducting a randomised controlled trial o
compare oral or infravenous antipseudomonals (both
arms also receive nebulised colomycin).*®

Should attempts at eradication fail, guidelines recom-
mend that regular inhaled antipsendomonal antibiotics
(eg, colomycin) are continued for chronic P aeruginosa
growths, with a 2 week course of oral ciprofloxacin
reserved for early use with increased symproms.*!

Recurrent growth of Stapfywlococous auneus on survelllance cough
swiabs despite flud cxadillin prophylais
Despite optimal management, some patients with CF
become chronically infected with bacterial pathogens.
The range of PPVs for methicillin-sensitive § anreus
(MSSA) on oropharyngeal cultures is the lowest com-
pared with P geruginosa and H influenza, therefore
this resulr is even less reliable than for other organ-
isms (table 2). In this scenario, with a well child who
is already receiving a prophylactic agent, artention
should be focussed on determining adherence to pre-
scribed medications, a particular problem in the
teenage years. Although guidelines recommend treat-
ment with oral antibiotics for initial growths of
MSSA?! for persistent infection, aggressive use of
antibiotics may achieve little and carries with it the
potential for side effects. The long term consequences
of MSSA in CF are generally regarded as less severe
than those of organisms, such as P aemginosa,”
which would require continued treatment, as
described above. Further courses of antistaphylococcal
agents can be considered should symptoms develop.
To our knowledge, there have been no reports on
the predictive values of cough swabs for the detection
of methidllin-resistant § aurens (MRSA) specifically.

Interpretations

The effect of MRSA on morbidity in CF is debateable.
Two large observational studies have reported conflict-
ing results. Dasenbrook et a*® observed an increased
rate of decline in forced expiratory volume in 1s of
0.5% predicted per year in 1732 patients with new
persistent MRSA versus patients withour MRSA. In
contrast Sawicki et al™ reported a decline in lung
function beginning prior to acquisiion of MRSA in
593 new MRSA cases, suggesting thar morbidity asso-
ciated with MRSA lung infections may be a marker of
disease severity rather than MRSA stams iself.
Similarly, Huberr ef al”” suggested thar MRSA may be
more harmful only when there is co-infection with
P aeruginosa, thus several confounders could contrib-
ute to the effect of MRSA on lung funcrion decline.
Given that a 1.27 times increased risk of death has
been reported with MRSA infection, and no increased
risk of death for patients in whom eradication is
achieved within 1 year,”® eradicarion of MRSA seems
beneficial and should be artempted. In the absence of
randomised controlled trials to inform treatment strar-
egies,”! guidelines recommend trearment of first iso-
lates or return of MRSA following previous successful
treatment with topical trearment and either combined
oral rifampicin and fusidic acid or nebulised vanco-
mycin or a combination of the three. Children with
chronic infections may benefit from prolonged oral
antibiotics until free from MRSA*!

A surveillance cough swab positive for B capacia complex

Accurate identification of B cepacia complex is essen-
tial. Certain subtypes (eg, Burkholderia cenocepacia,
Burkholderia dolosa) carry a poorer prognosis than
others (eg, Burkholderia mudtivarans).> There are also
infection control implications; these organisms can be
highly transmissible and patients harbouring them
need to be strictly isolated.’® While awaiting full iden-
tification, isolation precautions are mandatory The
PPV of upper airway cultures increases with repeated
testing.** Further samples should be sent to the refer-
ence laborarory. Some will turn our to be another gram
negative organism, often not present on repeated
culture and of uncertain significance. If B cepacia
complex is confirmed, guidelines recommend that
eradication should be arempted,™ although the
reported success of eradication regimens are moderate
at best, with one group reporting successful trearment
in only 4/14 (29%%) of patients with B cepacia
complex.™ A recent Cochrane review did not identify
any randomised controlled trals to inform the choice
of eradication strategies™ thus the choice of agents
should be determined by sensitivities.**

A surveillance cough swab positive for Achromobacter xylosoxidans on
two consecutive cough swabs taken 3 months apart

Pathogens not previously associated with CF are being
isolared with increased frequency. It is difficult to
know when to trear organisms such as Achromobacter
xylosoxidans and Stemotrophamonas maltophilia.

Ahmed B, ef al. Anch Dis Child Folue Fract B 20130018, doc1 0.1 380 anchdis child -2012-303408 5
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Box 1 Questions to consider with a symptomatic

child with negative cough swabs

» Has the cough swab been peformed by an

trained and experienced person?

» Was it processed in a laboratory experienced with
cystic fibrosis samples?

» Does this chid have a history of previous lower
airway infection which could be used to help guide
treatment on the balance of probability?

» s the child so unwell that empirical treatment should
be started in any c@se?

» Does the clinical status of the child merit an invasive
investigation, such as bronchoscopy?

» Is there evidence of an intercurrent viral infection (for
example, a positive NPA) that might predispose the
child to secondary bacterial infections?

Current evidence available suggests that many of these
rarer organisms may not be associated with clinical
deteriorarion,”” thus guidelines® do not recommend
treatment unless patients are symptomatic. In this
case, treatrment choice should be guided by sensitiv-
ities. There is also uncertainty over non-aeruginosa
psendomonas species, which are treated aggressively
in some centres and not at all in others. An exception
to this is Pandoraea apista, which is sometimes mis-
identified as B cepacia complex,” and has been asso-
ciared with clinical dererioraion'  Guidelines
recommend treatment where this is isolated. !

In a symptomatic child with CF, does a negative cough
swab exclude a bacterial lower airway infection?

If a symptomatic child with CF (the patient) has a nega-
tive cough swab (the test), how confident can we be that
this reflects the absence of lower airway infection (the
outcome)? As discussed above, the literature is unclear.
Although some studies have reported high NPVs of up
to 99%,% these are mostly for throar swabs. A study
from our centre®® confirmed that a negative cough swab
should not be reassuring and that further arrempts
should be made to obrain lower airway secretions, for
example, by BAL or sputum induction. This is particu-
larly true for certain organisms, such as non-tuberculous
mycobacteria (NTM); in six patients known to have
positive sputum samples for NTM, all cough swabs
were negative,™” thus cough swabs do not detect NTM.
Whether trearment is started depends on the clinical
context. Questions that may be asked to guide decision
making are outlined in box 1.

In a child with CF, who is undergoing P aeruginosa
ermdication on the basis of positive BAL cultures, does a
negative cough swab taken at the end of treatment

indicate that eradication has been successful?

This is very difficult; there is no convincing evidence.
Smudies in which infections have been diagnosed on

BAL cultures have focussed on repear BAL samples for
confirmation of eradication.*! With early and aggressive
treatment, successful eradication of P aeruginosa can be
achieved, with one study reporting clearance of even
mucoid P aemiginosa in 67/116 children for more than
1 year.* However, given cough swabs have a low NPY
the cough swab result should not be relied on in isola-
tion to confimm this. Particular candon should be taken
with patients receiving inhaled antipseudomonal anti-
biotics for Paeruginosa eradication, as these may lead to
false negarive results. Supporting information should be
sought including:

Were there any clinical features that could guide us,
for example, symptoms improving or lung function
returning to baseline? If so, and cough swabs were
negative at the end of eradication, therapy is stopped
with careful ongoing monitoring. Were there features
to suggest chromic infection, such as the presence of
a mucoid P aeruginosa? A paediatric CF specialist
would be cautious and continue chronic suppressive
trearment beyond 3 months. Should BAL be repeated
to confirm eradication? Perhaps, but given the invasive
nature of the intervention and the possibility of sam-
pling errors, most clinicians (and parents) would be
reluctant to do this; if the child was not doing well
clinically, BAL or sputum induction should be
considered.

1. A 6-year-old girl with cystic fibrosis presents with fea-
tures suggestive of respiratory infection. Which of the
following statements is true?

A. Expectorated sputum is likely © be easily
obtained.

B. A negative cough swab rules out infection and
treatment is not required.

C. If she is unable to expectorate, induced sputum
samples may be a suitable alternative.

2. A cough swab shows a growth of Pseudomonas
aeruginosax1072 for the first time. Which of the fok
lowing statements is true?

A. If the child is asymptomatic, this is a likely con-
taminant and does not wamant treatment.

B. Orly significant growths of Peudomonas aeruginosa
fof =x10°7) should be teated, imespecive of

Symploms.

C. Any growth of Pseudomonas aeruginosa should
be treated.

3. Which of the following is untrue of bronchoalveolar

lavage?

A. A limitation is the ability to sample only small
areas of the lower ainway.

B. Itis a useful sample for assessing inflammation.

C. It should not be performed repeatedly as a
routine.

6 Mnmed B, et &l Ach Dis Child Edue Pract 57 20130018, dai10.1 136 archdischild-201 2-303408
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In children who cannot expedorate sputum, is BAL

superior to oropharyngeal cultures for monitoring

changes in the respiratory flora?

A large randomised controlled trial arempted to
answer this question. Surveillance was either by stand-
ard methods, such as oropharyngeal cultures, or with
BAL; the latter was performed before 6 months of
age, during exacerbations and following eradication
for suspected P aeruginosa infection. The study found
no difference in rates of Paeruginosa or any other end
point between the two groups.*! Considering the risks
associated with BAL, current evidence does not
support the use of routine, regular BAL surveillance.

FUTURE RESEARCH

Molecular techniques

Non-culture based, molecular techniques are prom-
ising. PCR has been used for the early detection of
P aeruginosa, although there have conflicting reports
regarding its sensitivity and, where available, it
should therefore be used as an adjunct to conven-
tional culture*? Sequencing of the 165 rRNA gene
from the bacterial genome is perhaps the most excit-
ing, as it has the potential to allow surveillance of
entire bacterial communities, often comprising vast
numbers of disparate bacteria. It remains to be
determined which of these organisms are most
important and whether in fact some of them may be
clinically beneficial.

Non-invasive, breath-based detection systems

Bacteria produce an array of exoproducts, including
volatile organic compounds. Such signals, if specific to
an individual organism, could provide a valuable
screening tool. Various markers have been proposed,
such as 2-pentylfuran as a marker of infection with
Aspergillus  fumigatus and hydrogen cyanide as a
marker of Paeruginosa.** The rechnology and clinical
utility of these tests are currently under investigation.

Clinical bottom line

» Cough swabs are useful in surveying non-
expectorating, asymptomatic patients, where more
invasive testing would not be justified; their sensitiv-
ity and specifidty is however suboptimal. A negative
cough swab should not be taken as reassuring in an
unwell child; induced sputum or bronchoalveolar
lavage may be needed.

» Eradication of Pseudomonas aeruginosa k suacessful
in the majority of cases, provided the infection is
detected promptly, so early identification is crucial.

» Response to antibiotics may correlate poordy with in

Interpretations

Question 1: C.
Question 2: C.
Question 3: B.
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