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Thesis Overview

Extreme preterm infants are at risk of developing chronic lung disease of prematurity (CLD).
This thesis examines the bacterial colonisation of the respiratory tract in extreme preterm

infants.

Longitudinal sampling was performed from three anatomical sites within the respiratory tract of
preterm infants over the first 28 days of life (Nasopharyngeal aspirates (NPA), tracheal aspirates
(TA) and bronchoalveolar lavages (BAL)). Sequencing the bacterial 16S rRNA gene identified
bacteria within the samples. IL-6 and IL-8 concentrations were measured using ELISA on TA

and BAL samples.

Widespread antibiotic use appeared to suppress bacterial load at all sites with most samples
appearing sterile. Most samples successfully sequenced showed a dominant bacterial genus,
consistent with previous studies of neonatal bacterial colonisation. In all samples, organisms
from the Proteobacteria and Firmicutes phyla were most abundant with smaller number of
Tenericutes and Actinobacteria.

NPA samples demonstrated a clear effect of delivery mode over early colonisation patterns and
a progression from Firmicutes to Proteobacteria dominated profiles over time. Tracheal aspirate
samples showed evidence of an infectious process or dyshiosis associated with bacterial
colonisation, with higher concentrations of 1L-6 and IL-8 in samples successfully sequenced.
BALs sampling more distally in the lungs verified these results suggesting pulmonary infection

in preterm infants may be more common than clinically suspected.

Comparing the three anatomical sites sampled revealed significant differences in bacterial

community structure suggesting that these are separate bacterial niches.

Also presented is work analysing the effect of extracellular apoptosis-associated speck-like
protein containing a caspase activation domain (ASC), a protein involved in the initiation and
propagation of the innate immune response. ASC was demonstrated to be present and bioactive
in BAL supernatant from preterm infants. ASC induced IL-6 and IL-8 secretion in cell culture

models and is a potential therapeutic target for preventing CLD in preterm infants.
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1 Introduction

1.1 Introduction

In this chapter, the background to Chronic Lung Disease of Prematurity (CLD) will be
presented, beginning with the definition of CLD and fetal lung development. The risk factors
for CLD and the evidence of inflammatory processes occurring in the lungs which may
influence CLD will be summarised. The concept of the microbiome and the effect
microorganisms have over human health, particularly in relation to pulmonary disease and in
new-born infants will be presented. The published work regarding innate immune system
activation and signalling, particularly with reference to Toll-like receptors and inflammasomes
will be discussed. The work in this thesis investigates the microorganisms living in the airways
and lungs of preterm infants and studies a potential mechanism of innate immune system

signalling.

1.2 Prematurity

Preterm birth is classified as delivery before 37 weeks’ of gestation. Prematurity is the leading
cause of perinatal morbidity and mortality in developed countries (Goldenberg et al. 2008). The
rate of preterm birth in England and Wales is 7.1% (EURO-PERISTAT 2010). The rate of
preterm birth showed a rising trend in the 1980s and 90s in many countries (Goldenberg et al.
2008; Gray et al. 2007); possibly in part due to a higher rate of multiple pregnancy as a result of

increased rates of in-vitro fertilisation and earlier delivery for maternal reasons.

Infants born at less than 28 weeks’ of gestational age are classed as extremely preterm. These
Infants have the highest rates of complications (Costeloe et al. 2012). Preterm birth is associated
with a high mortality rate and long term neurodevelopmental problems among survivors
(Blencowe et al. 2013).

1.3 Chronic lung disease of prematurity

1.3.1 Introduction

CLD, also known as bronchopulmonary dysplasia, affects up to 68% of infants born at <28
weeks’ gestation (Stoll et al. 2010; Laughon et al. 2009). Infants with CLD face lifelong
morbidity. Such infants are more likely to be re-admitted to hospital with respiratory symptoms
(Greenough 2012); have raised pulmonary pressures throughout infancy (Poon, Edwards, and
Kotecha 2013); and display impaired lung function into adulthood (Northway et al. 1990; S. J.
Kotecha et al. 2013). CLD affected infants experience a poorer neurodevelopmental outcome

compared to infants without CLD (Jeng et al. 2008).
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CLD was first described in 1967 as advances in neonatal medicine resulted in preterm born
children surviving (Northway, Rosan, and Porter 1967). CLD is defined as a requirement for
oxygen supplementation in a preterm infant at 28 days of life or 36 weeks’ corrected gestational
age. The traditional CLD definition of the need for oxygen supplementation at 28 days of age
was challenged by Shennan et al. Oxygen requirement at 36 weeks’ corrected gestational age
was proposed as an alternative definition for CLD (Shennan et al. 1988). This allows for an
oxygen requirement due to lung immaturity rather than CLD for infants born extremely preterm.
However, infants born at a more advanced gestational age need oxygen for a shorter period to
be diagnosed with CLD.

In 2001 a collaboration between the National Institute for Child Health and Human
Development; the National Heart, Lung and Blood Institute and the Office of Rare Diseases
agreed on a consensus definition of CLD that included an oxygen requirement for at least 28
days with the concentration of inspired oxygen at 36 weeks’ corrected gestational age used to
define CLD severity (Alan Jobe and Bancalari 2001). The disease severity classification
defining criteria are shown below in Table 1-1.

Table 1-1: The 2001 consensus definition of CLD providing a classification for disease
severity (Alan Jobe and Bancalari 2001).

Gestational Age <32 Weeks’ >32 Weeks’

36 weeks’ gestational age or
discharge home, whichever postnatal age or discharge
comes first home, whichever comes
Treatment with oxygen >21% for at least 28 days plus:

Time point of assessment > 28 days but <56 days

Mild CLD Breathing room air at 36 Breathing room air by 56
weeks’ gestational age or days of age or discharge,
discharge, whichever comes  whichever comes first
first

Moderate CLD Need for >30% oxygen at 36  Need for >30% oxygen at 56
weeks’ gestational age or days of age postnatal age or
discharge, whichever comes  discharge, whichever comes
first

Severe CLD Need for >30% oxygen Need for >30% oxygen

and/or positive pressure, at
36 weeks’ gestational age or
discharge, whichever comes
first

and/or positive pressure, at
56 days of age or discharge,
whichever comes first

The consensus definition has become the most widely used definition of CLD due to the fact
this definition allows stratification of disease severity and prevents lung immaturity from being
wrongly misclassified as CLD. The weakness of this definition is the potential for variation in
clinical practice between units is defining need for supplemental oxygen. This has led to the

development of a physiological definition of CLD with an objective test for oxygen
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dependency, an oxygen reduction test, performed on each infant to define need for supplemental
oxygen (Walsh et al. 2004).

1.3.2 Normal lung development

Normal lung development can be split into 5 phases (Carlson 2009) as shown in Figure 1-1.

1.3.2.1 Embryonic.
Weeks’ 4-7 gestational age. Lung development begins with the formation of the respiratory
diverticulum, as a bud from the foregut. This then branches further to form all the major

bronchopulmonary segments.

1.3.2.2 Pseudoglandular

Weeks’ 8-16 gestational age. The bronchopulmonary branches further subdivide during a period
of major growth of the duct system. The pulmonary vasculature begins to develop alongside the
developing ducts.

1.3.2.3 Cannalicular

Weeks' 17-26 gestational age. Respiratory bronchioles form from budding of the branches

already developed. Capillaries become closely associated with the walls of developing vessels.

1.3.2.4 Saccular
Weeks’ 26-36 gestational age. Alveoli begin to branch off respiratory bronchioles. The
epithelial lining cells of the alveoli begin to differentiate into specialised adapted cells (type 1

and 2 pneumocytes). The type 2 cells begin to secrete surfactant within the alveoli.

1.3.25 Alveolar
Weeks’ 36-40 gestational age. Exponential increase in the respiratory surface area of the lung
due to rapidly increasing numbers of alveoli present. Alveolar development continues after birth

until around 2 years of age.
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Figure 1-1: Stages of normal lung development (lliodromiti et al. 2013)

1.3.3 Old and new chronic lung disease of prematurity

The original histological description of CLD featured areas of marked fibrosis; varying
hyperinflation and atelectasis; severe epithelial lesions and decreased alveolarisation, leading to
reduced surface area for gas exchange (Northway, Rosan, and Porter 1967). Since the
introduction of antenatal steroids, surfactant, new ventilation strategies and improved nutrition
for preterm infants, there is a widely held belief that the pathophysiology of the disease has
changed and the term ‘new CLD’ has become accepted (Kinsella, Greenough, and Abman 2006;
A Jobe 2006). Histologically specimens of new CLD infants show less fibrosis, less
heterogeneity of lung disease and larger, fewer alveoli than old CLD infants (Alan Jobe 1999).
During this evolution, the overall incidence of CLD has remained stable. Infants born at earlier
gestations are now surviving routinely. CLD is almost exclusively now seen in infants born at

less than 30 weeks’ gestation. Previously such preterm infants were not surviving.

1.3.4 Risk factors for chronic lung disease of prematurity
CLD is the resulting pulmonary insufficiency from damage to developing lungs. A diverse

range of factors have been shown to contribute to the multifactorial disease process.

1.3.4.1 Gestation
There is no doubt that the risk of CLD increases with increasing prematurity. Infants born at 23

weeks’ gestational age have an incidence of CLD of 73%, with 56% of infants having severe
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disease (Trembath and Laughon 2012). In contrast, those born at 28 weeks’ gestation the
incidence of CLD was 23% with only 8% of infants with severe disease (Trembath and
Laughon 2012). Alveolar development does not begin until the 26" week of gestation. Damage
to the lungs prior to and during this crucial phase may explain why these infants are at greater
risk. Male infants have a higher risk of developing CLD as compared to females of the same
gestation (C. Bose et al. 2009).

1.3.4.2 Intrauterine growth restriction

A heterogeneous number of maternal and fetal conditions such as pre-eclampsia, maternal
smoking and congenital infection and can cause infants to be born small for gestational age. In
preterm infants <28 weeks’ gestation, small for gestation age infants are at higher risk of CLD

than appropriately grown infants (C. Bose et al. 2009).

1.3.4.3 Chorioamnionitis

Chorioamnionitis is the leading cause of preterm birth (Goldenberg, Hauth, and Andrews 2000).
Foetuses in-utero are able to mount an inflammatory response to chorioamnionitis (Hecht et al.
2011). Injection of endotoxin to the amniotic fluid of sheep, to induce chorioamnionitis in the
womb, results in lung inflammation, injury and alveolar remodelling in new-born lambs
(Kramer et al. 2002). Antenatal inflammation enhances lung maturation, leading to reduced
rates of respiratory distress syndrome (RDS) (Kramer et al. 2009), the name given to respiratory
distress seen in many preterm infants primarily caused by surfactant deficiency. However, rates
of CLD are increased in infants exposed to histologically confirmed chorioamnionitis (Van
Marter et al. 2002) and mean IL-8 levels in tracheobronchial fluid in the first months of life are
higher in preterm infants exposed to antenatal infection than those not exposed (Groneck et al.
2001). Chorioamnionitis results in reduced alveolarisation and may increase the risk of CLD.
Antenatal infection may help mature the premature lung, but prime the lung for postnatal injury
(Chakraborty, McGreal, and Kotecha 2010).

Infection with specific organisms is shown to be associated with higher risk of CLD.
Ureaplasma is the most commonly cultured organism from placental samples in
chorioamnionitis (Sanchez 1993). Injecting Ureaplasma into the amniotic fluid of mice induced
an inflammatory response and tissue damage within the lungs of the pups (Normann et al.
2009). Human studies have shown conflicting results attempting to demonstrate a causal link
between Ureaplasma species and CLD (Aaltonen et al. 2006; Beeton et al. 2011; Pandey et al.
2007; Honma et al. 2007). A meta-analysis of 39 studies assessing the association between

Ureaplasma infection and CLD showed a significant association (Lowe et al. 2014).

1.3.4.4 Postnatal infection
Systemic bacterial infection and localised infection within the lungs are likely to cause damage

to lungs of preterm infants contributing to the risk of CLD. The immune response to bacterial
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infection is also likely to contribute to the risk of CLD. Systemic blood culture positive sepsis
has been identified in several studies as a risk factor for CLD (Klinger et al. 2010; Lahra,

Beeby, and Jeffery 2009; Schlapbach et al. 2011). The mechanism for sepsis causing CLD could
be due to the systemic immune response affecting lung development or prolonged ventilatory

requirements for infants suffering with sepsis.

In neonatal mouse models injection of lipopolysaccharide (LPS), a component of bacterial cell
walls, into the lungs to mimic bacterial infection leads to influx of neutrophils to the lungs and
LPS-injured lungs show evidence of decreased alveolarisation and reduced total lung volumes
(Franco et al. 2002).

Bacterial DNA is detected more frequently in bronchoalveolar lavage (BAL) samples from
infants who go on to develop CLD compared to those without CLD. This study also shows an
association between detection of bacterial DNA and peak concentrations of pro-inflammatory

cytokines suggesting infection rather than colonisation is being detected (Beeton et al. 2011).

Culture independent studies using tracheal aspirates from intubated preterm infants consistently
identify the presence of dominant bacterial organisms suggesting possible respiratory infection.

These studies are discussed in more detail in Section 1.5.6.5.

Viral pathogens have also been investigated as a potential cause of CLD. Cytomegalovirus is
known to cause a pneumonitis when contracted in-utero and has been linked to CLD in preterm
infants (Sawyer, Edwards, and Spector 1987). The presence of adenovirus within the tracheal
aspirates during the first week of life has also been shown to be associated with developing
CLD in preterm infants (Couroucli et al. 2000). Subsequent work has, however, conflicted with
these findings. Prosch et al shows that although preterm infants are frequently infected with
cytomegalovirus and adenovirus, these pathogens are not associated with CLD (Prosch et al.
2002).

One study suggests that postnatal respiratory bacterial infections may not contribute to CLD.
Mean IL-8 and IL-1 concentrations in tracheal aspirate samples from infants who developed
culture positive respiratory infections are no higher than those obtained from infants with sterile

tracheal aspirate samples (Groneck et al. 2001).

1.3.45 Ventilation

Any mechanical ventilation has the risk of causing lung damage. Physiologically air is drawn
into the lungs by negative pressure. Ventilators use positive pressure to maintain lung expansion
and create a tidal volume. The abnormal forces exerted on the lungs result in tissue disruption,
inflammation and oedema (Attar and Donn 2002; Brew et al. 2013). Modern ventilation

strategies have sought to reduce this damage to lung tissue. Adequate positive end expiratory
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pressures aim to prevent atelectotrauma, lower peak pressures (Donn and Sinha 2006) to avoid
barotrauma and volume limited ventilation to prevent volutrauma. High frequency oscillated
ventilation has been tried as a strategy to reduce CLD with disappointing results (Cools et al.
2009).

1.3.4.6 Inspired oxygen concentration
The effect of exposure to high concentrations of oxygen in preterm infants has long been

suspected as a contributor to the pathogenesis of CLD (Northway, Rosan, and Porter 1967).
Animal models have demonstrated exposure to excessive inspired oxygen concentrations in the
neonatal period can alone result in histological changes similar to those of CLD (Bonikos et al.
1975; D’ Angio et al. 1997). Production of reactive oxygen species which trigger an
inflammatory response in the premature lung is thought to be the mechanism by which inspired
oxygen concentration affects risk of CLD (lliodromiti et al. 2013). The persistent significant
incidence of CLD in preterm infants, despite efforts to limit oxygen exposure, demonstrates that
hyperoxia is not a prerequisite for CLD (Chess et al. 2006). A randomised control trial of the
antioxidant N-acetylcysteine administered in the first week of life failed to protect against CLD
(Ahola et al. 2003). Other antioxidants including intratracheal administration of recombinant

super-oxide dismutase demonstrate no effect on the rate of CLD (J. Davis et al. 1997).

Hypoxia can also restrict alveolar development and may contribute to CLD (Burri and Weibel
1971).

1.3.4.7 Inflammation

The result of lung damage from all of the above factors is an inflammatory reaction within the
lung. Many pro-inflammatory mediators such as IL-8 and IL-6 have been shown to be raised in
bronchoalveolar lavage fluid and tracheal aspirate fluid from infants who went on to develop
CLD (S. Kotecha et al. 1995; Chakraborty et al. 2013; Koksal et al. 2012; Schneibel et al.

2013). These cytokines act as chemoattractant to neutrophils and other inflammatory cells.

The inflammatory response in CLD is characterised by infiltration of neutrophils within the
alveoli. This response is prolonged in those infants who develop CLD. The effect of

inflammation is covered in more detail subsequently.

Corticosteroid therapy, used to suppress pulmonary inflammation, is known to be beneficial for
respiratory outcomes in preterm infants. Studies optimising the choice of drug, route of
administration, dose and timing of administration of corticosteroids continue to be undertaken
due to the adverse neurodevelopmental effects of these drugs (Doyle, Ehrenkranz, and Halliday
2014; Onland et al. 2011; Baud et al. 2016).
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1.3.4.8 Patent ductus arteriosus (PDA) and fluid balance

Pulmonary oedema is associated with developing CLD (Brown et al. 1978). PDA results in
increased pulmonary blood flow and pulmonary oedema. Serum levels of pro inflammatory
cytokine TNF-a are higher in preterm infants with PDA than those without (Gonzalez et al.
1996). Strategies to close a PDA, both surgical and medical, show conflicting results with
regard to CLD outcomes (Knight 2001; J. Harris et al. 1982). Fluid overload can have a similar
effect as a PDA on pulmonary blood flow. Randomised trials of restricted fluid intake also show
conflicting results for improved rates of CLD (Kavvadia et al. 2000; Tammela and Koivisto
1992).

1.3.49 Genetics

Understanding any genetic contribution to CLD is complicated by the fact that CLD is
associated with prematurity and RDS. Both have genetic components to their aetiology (Parton
et al. 2006). Two twin studies have indicated that genetic predisposition contributes
significantly to CLD (Bhandari et al. 2006; Lavoie, Pham, and Jang 2008). Candidate genes
coding for surfactant proteins and inflammatory pathway constituents have been suggested.
However, a genome wide association study failed to identify any single-nucleotide
polymorphisms associated with CLD (H. Wang et al. 2013). A polymorphism of VEG-F has
been shown to be associated with an increased risk of CLD (Fujioka et al. 2014).

1.3.5 Lung inflammation in chronic lung disease of prematurity

The inflammatory reaction within the neonatal lung is known to be a mechanism for lung injury
and a predictor of CLD. A large body of work exists towards understanding the inflammatory
mechanisms and cells that are present in the lungs of preterm infants, and the impact these
factors have in the pathogenesis of CLD. Modifying the inflammatory response has also been

suggested as a possible target for therapeutic agents to prevent CLD.

Roman encyclopaedist Celsus documented the four classic features of inflammation — redness,
swelling, heat and pain (Spencer 1936). These are now understood to be due to increased blood
flow, raised cellular metabolism, vasodilation, release of soluble mediators, extravasation of
fluid and cellular influx (Ferrero-Miliani et al. 2007). Inflammation is part of the non-specific

response to any injury to the body or to any pathogenic threat to the body.

All inflammatory processes show an initiation in response to tissue damage or invading
pathogen; a sustained response and a resolution phase, or failure of resolution resulting in

chronic inflammation.

1.3.5.1 Initiation

Neutrophils, the main effector cell of the innate immune system are seen to enter the lungs of
premature infants within the first few hours after birth. The influx of immune cells to the lungs
8
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is important as these cells produce cytokines, proteases and toxic reactive oxygen species
(Ryan, Ahmed, and Lakshminrusimha 2008). A decrease in circulating neutrophils at one hour
of age in preterm infants is associated, not only with severity of RDS, but also with the
development of CLD (Ferreira et al. 2000).

The chemotactic activity for neutrophils of tracheal aspirate fluid from infants with prolonged
respiratory distress is higher than those with resolved RDS. The study found higher
concentrations of known chemo-attractants in the CLD infants (Groneck et al. 1994). One of the
most important neutrophil chemo-attractants is interleukin 8 (1L-8) (also known as CXCL-8).
IL-8 concentration is significantly higher within the BAL fluid (S. Kotecha et al. 1995; Beeton
et al. 2011) and tracheal aspirates (Munshi et al. 1997) of preterm infants who develop CLD
compared to those infants with RDS that resolves. Within the tracheal aspirate the rise in 1L-8
concentration precedes the influx of neutrophils (Munshi et al. 1997). IL-8 levels in serum are
also predictive of death or CLD in the first few days of life with higher levels associated with
adverse outcomes (Ambalavanan et al. 2009).

IL-8 is produced from a 99 amino-acid precursor. Several active forms of 1L-8 are produced
within humans, each differing by the number of amino acids at the amino terminal. Cells of the
immune system secrete IL-872, while the longer and less potent IL-87 is secreted by non-
immune cells. Within the preterm lung the shorter isoforms predominate, despite evidence that
the longer form is found within the circulation of term infants (Maheshwari et al. 2009).
Development of CLD is associated with a larger proportion of the short isoform (Chakraborty et
al. 2014).

IL-8 levels show peaks and troughs within the BAL fluid of preterm infants. Peaks of IL-8 are
associated with the presence of the bacterial ribosomal ribonucleic acid (rRNA) gene,
suggesting a bacterial infective cause. The presence of these peaks in IL-8 concentration is

associated with later development of CLD (Beeton et al. 2011).

IL-6 is a further pro-inflammatory cytokines expressed within the lungs of preterm infants who
develop CLD. Concentrations of IL-6 in BAL fluid from intubated preterm infants are highest at
10 days of age (S. Kotecha, Wilson, et al. 1996), but also an early peak has been observed at day
3 of life in tracheal aspirate fluid (Munshi et al. 1997). The pro-inflammatory cytokines IL-1
and TNF-a are also raised within the lungs of infants who develop CLD. Pro-inflammatory
cytokines have the effect of up regulating cell adhesion molecules, to facilitate chemotaxis of
immune cells, primarily neutrophils, and act along cell signalling pathways to amplify the

response of the immune system.
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Other powerful neutrophil chemo-attractants that are raised within the lungs of preterm infants
who develop CLD include the complement anaphylatoxin C5a and the fatty acid leukotriene B4

(Groneck, Oppermann, and Speer 1993).

1.3.5.2 Cellular response

The influx of neutrophils to the neonatal lung during the initiation phase of inflammation is seen
both in those infants who develop CLD and those who do not progress to CLD. By one week of
age the neutrophil count of BAL fluid typically has fallen in infants who will recover; however,
it is persistently raised in those who will develop CLD (Ogden et al. 1984).

Neonatal neutrophils survive longer than those of adults due to reduced apoptosis. (Ryan,
Ahmed, and Lakshminrusimha 2008; S. Kotecha et al. 2003). Neutrophil cell death is mediated
via the Fas receptor (FasR). Neonatal neutrophils have reduced expression of FasR compared to
adult neutrophils (Hanna et al. 2005). This may prolong the contribution of the neutrophil to the
inflammatory process. The BAL fluid of infants who develop CLD has a reduced potential to
induce apoptosis in healthy neutrophils compared to BAL fluid from infants who do not develop
CLD (S. Kotecha et al. 2003).

Macrophages are important in regulating inflammatory responses. More macrophages are found
in the lungs of infants with RDS who do not go on to develop CLD compared to those who do
progress to CLD (S. Kotecha et al. 2003). Early preterm delivery is associated with higher
number of macrophages, but a lower proportion of macrophages displaying an anti-
inflammatory phenotype. The more mature and differentiated macrophage expressing
CD14/CD36 or CD17/HLA-DR are considered to be involved in the resolution of inflammation
and exert an anti-inflammatory effect. These cells are present in higher proportions in infants
who do not have CLD compared to those that develop CLD (Prince et al. 2014). Macrophages
activity in regulating and resolving inflammation in the preterm lung is impaired in those with
CLD.

Lymphocytes are the primary cells of the adaptive immune system. Activation of lymphocytes
is typically associated with chronic inflammation. In CLD ongoing inflammation is witnessed
within the lung; however, an influx of lymphocytes is not typically seen. Evidence suggest that
lymphocytes may have a role to play in the pathogenesis of CLD. Two studies have performed
serial analysis of lymphocyte subpopulations in serum from preterm infants. Ballabh et al
identified a significantly lower level of total lymphocytes throughout the first two weeks of life
in infants who went on to have CLD compared to those who did not (Ballabh et al. 2003). Both
studies identified a role for activated T-cells. CD62L is expressed by immature inactive T cells
(Smalley and Ley 2005). CD54 is as adhesion molecule expressed on activation (Picker and
Butcher 1992). Ballabh et al showed decreased expression of CD62L on CD4 cells in infants

10
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who went on to have CLD (Ballabh et al. 2003). Turunen et al showed increased CD54
expression on CD4 and CD8 cells from infants who went on to have CLD (Turunen et al. 2009).
Both studies suggesting greater activation of lymphocytes is associated with an increased risk of
CLD.

1.3.5.3 Resolution of inflammation

Inflammatory responses usually undergo a phase of resolution when repair to tissue damaged
during the period of inflammation occurs. Tight control is needed during the repair phase as an
excessive remodelling can lead to fibrosis (Magnan et al. 1996). Many studies report an
association between growth factors and developing CLD. The transforming growth factor
(TGF) family is most studied. TGF-B is involved in regulating the branching seen in the
embryonic, pseudo-glandular and canalicular phases of lung development (Bartram and Speer
2004).

TGF-B is present at significantly higher concentrations in the bronchoalveolar lavage and
tracheal aspirate fluid of infants who develop CLD compared to those with RDS (S. Kotecha,
Wangoo, et al. 1996; Jonsson et al. 2000). Levels peak in the third week of life (Lecart et al.
2000). TGF-B may influence the pathogenesis of CLD during the inflammatory repair phase in
several ways. In mice, increased TFG-B1 expression within the lung leads to macrophage and
monocyte infiltration (Sureshbabu et al. 2015). Macrophages are known to have an important
role in wound healing. Lymphocyte inflammatory responses are reduced by TGF-B (Rook et al.
1986; Kehrl et al. 1986) and an excess of TGF-$ known to result in severe pulmonary fibrosis
(Sime et al. 1998). In a mouse model of CLD inducing TGF-f expression led to apoptotic cell
death in type 2 pneumocytes, impaired alveolarisation and was associated with increased
mortality (Sureshbabu et al. 2015).

Vascular endothelial growth factor (VEGF), involved in promoting angiogenesis within the
developing lung, has also been implicated in developing CLD. The vascularisation of the lung is
now recognised as an important part of CLD development, when previously CLD was
considered a disease of the airways and lung parenchyma. Inhibiting angiogenesis is associated
with impaired alveolarisation in an animal model (Jakkula et al. 2000). The role of VEGF in
CLD was first suspected following the finding that VEGF secretion is decreased by neonatal
hypoxia (Maniscalco et al. 1997). VEGF treatment has been shown to improve lung structure in
animal models of CLD (Kunig et al. 2005). Evidence in humans suggests that infants who die
from CLD have significantly lower levels of VEGF expression in lung tissue compared to
infants who die from non-respiratory causes (Bhatt et al. 2001). More recently cord blood levels
of a further angiogenic growth factor, placental growth factor, were shown to be associated with
CLD, but VEGF levels in cord blood not related to developing CLD (Yang et al. 2015). Many

11
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other growth factors affecting angiogenesis within the lungs have been implicated in developing
CLD (De Paepe et al. 2008; Bhatt et al. 2001).

Pulmonary growth factors have also been suggested to play a role in the pathogenesis of CLD
including connective tissue growth factor, keratinocyte growth factors and hepatocyte growth
factors (Speer 2003).

1.3.6 Summary

Understanding CLD remains an important area for neonatal research. The multifactorial nature
of the condition requires a holistic approach to management and prevention. CLD has short- and
long-term implications for preterm infants affecting quality of life and life expectancy. The pro-
inflammatory reaction occurring in the lungs of intubated preterm infants is crucial in the
development of CLD.

12
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1.4 The microbiome

1.4.1 Introduction

The microbiome refers to all the microorganisms, specifically their genomes, and the organisms
interactions with the particular context or environment inhabited (Marchesi and Ravel 2015).
The term was first used to encompass all pathogenic and commensal organisms existing on a
human host including all bacteria, fungi and viruses (Lederberg and McCray 2001). The term
microbiota is now used to specifically refer to the organisms themselves (Marchesi and Ravel
2015). The extent of the variety in the composition of the microbiota between individuals and
between anatomical sites has been realised since the introduction of culture independent
techniques (The Human Microbiome Project Consortium 2012; Costello et al. 2009). The
reason for this variety is not understood; however genetic, environmental and geographic factors

are all likely to contribute.

1.4.2 Taxonomic classification

All life, including bacteria, can be classified taxonomically from kingdom to species level. An
example of taxonomic classification of the bacterial species Escherichia Coli is shown below in
Table 1-2.

Table 1-2: Taxonomic classification of Escherichia Coli

Taxonomic Rank Classification
Kingdom Bacteria

Phylum Proteobacteria

Class Gammaproteobacteria
Order Enterobacteriales
Family Enterobacteriaceae
Genus Escherichia

Species Coli

1.4.3 The 16S ribosome

The ribosome is the site of protein synthesis found in all cells. Ribosomal components are

measured and identified in Svedberg units (S), based on rate of sedimentation during
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centrifugation. The ribosome of the prokaryotic cell is 70S and made up of a large 50S and
small 30S subunit. The small unit is further divided containing the 16S subunit. The typical
bacterial 16S rRNA gene contains around 1500 nucleotides (Amann, Ludwig, and Schleifer
1995). The gene is divided into 9 hypervariable regions (V1-V9) which demonstrate differences
between bacterial species and genera, flanked by conserved regions which are nearly identical in
all bacterial species (Chakravorty et al. 2007). Figure 1-2 below demonstrates the secondary

structure of the 16S ribosomal RNA following transcription.

"
1090 l‘L‘ CU
G
g ¢ 110
U-6 130
720 wso U f ““”GCAAC 1120
700 (U’“'A‘ 1o cCg, Yo cAAfu ACGAGC CCUUA UCCUUUG u‘cc CGGUC
AA 4 AUC G GAA &
?‘ WS AucUGGAGEAAY" GG CA Y%uuc uccucg cacccu AGGAAAG AxGG GCCGE
UG CG UGGACCUUAAGAy, . oG cae? 1070 c 1140
0 e0-6-¢ 0 190 6 & y -
-3 G, g% g e
g ¢ & -8 (3
8- g 2 1030 1060-U — A %
S:y Q& & g8 o e %
&5 4 V6 glcc G - Ug P
u ? e ° G - aU 1170
P A i 1020 é: AU~ A
U- Ay A 0 S .U
c-G oty & GAUGAGAAU CCG"“ u-g
Uu-A
630 V4 G- €750 gc -y %AcuuuucAAc‘,‘ g ¢
- AU ¢ 9-¢
l2—'0 G c 1010 A (ﬂ ﬁ 1020
AACCUGGGH ucuucumﬁucccuc A g-a 1000 ».
620 . 770 840 p
Cyca g-g o0 Y B 46—
Uceaseeg GUGUACACUGA uucuuucacc B L R ccC 'y %1‘:’8 A
A 500 590 G U 9 A o0 g ¢
A & 4 vs o 8 i 5
610 chA ‘A u"c‘Fcn AEU0E G120
b G - 6 A G S
3 V.: i c° = . § 1260, ¥ :ﬁ
AUAG 470 A hice acuuc® . Frow o & ¢
A A% A 970, & Manl"G - Cy AN B 1270
(' u V3 £ S UG e g CAGCUGA b o f F o0 B ﬁ 1250 P Pl
Ca, 520 G — Cg 530 s’ G o 8% G Acct® g 8 1m0 e §
,“G pe 2 13 > yGo gu“' A 570 “cc S of 9504l - G ,{'A fel® V8
cAU c A A
Ay % . ol & GG Geeee e § o - 280
A
G & 8-¢ seoy e puGGH* 900 g “A&.Mucca cc‘ﬁ
G c-¢ A A AA G . 290
Ang o0 510 €8 A A s a0l &
450 % U-A G 5 G
GG, CGCA lc;"“c i i UGAAuucAcchcccccc ACAAC c"‘a 140 ;J
Cc. Gy GGC G ) ccG Acu 920,
-6 A cu Qucuu:ccoméc cu 1300
oo - 1 P ot
€ A 1350
ccccuu Acul«c o Ko ® ﬁm 1400 1510 A% )
chccc GuAuc ucécc Gucc S té l:? unccaulu:c ‘k 1310
420 A 400 u
w,c'M R ¢ O‘;CG A 8 guucaccucnm
40
JAGCCUG AUGCAG CCGG s g % g 0, E l%
Scoooy acqu ey, Ai :e s ca?
380 b A A-50 1410 B s
g & Vi |
U A 0 ¥ 5 E
g C{ - u cnccucuocu Eg B
C 60 il u
50 A AGUCUUUCUUCG” A
G 20.cAC — Ca c % L %
§oange P o v 4 s RG: 1,301-1,542
ccuC «c® 100 1420 1480 RS: 1,051-1,300
s’ K ¢ : R4: 751-1,050
”\‘G <OAC. X R3:501-750
SO0\ e F~10 R2:251-500
& oS A o N
a A AL(:””C § R1:1-250
G,
B~ G Caac® GAG 1430 L1470
Gouce U A
A 00 g A !
i B vo
B e ¢
XY o | g 1440 40 -
G & c A 1460
& ¢ 58
m_ L ok &.5 .
4 250 ) av-
cqu & 2308 eu 130 Ag EA
ey 4 o | 1450
€ g - Uy &
L g-
c
N & B
c AU
© GAGGGGG Acu;\cucn 160

A
ucc"sccc AG cocc cGaucGeat

200 [‘\AMAAU
\f
K

190 M:‘g

210 cccc ceucud

Figure 1-2: Secondary Structure of the 16S rRNA of E. coli demonstrating the 9
hypervariable regions (bold typeface) (Yarza et al. 2014)

The availability of polymerase chain reaction (PCR) technology has provided the ability to
study bacterial communities not previously possible. Earlier work relied on culture-based

methodology. These techniques were designed to identify individual pathogens rather than
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bacterial communities. Uncultivatable and slow growing species are difficult to culture in vitro.
Estimates of bacterial populations using culture-based techniques inevitably fail to detect
uncultivatable organisms despite using multiple types of growth media to maximise the number
of species identifiable. An estimated 60-80% of bacteria many not be detected by culture based
techniques (Suau et al. 1999). PCR technology amplifying the 16S rRNA gene from all the

bacteria present allow identification of all bacteria present in a sample.

Early attempts to establish a system for bacterial identification and classification based on gene
sequencing used the 5S RNA molecule (Stahl et al. 1984). The ribosomal gene was initially
targeted as the ribosome is an integral component of the prokaryotic cell, making it a good
candidate to be well preserved throughout the phylogenic tree (Olsen and Woese 1993). The
slow rate of change over time allows comparison of distantly related species (Woese and Fox
1977). Evolutionary theory states that all bacteria evolved from a common ancestor. 16S rRNA
gene analysis shows evidence for this with the difference in sequences used to infer branching
to form new species. The branches resulting from this interpretation do not correspond with the
understanding of related organisms from phenotypic appearances that was previously used. The
16S rRNA gene has been shown to be representative of bacterial phylogeny using many
bacterial genes (Snel, Bork, and Huynen 1999).

1.4.4 DNA sequencing

Sanger et al published a method of sequencing DNA in 1977 using chain terminating dideoxy
nucleotides (Sanger, Nicklen, and Coulson 1977). Sanger sequencing, as it came to be known,
was the gold standard for DNA sequencing for many years (McGinn and Gut 2013).
Incorporating a dideoxy nucleotide during a PCR reaction prevents further elongation of the
DNA strand. Using gel electrophoresis or capillary separation DNA is separated by fragment
length. Sequences are revealed by labelling the terminating nucleotide radioactively or with

fluorescence.

Next generation sequencing (NGS) refers to a number of technologies building on Sanger
sequencing (Rothberg et al. 2011; Shendure et al. 2005; Ronaghi, Uhlén, and Nyrén 1998). NGS
allows the up scaling of sequencing with reduced time scales of sample processing and high
throughput. The sequencing-by-synthesis approach is most widely used gathering sequence data
in real time during a PCR amplification. Chain terminating fluorescent bases are incorporated to
the strand of DNA and the fluorescent signal generated. A restoration step removed the
fluorescent tag and allows further extension to the DNA strand (Muzzey, Evans, and Lieber
2015). Figure 1-3 below demonstrates the steps involved in both Sanger and sequencing-by

amplification sequencing methods.
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Figure 1-3: Sequencing using Sanger and NGS methods.

In both methodologies, a polymerase copies template molecules by incorporating nucleotides
from a pool, that is, either partially (Sanger) or entirely (NGS) composed of dyed and
unextendible bases. Extension, arrangement, and detection are shared steps in both protocols
but occur in different order, with NGS alone having a restoration step that converts bases to
the undyed and extendable form (Muzzey, Evans, and Lieber 2015).
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1.4.5 Sequencing the 16S rRNA gene

16S rRNA gene sequence data is often expressed in terms of operational taxonomic units (OTU)
when assessing bacterial communities. A single OTU is a species or group of species defined by
DNA sequence data. The 16S rRNA gene is usually sequenced using a single pass resulting in
the possibility of at least one sequencing error. Defining organisms as different at a threshold of
100% identical sequences will result in virtually clonal genomes being classified as different
organisms (Morgan and Huttenhower 2012). Given this, the definition of difference between
sequences to classify differing species is usually arbitrarily set between 1-3% (Pei et al. 2010;
Stackebrandt and Ebers 2006).

Using the 16S rRNA gene for species analysis and identification of bacterial communities has a
number of weaknesses. It is relatively common for organisms within a single species to have
16S rRNA gene sequences that differ by greater than 1% (Pei et al. 2010) possibly leading to an
overestimation of diversity within a community if the threshold of difference is set at 1%.
Chimeric sequences form as a hybrid of 16S rRNA genes from different species within a
sample. This can lead to overestimation of species diversity if chimeric sequences are
recognised as a unique organism despite attempt to identify and remove chimeric sequences
during bioinformatic data processing (Haas et al. 2011). Copy number of the 16S rRNA gene is
known to show wide variation between 1-15 copies per organism (Klappenbach et al. 2001). At
genera and family level, the copy number variability is very wide; however, within species the

copy number is largely conserved (Vétrovsky and Baldrian 2013).

Other target genes have been used to overcome these weaknesses. Housekeeping genes with a
single copy number such as RNA polymerase and amino-acylsynthetase, in theory overcome the
issue of multiple copy number (Santos and Ochman 2004). The rpoB gene has been
demonstrated to give equal or improved phylogenic resolution than the 16S gene (Case et al.
2007). The 16S rRNA gene remains the most commonly used molecular marker for OTU

identification due to the large body of work and in-depth sequence data existing for this gene.

1.4.6 Microbiota identification workflow

Studies to identify the microbiota from any environment using sequencing of the 16S rRNA
gene follow a similar workflow summarised in Figure 1-4 below. Once the study has been
designed to answer the research question samples are collected from the appropriate site. DNA
extraction from the sample is then performed. Amplification of the bacterial 16S rRNA gene is
then performed using PCR and the amplicon purified. Sequencing of the amplicon is then
undertaken. Data processing is required to exclude poor quality and erroneous reads from the
data set before OTUs can be formed. Statistical tests and graphical representation of the results

can then be performed.
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Figure 1-4: General workflow of a microbiome study, from design to data analysis. This
schematic is specific for target gene sequencing-based studies (e.g. 16S rRNA gene) (Aho et
al. 2015).
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1.4.7 Microbiome statistical analysis

Comparing bacterial communities between samples or between environments requires statistical
measures to define groups. The methodology utilised by ecologists studying diversity of macro-
organisms within environments has been widely applied to microbiological data (Hughes et al.
2001). Diversity refers to the number of species of bacteria within a sample. This is normally
expressed in terms of richness and evenness. The richness of a samples measures or estimates
the number of different species present. Evenness considers the relative abundance of species
identified.

Diversity can also be compared within a single population, referred to as alpha diversity, or as a
similarity score between populations, referred to as beta-diversity. The most commonly used
mathematical measures of a-diversity are the Shannon Diversity Index and the Simpson
Diversity Index.

The Shannon diversity index was first proposed in 1948 to quantify the uncertainty in predicting
the next letter in a string of text, with more letters available there is greater uncertainty
(Shannon 1948). Applying this index to microbiology results in quantifying the uncertainty of
identification of an individual sequence taken at random from the dataset. It is expressed
mathematically with p; as the proportion of organisms belonging to the ith species in the dataset

as:
R

H = - ZPs In p;
i—1

The Simpson diversity index was devised for use in ecology also attempting to mathematically
guantify diversity of species within a sample by quantifying the chance that 2 organisms picked
at random will be of the same species (Simpson 1949). Mathematically it is calculated by the
following formula, where pi is the proportion of organisms belonging to the jth species in the

dataset.

This equation gives a larger result for less diverse samples and a smaller value in the more
diverse samples. Due to this counterintuitive result the inverse of the Simpson index is often
used (1/1). Simpson’s Index is sensitive to the abundance of more plentiful species in a sample,

and has been regarded as a measure of "dominance concentration™ (Hill 1973).
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The Chaol index is an estimate of richness based on the assumption that some species have not
been identified in each sample (Chao 1984). The index uses the number of organisms counted
only once or twice within the sample to estimate the total number of different organisms found
in the sampled niche. This index is useful as a measure of richness as it can be used on non-
parametric data and on samples dominated by a single organism where important biodiversity
exists with the rarely occurring species. The formula for calculation of the Chaol index is
below, where Sqps = number of species observed in the samples, n=number of samples being
considered, F1= number of singletons and F,= number of species with two observed individuals

in the sample:

éf'm.m =S, + n-] Ir;_
h n |2F,

The Bray-Curtis dissimilarity index is most commonly used to define B-diversity (Bray and

Curtis 1957).
Si+8—2Cy
8;+5;
Where S; and S; are the number of species in populations i and j, and Cj; is the total number of

species at the location with the fewest species. Beta diversity indices are often displayed as
ordination plots with samples with more similar bacterial communities plotting close together

and those more dissimilar further apart.

Alternative methods to the use of OTUs in microbiome analysis are to use a phylogenetic
approach. Phylogenetic analysis quantifies diversity in terms of the total breadth or depth of the
phylogenetic tree contained within a microbiome, allowing a series of highly related 16S rRNA
gene sequences, which may be treated as a single OTU, to be considered as spanning a short

evolutionary distance (Morgan and Huttenhower 2012).

1.4.8 Microbiome and disease

Dysbiosis is defined as an imbalance in the microbes present in a particular niche due to a
change in conditions predisposing to disease (Rogers et al. 2015). The most studied and
understood human microbiome is that of the gut due to ease of sampling from stool samples.
The composition of the gut microflora is also susceptible to change in response to a change in
diet (Walker et al. 2011) and shows considerable differences across geographical regions
(Yatsunenko et al. 2012). The gut microbiome has been shown to be disordered in terms of
species diversity and relative abundance in many disease states including inflammatory bowel
disease (Cenit et al. 2014), obesity (Moran and Shanahan 2014) and conditions such as
rheumatoid arthritis and mental health conditions (J. Kelly et al. 2016) which affect sites

anatomically distant from the gut.
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Some authors now argue that the concept of dysbiosis is flawed. Dysbiosis implies a causality
between the observed difference in the microbiota and the disease state, without evidence that
the difference is not due to reverse causality or confounding. Reduced diversity of the
microbiome is the most commonly sited example of dysbioisis, but this is not necessarily bad.
For the term dysbiosis to be useful, differences in the microbiota need to be shown to predict or
improve disease. (Olesen and Alm 2016; Shanahan and Hill 2019).

The microbiota-gut-brain axis theory suggests organisms within the gut can influence the host
by host absorption of metabolites, a phenomenon first documented by Heijtz et al (Heijtz et al.
2011). Evidence exists for other similar axes affecting other body systems including the
microbiota-gut-lungs axis and microbiota-gut-liver axis (Marsland, Trompette, and Gollwitzer
2015; Young, Hopkins, and Marsland 2016).

Short chain fatty acids (SCFA) are have been studied as metabolites potentially acting as
mediators of a microbiota effect on distant body systems. SCFA are produced during microbial
fermentation of polysaccharides indigestible by the host. SCFA have local effects to improve
intestinal epithelial barrier integrity (Peng et al. 2007) and can affect the immune response by
influencing T-cell cytokine production (Bird et al. 1998) and neutrophil chemotaxis and
function (Vinolo, Hatanaka, et al. 2009; Vinolo, Rodrigues, et al. 2009) but may have a

systemic role in influencing host metabolism to affect disease states (T. Chen et al. 2019).

Correcting a dysbiosis or manipulating the microbiota for a beneficial clinical effect is a
therapeutic strategy currently being investigated for many conditions. Faecal microbiota
transplantation has become a common rescue therapy for Clostridium Difficile infection (Staley
et al. 2019). Microbiota differences associated with disease states may reflect the underlying
different physiological and pathological processes at work, rather than suggesting a causal role
for the bacteria. The clinical changes witnessed as a result faecal microbiota transplantation
suggests that the microorganisms may be directly affecting the disease rather than responding to

a different environment.

1.4.9 The human gut microbiota in preterm infants

The healthy adult gut microbiome is known to contain a diverse and variable number of
bacterial species. Within neonatal literature all studies published use stool samples or rectal
swabs to study the gut microbiome, therefore only the distal microbiota has been analysed.
Culture independent studies of healthy term infants have shown that species of the
Actinobacteria phylum, mainly Bifidobacterium, dominate the stool microbiome from 1 week of
age (Barrett et al. 2013).

Many factors have been shown to influence the pattern of neonatal gut microorganism

colonisation. Infants born by elective caesarean section have stool colonisation with organisms
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found on maternal skin compared to vaginally delivered infants (Dominguez-Bello et al. 2010;
Adlerberth et al. 2006). Further studies show a delay in colonisation with E. coli and
Bacteroides (Adlerberth et al. 2006) and lower levels of Bifidobacterium species in infants born
by caesarean section (Biasucci et al. 2010). Differences in the stool microbiota between infants
born by caesarean section and those born vaginally can be seen even at 12 months of age, with
lower levels of Bacteroides in the caesarean group (Adlerberth et al. 2007). However a more
recent study showed that by 6 weeks of age the bacterial communities in stool samples have
expanded and increased in complexity since birth, but there is no significant effect of mode of
delivery (D. M. Chu et al. 2017). A systematic review conducted due to such conflicting results
identified a significant role for mode of delivery over shaping gut colonisation of infants up to
six months of age (Rutayisire et al. 2016).

C. difficile, Bacteroides, Enterococci, Enterobacteriaceae, and Enterobacter are more common
in bottle-fed infants, while Staphylococci and Bifidobacterium are more numerous in breastfed
infants, however results are not consistent between studies (Adlerberth and Wold 2009;
Westerbeek et al. 2006; John Penders et al. 2006). Antibiotic exposure in the perinatal period in
term infants results in slower Bifidobacterium colonisation and an overgrowth of Enterococci.
Difference in stool colonisation between antibiotic free and antibiotic exposed infants were still
detectable at one month of age (Tanaka et al. 2009). Marked difference have been observed
between the colonisation patterns in different geographical areas. Sanitary conditions may
explain why infants born in the developing world have a higher number of species and a faster

rate of turnover of species than those from developed nations (Adlerberth et al. 1998).

Accurate determination of the source of organisms colonising the neonatal gut requires
identification of an individual strain both in the neonatal stool and in the source. E. coli strains
in infant stools have been traced to originate from the maternal gut microbiota (up to 50% of
strains), other infants on the same ward, staff caring for infants and environmental sources
(Fryklund et al. 1992; Bettelheim and Lennox-King 1976; Adlerberth et al. 1998). Lactobacilli
and Group B streptococci strains within neonatal stools have both been matched to those within
the maternal vaginal microbiota, suggesting this site as the likely source (Tsolia et al. 2003;
Matsumiya et al. 2002). Parental skin is the likely source of Staphylococcus aureus in over 90%
of infants (Lindberg et al. 2004).

1.49.1 Acquisition of the preterm gut microbiota

Across many studies, preterm infants show lower levels of colonisation with Bifidobacterium
species than term infants (Jacquot et al. 2011; John Penders et al. 2006; Barrett et al. 2013).
Lactobacilli colonisation is also delayed, with lower levels persisting at 30 days of age (M. Hall
et al. 1990). By one week of age Proteobacteria and Firmicutes predominate (Barrett et al.

2013). Potential pathogens such as E. coli and Clostridia are more commonly detected in
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preterm than term infants (Adlerberth and Wold 2009). Diversity of species within the bowel of
preterm infants is reduced compared to that of term infants with delivery by caesarean section

also associated with reduced diversity (Jacquot et al. 2011).

1.4.9.2 Necrotising enterocolitis

Necrotising enterocolitis (NEC) is a devastating bowel disease affecting preterm infants
associated with immune dysregulation, enteral feeding and a dysbiosis of gut communities (C. J.
Stewart et al. 2013). Many studies have attempted to identify a causative organism or microbial
signature to guide treatment prior to the onset of clinical symptoms.

One study noted a sudden increase in Proteobacteria and a decrease in Firmicutes one week
prior to NEC onset, not seen in healthy controls (Mai et al. 2011). The Proteobacteria family
have also been implicated in NEC being detected in high numbers in excised inflamed bowel
samples (B. Smith et al. 2011) and over represented in the stools of NEC patients compared to
controls (Yunwei Wang et al. 2009). E. coli, within the Proteobacteria phylum, has specifically
been implicated in one study, with a significant increase in numbers prior to the diagnosis being
made (Jenke et al. 2013). Two distinct patterns of dysbiosis were suggested by one further
study. All infants who went on to suffer with NEC displayed a lack of Proprionibacterium and
had either an early (day 4-9 of life) overgrowth of Firmicutes, or late (day 10-16) overgrowth of
Proteobacteria, with 25% of controls displaying this trend (A. Morrow et al. 2013).

The evidence across many studies suggests a dominant organism and reduced species diversity
as predictive for later NEC, with organisms of the Proteobacteria phylum frequently implicated.
It is not clear that the change in microbiota is causative for NEC as it may reflect a change in the

milieu of the bowel secondary to a causative influence.

1.4.10 Summary

The human body is host to many communities of microorganisms. The gut microbiome is the
most studied and links between colonisation patterns and disease have been demonstrated.
Preterm infants differ in the gut colonisation compared to healthy term infants, with a wide
range of environmental exposure differences between the two groups probably explaining this.
The example of NEC demonstrates that the microbiome can influence the health of preterm

infants.

1.5 The respiratory microbiome

1.5.1 Introduction

Traditional culture-based methods led to the belief that the lungs were a sterile environment,
with no colonisation by microorganisms; the presence of detectable bacteria indicating a disease

state (Thorpe et al. 1987). Culture-based techniques failed to identify the low level carriage of
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bacteria that is now known to inhabit the airways and lungs of healthy individuals. The

introduction of molecular PCR based techniques has revolutionised this thinking (Beck, Young,
and Huffnagle 2012). It is now understood that a wide variety of microorganisms live within the
lungs of healthy individuals and those with pulmonary disease. This community is referred to as

the microbiota of the lung.

1.5.2 Healthy adult respiratory microbiota

Several studies have attempted to characterise the microbiome of healthy adult lungs. The most
commonly occurring phyla detected are Bacteroides and Firmicutes making up around 80% of

organisms and a smaller proportion of Proteobacteria (Erb-Downward et al. 2011; Morris et al.
2013). These phyla dominate most sites in the human host.

The lung microbiome is characterised by a relatively lower level of Actinobacteria compared to
the upper respiratory tract. Genera predominating in the lungs of healthy adults are Prevotella,
Veillonella, Streptococcus and Pseudomonas (Dickson, Erb-Downward, and Huffnagle 2013).
Comparing bacterial load between the upper and lower respiratory tract has demonstrated a 2 to
4 log1o lower biomass in the lungs (Charlson et al. 2011).

The composition of the gut microbiome has shown wide geographic variation (Yatsunenko et al.
2012), however this has not yet been sufficiently studied with regard to the lung. There is
evidence from sputum samples of Cystic Fibrosis (CF) patients of a difference between

organisms observed in patients from the USA and UK (Stressmann et al. 2011).

The lung microbiome in adults and older children has been studied mainly using the technique
of bronchoscopic bronchoalveolar lavage (J. K. Harris et al. 2007; Hogan et al. 2016; Twigg et
al. 2013; Marsh et al. 2016). This involves inserting a fibre-optic endoscope through the nose or
mouth to access the lower airways and suctioning out instilled saline to wash out the alveoli (de
Blic et al. 2000). Sputum sample analysis and bronchial brushing are alternatives (Schmidlin et
al. 2015; Hogan et al. 2016; J. Zhao et al. 2012). All methods of collecting samples from the
lower airways for microbiome analysis are potentially compromised by contamination by upper
airway organisms. To overcome this, studies have been performed on surgically excised lung
tissue (Erb-Downward et al. 2011; Goddard et al. 2012). The presence of the same organisms
from explanted lung tissue as from BAL samples suggests that the BAL samples accurately
reflect the organisms present in the lung (Erb-Downward et al. 2011). Such studies also indicate
that the lung microbiome is similar in composition but distinct in relative abundance of
organisms compared to that of the upper airways (Dickson, Erb-Downward, and Huffhagle
2013).

Probably the most comprehensive study of the healthy human respiratory microbiota was

performed by Dickson et al. Careful use of controls, close attention to preventing contamination
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and sequential sampling from different level of the respiratory tract of 8 healthy individuals
provided in depth data on the colonisation at different sites. This study demonstrated that
bronchoscopic BAL samples do reflect respiratory colonisation in healthy individuals, rather
than contamination. It also provided evidence of micro-aspiration being the primary source of
the respiratory microbiota, due to the similarity between the mouth and the carina being greater
than the mouth and proximal trachea. Gravity resulting in aspirated saliva more likely to be

contributing to the carina colonisation in an upright individual (Dickson et al. 2017).

Microbiome analysis from different niches of skin and different areas of the gut shows marked
variability between anatomical sites of both organs (Grice and Segre 2011; Zhigang Zhang et al.
2014). BAL in infants usually is aimed at sampling the right lower lobe (de Blic et al. 2000;
Grigg, Arnon, and Silverman 1992); and in adults often the right middle lobe in research studies
with the lobe sampled in clinically indicated BAL guided by radiological evidence and clinical
features (Du Rand et al. 2013). Samples taken from multiple sites within explanted lungs of
chronic obstructive pulmonary disease (COPD) patients showed significant difference between
bacterial communities identified within the same lung (Erb-Downward et al. 2011). In contrast,
Charlson et al demonstrated very similar bacterial communities within different lobes of the
lung, all with marked similarity to the oral microbiome (Charlson et al. 2011). Pulmonary
tuberculosis is well known to have a predilection for upper lobe involvement (Goodwin 1983).
Bacterial communities within different lobes of the lungs may be isolated from each other.
Using 10 pairs of explanted lungs from cystic fibrosis patients undergoing lung transplant, the
dominant organism, Pseudomonas aeruginosa, displayed different antibiotic resistance patterns
between lobes of the same lung (Jorth et al. 2015). Analysis of the organism’s genomes showed
a difference in single nucleotide polymorphims between colonies in different lobes. This
suggests that over time, within a cystic fibrosis affected lung, the Pseudomonas aeruginosa
colonising the lungs evolves independently in different lobes of lungs, evidence of little mixing
of bacteria between lobes of the lung. BAL samples from infants may therefore not be
representative of communities beyond the right lower lobe if bacterial communities in the lung

are specific to each lobe.

The lung microbiome of healthy term infants has not been studied due to the inaccessibility of
the lungs and the ethical issues involved in taking invasive samples from well infants (Warner
and Hamvas 2015).

1.5.3 Source of the respiratory microbiota

In healthy adult subjects who underwent microbiome analysis from the oral cavity, nasal cavity,
lungs and stomach, the lung microbiome was found to be more closely associated with the
microbiome of the oral cavity than other sites (Bassis et al. 2015). Micro-aspiration of saliva
into the airway is known to occur during sleep in healthy individuals of volumes likely to
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contain physiologically significant numbers of bacteria (Gleeson, Eggli, and Maxwell 1997).
This would suggest that the lower airways could be colonised from bacteria inhabiting the
oropharynx. A study of 78 children (mean age 2.2 years) including children with healthy lungs
and those with chronic suppurative lung disease concluded that the microbiota detected by
bronchoalveolar lavage contained components of both the nasopharyngeal microbiota and the
oral microbiota (Marsh et al. 2016).

Evidence from cystic fibrosis patients followed up until 21 months of age, suggested that
species colonising the airway (oropharyngeal samples) are first present in the stool (Madan et al.
2012). This suggests that the airway microbiota may be established from that of the gut, the so-
called gut-lung axis.

Three factors determine the organisms present within the lower airways. Microbial immigration
into the airways, elimination from the airways and the reproduction rates of the organisms in the
airways (Huffnagle, Dickson, and Lukacs 2017). A dysbiotic change in the lungs is a result of a
change in one of these factors.

1.5.4 Comparison of upper and lower airways microbiota

The easy accessibility of the upper respiratory tract has led to a greater understanding of the
organisms commonly found in the upper respiratory tract than in the lungs. The nasal cavity,
nasopharynx, oropharynx and oral cavity may all the classed as the upper respiratory tract, so
care is needed when comparing studies especially as several studies have shown differences
between these sites (Stearns et al. 2015; Marsh et al. 2016; Dominguez-Bello et al. 2010).

Some studies have used results from throat samples or nasopharyngeal samples as a proxy for
lung bacterial communities (Cox et al. 2010). However, the upper airways may not have similar
bacterial colonisation patterns to the lungs. A study of 10 CF patients undergoing lung
transplantation analysed throat swabs, sputum samples and lung explant tissue for the bacterial
communities using molecular methods. The throat swabs poorly reflect the microbiota of the
lungs. Throat specimens demonstrate higher levels of microbial diversity than lung samples
obtained just a few hours later and the predominant species in the throat swabs does not match
that identified in the explanted lungs (Goddard et al. 2012).

The nasal cavity, specifically the middle meatus, of healthy adults was positive for bacterial
colonisation in all 28 patients swabbed in one study. The most prevalent and abundant
organisms present were Staphylococcus aureus, Staphylococcus epidermidis and
Propionibacterium acnes (Ramakrishnan et al. 2013). In Chinese undergraduate students the
nasopharyngeal microbiota was dominated by Corynebacterium, Dolosigranulum, and
Staphylococcus (Ling et al. 2013). The nasopharyngeal microbiota is known to change over

time. Parents and children within the same family showed marked difference in bacterial load
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and species diversity, with children having less diversity but three times larger bacterial load
than the adults (Stearns et al. 2015).

1.5.5 Respiratory microbiome influence over pulmonary health

The lung microbiome in several pulmonary disease states has been analysed. Research to date
has focused on adult and paediatric chronic lung diseases. Mouse models have also been used to
demonstrate the role of the microbiota in the lungs. Mice raised to be bacteria free have smaller
lungs and a reduced number of mature alveoli than bacteria exposed mice, with alveolarisation
returning to normal following exposure to Lactobacillus species (Wostmann 1981; Yun et al.
2014). Exposure to microorganisms may therefore play a role in morphological lung
development.

1.5.5.1 Cystic fibrosis

CF is the most common lethal genetically inherited disease in the Western world (O’Sullivan
and Freedman 2009). Studies in CF have revealed a much greater diversity in the array of
species identified than had previously been appreciated and identified possible pathogenic
organisms that could be responsible for exacerbations previously undetected by culture-based

methods.

Longitudinal studies have demonstrated reduced microbial diversity with increasing age and
worsening lung function (Cox et al. 2010; Coburn et al. 2015; Paganin et al. 2015; Zemanick et
al. 2017). In a further decade long study, diversity was maintained in those with less severe
disease progression, compared to those who deteriorated (J. Zhao et al. 2012). An Italian study
comparing the microbiome between individuals with a recent decline in lung function compared
to stable individuals showed significant difference between the two groups. The stable patients
showed a more interconnected community than those with a decline in lung function possibly
suggesting a higher resilience of communities within the lung of stable patients (Bacci et al.
2016). It is not clear from these studies if the microbiome is influencing the disease course or a

sign of the changing habitat within the lung as the disease progresses.

1.5.5.2 Chronic obstructive pulmonary disease
COPD is characterised by progressive fixed airway obstruction with frequent exacerbations.

Cigarette smoking is strongly associate with COPD. There is evidence that smoking affects the
composition of the microbiome in anatomical sites distant from the airways (Biedermann et al.
2014; Brotman et al. 2014). The lungs of healthy smokers contain less species diversity than
non-smokers (Erb-Downward et al. 2011). It has been suggested that community dysbiosis
could provoke the inflammatory response that is characteristic of COPD (Erb-Downward et al.
2011).
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Viral infection is well established as a cause for exacerbations of COPD (Dickson, Martinez,
and Huffnagle 2014). Culture independent studies have shown changes within the composition
of the microbiome during an exacerbation (Dickson, Martinez, and Huffhagle 2014; Jubinville
et al. 2018). Introduction of new strains of bacteria, rather than new species, have been

implicated in causing exacerbations (Sze, Hogg, and Sin 2014).

1553 Asthma

Members of the Proteobacterium phylum (including Haemophilus and Moraxella species) are
over represented in the airways of asthmatics in both children and adults, compared to controls
(Hilty et al. 2010). In this study, all asthmatics were on inhaled corticosteroids which could
have influenced the result.

Evidence also suggests that the microbiome has increased diversity in the airways of poorly
controlled asthmatics compared to controls. The diversity positively correlates with degree of
bronchial hyper-responsiveness (Huang et al. 2011). This could explain why asthmatic control
appears to improve following macrolide antibiotics. This evidence indicates a role of host-

microbe interaction in the pathogenesis and disease process of asthma.

1.5.6 Respiratory microbiota in new-born infants

1.5.6.1 Antenatal colonisation

Tissier concluded infant stool colonisation was via breast milk (Tissier 1900). Following this
the amniotic sac was thought to be a sterile environment. The introduction of molecular based
technologies has led some to question the sterility of the in-utero environment (Wassenaar and
Panigrahi 2014). Amniotic fluid is continuous with fluid in the lungs of the foetus in-utero.
Detection of bacteria in amniotic fluid may indicate their presence in the lung. In a study of
women undergoing amniocentesis for small for gestational age pregnancies, 6% of samples had
detectable bacterial DNA, with all the samples negative to routine culture (DiGiulio et al. 2010).
Analysis of amniotic fluid, obtained by amniocentesis, from women in preterm labour showed
11.4% had detectable bacterial DNA (DiGiulio et al. 2008). The presence of bacteria was
associated with chorioamnionitis which is a risk factor for preterm birth. These studies selected
high risk groups; however, one study of 15 healthy pregnancies undergoing elective caesarean
section (CS), amniotic fluid and placental tissue both collected at the time of CS demonstrated
the presence of bacterial communities within both samples in all cases (Collado et al. 2016). A
larger study looking for bacterial colonisation of placental tissue detected the presence of
bacteria in all 48 placental samples analysed (Aagaard et al. 2014). This study used placentas
from health term born, vaginally delivered infants as a control group, comparing this to a cohort
with preterm birth and a history of antenatal infection. Interestingly, the placentas from healthy

pregnancies had detectable bacterial colonisation. Multiple anatomical sites were studied with
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the placental bacterial communities most similar to the oral bacterial communities of the
mothers (Aagaard et al. 2014).

Placental samples taken after delivery may be subject to contamination during labour or
caesarean section. However, the study by Aagard et al identified distinct patterns of bacterial
colonisation within the placenta compared to swabs taken from within the birth canal. A further
study, compared small numbers of placental and fetal membrane samples from vaginal verses
CS deliveries. 50% (5/10) of term vaginal deliveries were positive for bacterial DNA, but none
of the term infants born by CS had detectable bacterial DNA (Jones et al. 2009). This finding
suggests that contamination may be responsible for bacteria detected in vaginally delivered

placentas.

Bacterial DNA has also been detected in the first pass of meconium (Hansen et al. 2015) in 66%
of cases using fluorescent in-situ hybridisation. First pass meconium may be expected to be
sterile if the in-utero environment is sterile. However, first pass meconium is also subject to
contamination, with samples from this study taken directly from the nappy. Commensal bacteria
have also been detected within umbilical cord blood samples taken following caesarean section
delivery (Jiménez et al. 2005). This finding is more difficult to explain by contamination. An in-
depth review of this literature concluded that the evidence for in utero-colonisation was weak
due to inadequate use of negative control samples and the high risk of contamination of low
biomass samples (Perez-Mufioz et al. 2017). More recent evidence from placental samples
indicates that there is no microbiota associated with the placenta, with the most detected
organisms explained by contamination. Some placentas do, however, contain potential

pathogens such as Group B streptococcus (de Goffau et al. 2019).

In-utero colonisation of the fetus could conceivably establish an airway and lung microbiota
before birth. The concept of in-utero bacterial colonisation remains controversial but any

bacterial colonisation occurring in-utero will be of a very low level.

Chorioamnionitis is a major cause of preterm delivery (Goldenberg, Hauth, and Andrews 2000).
The airways of infants born following intrauterine infection are more likely to be colonised than

infants unaffected by infection.

1.5.6.2 Respiratory colonisation in the neonatal period
If the in-utero environment is sterile, the microbiota of the airways and lung is acquired at the
point of delivery from the exposure to maternal organisms during passage through the birth

canal or through postnatal environmental exposures in infants delivered by caesarean section.

Relatively little is known regarding the acquisition of the lung microbiota in term or preterm

infants. Immediately after birth (less than 5 mins) bacteria are detectable within the upper
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airways and mouth of new-born infants (Dominguez-Bello et al. 2010), suggesting that

colonisation of the upper airway has already begun at this early stage.

Preterm infants are frequently intubated. This process is likely to affect early colonisation. An
early attempt to look for the presence of bacterial DNA in the lower airways of intubated
preterm infants showed the presence of a diverse array of bacteria in the lower respiratory tract
within the first week of life (Payne et al. 2010). Subsequently, bacterial DNA was detected in all
tracheal aspirate samples taken immediately after intubation at birth from preterm infants
(Lohmann et al. 2014). One study comparing ventilated term and preterm infants showed the
presence of colonising bacteria with the first day of life in all 33 infants tested (Lal et al. 2016).
In contrast, in a further study of intubated preterm infants, 2 of 10 tracheal aspirate samples
taken at <72 hours of age contained detectable bacterial DNA. At 7 days of age all 10 tracheal
aspirates from the same infants contained detectable bacterial DNA (Mourani et al. 2011). This
evidence suggests that colonisation of the airways is detectable soon after delivery but that
bacterial load may be low at birth.

Ureaplasma species, a possible cause of neonatal respiratory infection in preterm infants, have

been detected by molecular methods in tracheal aspirates samples at 24 hours of age confirming
bacterial presence in the airways at this age (Patterson et al. 1998). Ureaplasma species are also
implicated in chorioamnionitis and preterm delivery, so this may reflect in-utero infection of the

foetus rather than being evidence of bacterial colonisation at 24 hours of age.

No studies have analysed bacterial communities present within bronchoalveolar lavage fluid in

intubated preterm infants.

1.5.6.3 The constituents of the airway microbiota in the neonatal period

The concept of a ‘normal’ microbiota of a preterm airway is a fallacy. In common with every
aspect of prematurity, developing a normal reference standard is challenging. There is very little
which is normal regarding preterm infants’ inadequately developed lungs, being intubated,
receiving positive pressure ventilation, antibiotic exposure and surviving outside the womb
from early gestational ages. These factors and many more will influence the microbiota of an
infant’s airways; however, a physiological, as opposed to pathological state, may exist. Limited
data are available regarding the organisms colonising the airways and lungs in the early days of
life.

Within the respiratory tract the nasopharyngeal microbiota has been studied in the most depth.
The nasopharynx of healthy term infants showed very similar colonisation to other body sites
within five minutes of birth, with the organisms detected influenced by delivery mode.
Lactobacillus, Prevotella, Atopobium, or Sneathia species were identified in samples from
infants delivered vaginally and organisms typically found on skin including Staphylococcus
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species were found in samples from CS born infants (Dominguez-Bello et al. 2010). A
longitudinal study over 6 months demonstrated a similar influence of delivery mode over
nasopharyngeal colonisation at birth, but at 1 week of age Staphylococcus aureus is dominant in
most infants. By 4 months more stable profiles with M. catarrhalis, Corynebacterium species

and Dolosigranulum species emerged (Bosch et al. 2016).

A study of ten preterm infants, found a dominant organism was present (>50% of total
sequences) in 31 of 32 tracheal aspirate samples. The most common dominant genus was
Staphylococcus species in 19 samples. Of these 17 were identified as coagulase negative
Staphylococcus. Ureaplasma species dominated in 9 samples from 6 subjects. Other species that
predominated in a single sample, all between 14-21 days of life were Pseudomonas aeruginosa,
Enterococcus faecalis, and Escherichia coli. The Shannon diversity index ranged from 0.08-2.9
in this study (Mourani et al. 2011). A dominant organism was also found in a separate study
using tracheal aspirates collected during the first week of life. The most common organisms
identified using the 16S rRNA gene were Staphylococcus haemolyticus and Staphylococcus
epidermidis, both coagulase negative Staphylococci (Payne et al. 2010).

A further study comparing tracheal aspirate samples between infants with and without CLD
showed a predominance of a dominant organisms in many samples. Most commonly species
within the Proteobacteria phylum were dominant, Acinetobacter the most abundant genus.

Firmicutes were also dominant in some samples (Lohmann et al. 2014).

Lal et al took tracheal aspirates from ventilated full-term infants and extremely low birth weight
(ELBW) infants within the first day of life from a single centre and showed very similar
patterns of colonisation. Firmicutes and Proteobacteria organisms predominated with smaller
proportions of Actinobacteria, Bacteroidetes, Tenericutes, Fusobacterium, Cyanobacteria, and
Verrucomicrobia. No difference was identified between the Shannon diversity index between
the ELBW group and the term infants (p = 0.46, t-test) (Lal et al. 2016).

The presence of a dominant organism is repeated across several studies suggesting a pioneering
coloniser is established within the airways; however, the identity of the organism can vary.
More work is needed to investigate early bacterial colonisation of the upper respiratory tract in

preterm infants to understand if this follows similar patterns to that in term infants.

1.5.6.4 Factors affecting the respiratory colonisation in the neonatal period
The nasopharynx of term-born infants share the same initial colonising organisms as skin sites

and the mouth, all demonstrating a significant influence of the delivery method (Dominguez-
Bello et al. 2010). A difference with delivery mode was also seen on day one of life in a
longitudinal study using NPA samples in healthy term infants (Bosch et al. 2016). Exposure to
chorioamnionitis was associated with a trend towards decreasing species diversity in tracheal
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aspirates of mechanically ventilated preterm infants, although this trend did not reach statistical
significance (Lohmann et al. 2014). An overgrowth of pathogenic species in infants exposed to

chorioamnionitis may reduce diversity within the sample.

The use of antibiotics is very common in preterm infants and antibiotic exposure is known to
reduce bacterial diversity in the neonatal bowel (Tanaka et al. 2009). Antibiotics induce
significant changes in sputum microbiota of cystic fibrosis patients (D. J. Smith et al. 2014).
The impact of antibiotics on the lung microbiota of preterm infants is unknown, however, in the
upper airways of infants under 12 months of age those who had received antibiotics in the
preceding 4 weeks displayed a reduced proportion of Alloiococcus and Corynebacterium, with
an increased proportion of potential pathogens including Haemophilus, Streptococcus and
Moraxella (Teo et al. 2015).

Breast feeding is currently promoted due to multiple health benefits for both the mother and the
infant (Shamir 2016). Breast milk has the potential not only to pass from mother to child
desirable colonising bacteria but also to provide oligosaccharides to promote development of a
healthy microbiota (Jost et al. 2015). The evidence for an effect of breast feeding on the
nasopharyngeal microbiota is mixed. One study comparing exclusively breast fed and
exclusively formula fed infants showed detectable changes in the nasopharyngeal microbiota at
6 weeks of age (Biesbroek, Bosch, et al. 2014).

Studies analysing the nasopharyngeal microbiome of healthy infants have demonstrated an
association between bacterial colonisation patterns with the season of the year (Mika et al.
2015), exposure to cigarette smoke (Greenberg et al. 2006), and vaccination status (Biesbroek,
Wang, et al. 2014).

Further work is needed to understand factors that influence bacterial colonisation of the airways
and lungs of preterm infants. The effect of an intensive care environment and antibiotic

exposure is likely to impact on colonisation patterns.

1.5.6.,5 Lung microbiota and chronic lung disease of prematurity
A small number of studies have sought to define a relationship between the microbiota of the

neonatal lung and the development of CLD. Two early small studies testing the methodology of
sequencing the 16S rRNA gene in tracheal aspirate samples from intubated preterm infants
recruited infants at risk of CLD. All the infants in both studies had an oxygen requirement at 36
weeks’ corrected gestational age precluding any comparison between infants with and without
CLD as is often the case in longitudinal studies of preterm infants (Mourani et al. 2011,

Stressmann et al. 2011).
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A further study looked at tracheal aspirate samples in 25 infants born with a gestational age 24-
32 weeks’. Ten infants developed CLD. At the point of intubation infants who went on to
develop CLD had a lower diversity of species in terms of both species count (23+4.5 vs 37+12;
p=0.02) and Shannon diversity index (1.73+0.65 vs 2.34+0.87; p=0.094). At a phylum level
Firmicutes increased and Proteobacterium decreased over time in those infants who developed
CLD (Lohmann et al. 2014). No correlation with cytokines or inflammatory profiles was found
guestioning the expected mechanism by which the microorganisms may influence CLD.

However, details of the cytokines were limited in the publication.

Another study identified that organisms of the Lactobacillus genus are less abundant in the early
airway microbiome of infants who later develop CLD. Tracheal aspirate samples were taken
within the first six hours of life from preterm infants at risk of CLD. Five extremely preterm
infants who went on to develop CLD from this study had serial samples taken to follow changes
in the microbiota over time. A consistent dysbiotic change was identified with a decrease in
Firmicutes and increase in abundance of Proteobacteria over time in these infants (Lal et al.
2016). This is in direct contrast to the work of Lohmann et al who showed the opposite patterns
of colonisation associated with CLD.

Wagner et al used routinely collected tracheal aspirate samples from 155 ventilated preterm
infants to identify the presence of bacteria using the 16S rRNA gene. Infants were stratified into
mild, moderate or severe CLD. Cross sectional analysis of samples obtained from day 7 of life
failed to show any association between severity of CLD and Shannon diversity index, bacterial
load or relative abundance of individual taxa. However longitudinal analysis demonstrated that
infants with severe CLD had a higher turnover, were colonised with less Staphylococcus species
in the first days of life and had higher initial relative abundance of Ureaplasma (Wagner et al.
2017).

A recent systematic review assessing the influence of the respiratory microbiota over CLD
included the 6 studies listed above. The review concluded that microbial dysbiosis may be
associated with the progression and severity of CLD but more work was needed to identify if

and when an optimum respiratory microbiota is established (Pammi et al. 2018).

Other studies have used culture-based techniques to assess bacterial colonisation of the airway
to identify colonisation patterns associated with CLD. A Japanese study used routinely collected
tracheal aspirate samples from intubated preterm infants to compare the bacterial species
cultured from infants with mild/moderate CLD to those with severe CLD. Severe CLD was
defined as >30% inspired oxygen concentration at 36 weeks’ corrected gestational age. Of the 9

organisms identified only Corynebacterium species showed significant difference between the 2
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groups with Corynebacterium species associated with severe CLD (Imamura et al. 2016). This

study did not attempt to culture Ureaplasma species from the samples.

An American study also using retrospective data from tracheal aspirate cultures collected for
clinical reasons compared the presence of Gram-negative rods and Gram-positive cocci with
respiratory outcomes (Tramper et al. 2016). Those infants who had evidence of Gram-negative
rods prior to 36 weeks’ gestational age were at higher risk of needing long term oxygen than
those without Gram-negative rod positive cultures. Gram-positive cocci had no significant
effects. This study provides evidence for an effect of respiratory infection on respiratory
outcomes rather than colonisation, due to the use of culture-based techniques and the focus on
pathogenic organisms. Using groups such as “Gram-negative rods” may mask the effect of

specific species on the developing lung.

Indirect evidence for a potential relationship between the respiratory microbiome and CLD
exists from a retrospective cohort analysing antibiotic use during the first 2 weeks of life in very
low birth weight (VLBW) infants. Every additional day of empiric antibiotic therapy was
associated with an increased risk of CLD and was also related to CLD severity (Cantey et al.
2016). The authors attempted to control for disease severity at birth using CRIB-II scores,
however this may not have adequately reflected respiratory disease severity and postnatally
acquired conditions such as pneumonia. Despite the limitations, a possible explanation for the
association between increased antibiotic use and increased risk of CLD could be due to

antibiotic manipulation of the respiratory microbiota affecting early colonisation patterns.

The dysbiosis witnessed in the respiratory tract of preterm infants in the neonatal period may be
longer lasting than previously appreciated. Recent evidence found differences in the microbiota
of induced sputum from young adults between those born preterm with a CLD diagnosis and
term born controls (Rofael et al. 2019). The clinical relevance of these differences remains

unclear.

The effect of early bacterial colonisation on the risk of developing CLD is still unclear with the
published evidence showing conflicting and inconsistent results. More work is needed to

understand if early colonisation is associated with pulmonary inflammation.

1.5.7 Host-microbiome interactions

1.5.7.1 Host influence over microbiome communities

The immune system is designed to attack and destroy potential threats including bacteria but
recognise host molecular signatures. Colonising organisms present a significant challenge to the
host immune system. The symbiotic relationship existing between host and microbe is important
for the host to maintain. It is however important that the host recognises the bacteria as foreign

and maintains mechanisms to control potential infection by microorganisms. The interaction
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between the host immune response and microbiome has been studied in most depth in the gut.
Mechanisms within the gut to control bacterial proliferation and protect the host include
secretion of mucus from Goblet cells (Hooper, Littman, and Macpherson 2012) and secretion of
specific IgAs by dendritic cells and secretion of a-defensins by small intestinal Paneth cells
(Salzman et al. 2003).

The lungs and airways are far less studied than the gut regarding host-microbiome interaction. It
is, however, likely that mechanisms exist for host control over commensal organisms at these
sites. BAL fluid of healthy adults is known to contain white blood cells indicating their presence
within the airways and alveoli of healthy individuals (Balbi et al. 2007). Respiratory epithelial
cells are capable of secreting molecules with antimicrobial effects to limit bacterial survival in
the lungs and airways. These molecules include the complement system, lactoferrin,
antimicrobial peptides, lysozyme, secretory leukoprotease inhibitor and surfactant proteins -A
and -D (Bals and Hiemstra 2004; Mackay et al. 2019). It is unclear, if such proteins are
produced only during periods of infection or are involved in regulating the microbiota.

1.5.7.2 Microbiome influences on host immunity

Small intestinal isolated lymphoid follicles do not develop in germ-free mice (Hooper, Littman,
and Macpherson 2012). Mouse models for various diseases are known to be dependent on
colonisation by microorganisms. Germ free mice have diminished disease in arthritis and
autoimmune encephalitis models (H.-J. Wu et al. 2010; Y. K. Lee et al. 2011). In contrast, the
risk of ovalbumin-induced asthma is increased in germ free mice due to altered natural Killer
cell function. This effect was reversible with neonatal colonisation of mice, but not if
colonisation was delayed until adulthood (Olszak et al. 2012). Exposure to microorganisms in
mice is important in developing appropriate immune responses especially during the neonatal
period. The artificial germ-free status and the use of mice makes it difficult to assume any

clinically significant effect in humans.

Some human studies have demonstrated notable results in the area of microbiome-host
interaction. The “early programming” theory states that early life adverse exposures can
determine disease susceptibility in later life (Williams and Drake 2015). The most well-known
example of this is the Barker hypothesis that low birth weight, reflecting poor intrauterine
nutrition, results in a higher risk of cardiovascular and endocrine disease in later life (Barker
1986). This approach has been adapted to look at the influence of the early neonatal
colonization over later disease. Infants with hypopharyngeal colonisation with S. pneumoniae,
H. influenzae, or M. catarrhalis (detected by culture) at 1 month of age are more likely to
develop bronchiolitis and pneumonia by the age of 3 years (Vissing, Chawes, and Bisgaard
2013) and develop asthma by 5 years than those not colonised (Bisgaard et al. 2007).

Interestingly the colonisation status at 12 months of age was not related to later asthma
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(Bisgaard et al. 2007). This highlights the importance of early airway colonisation and
demonstrates that there may be a window of opportunity for intervention in the creation of a
‘healthy’ microbiome to promote long term health. The mechanisms for this programming
effect are not fully understood but the study demonstrated the T helper cell type induced by
colonisation varied. M. catarrhalis and H. influenzae induced a mixed T helper cell response.
No effect of S. pneumoniae was observed (Fglsgaard et al. 2013). By inducing a mixed T helper
cell response, the Thl responses needed for intracellular bacterial destruction may be impaired,
potentially leading to chronic inflammation (Fglsgaard et al. 2013). Further work showed
differences in systemic inflammatory profiles in infants colonised with respiratory pathogens in
the first 6 months of life (Rahman-Fink et al. 2018).

Several studies indicate that childhood atopy, a frequent precursor to asthma, is as affected by
the early colonisation patterns of the gut. Finding high levels of E. coli or C. difficile is
associated with increased risk of atopy (J Penders et al. 2006; Kalliomé&ki et al. 2001). The lack
of Lactobacillus or Bifidobacterium in neonatal faecal samples also increases the risk of atopy
(Sjogren et al. 2009). It seems that anomalous airway and gut microbiome colonisation early in
life prime the individual for atopy and asthma later in childhood.

One study has extrapolated data from 16S rRNA gene sequencing to create a probable
metagenomic profile within TA from preterm infants and studied metabolomic signatures within
the same samples (Lal et al. 2018). This identified metabolome differences affecting the risk of
CLD. Metagenomic profile suggested differences in lipid and hormonal metabolism may be
targets to explore in modulating risk of CLD. The methodology of creating the metagenomic
profile used in this paper requires many assumptions and further work with directly sequenced

profiles are likely to be more accurate.

1.5.8 Summary

Culture-independent techniques have repeatedly demonstrated that the lungs are not a sterile
environment. The environmental conditions of the nasal passages are distinctly different to that
at the alveoli and the respiratory tract is likely to harbour many individual niches along its

course.

In the neonatal population several studies have attempted to characterise typical respiratory
colonisation patterns of preterm infants, particularly looking for associations between bacterial
colonisation and CLD. Further longitudinal work is needed to identify whether an optimum lung

microbiota is established and the timing of when this occurs.

The interactions between microbiota and host continue to be the source of ongoing research.
The mechanisms discussed may explain some of the effects of dysbiosis over many host body

systems. The gut microbiome has been more thoroughly investigated with regard to these
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effects, but it is possible that organisms colonising the lung may exhibit similar effects. The role
of the early microbiome identified by Vissing et al and Bisgaard et al demonstrates the

importance of microbiota research using new-born infants.

1.6 The innate immune system

1.6.1 Introduction

The human body uses a complex series of interacting mechanisms to recognise and overcome
potential microbiological threats. These mechanisms have traditionally been divided into the
innate and adaptive immune system. The adaptive immune system utilises B and T lymphocytes
to mount a response to an invading pathogen (Koenderman, Buurman, and Daha 2014). This
immune response takes time to react to a potential threat but is remembered by the host to
prevent against future infection by that specific organism. The adaptive immune system is only
seen in higher organisms (Buchmann 2014).

The innate immune system is found in almost all multicellular organisms. It reacts more quickly
than the adaptive immune system to pathogens overcoming the physical barrier of skin and

mucosal surfaces.

1.6.2 Pattern recognition receptors of the innate immune system

The innate immune system utilises a series of pattern recognition receptors (PRR) to identify the
presence of threats to the host, thus activating the innate immune response. The motifs
recognised by PRR are known as pathogen-associated molecular patterns (PAMP). Non-
pathogen related signals activating the innate immune response are known as danger associated
molecular patterns (DAMP). These allow initiation of immune response to non-infectious tissue
damage such as trauma. PRRs can be classified into five main groups, namely Toll-like
receptors (TLRs), nucleotide binding and oligomerization domain (NOD) like receptors
(NLRs), retinoic acid-inducible gene-I like receptors, absent-in-melanoma like receptors and C-

type lectins (Barbé, Douglas, and Saleh 2014).

1.6.2.1 Toll-like receptors

In 1996 Toll was demonstrated to be critical in resisting fungal infection in Drosophila
(Lemaitre et al. 1996). The TLRs in mammalian cells are named because of their similarity to
Toll. A year later, the molecule now known as TLR4 was shown to be capable of inducing an
innate immune response (Medzhitov, Preston-Hurlburt, and Janeway 1997). Animal models
using mice were used to identify the function of TLRs. By ablating the TLR4 gene they were
able to show that mice without functioning TLR4 were unable to respond to the Gram-negative
bacterial cell wall constituent LPS, a known endotoxin. This demonstrated TLR4 as a PRR for
LPS. Since then it has been shown that each TLR detects specific PAMP.
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Toll-like receptors are trans-membrane proteins with a common structure. The extracellular
domain contains a horseshoe-shaped leucine-rich repeat domain responsible for ligand
recognition. The intracellular domain is similar to that of the IL-1 receptor (known as the
Toll/IL-1 receptor (TIR)) and is involved in signal transfer. The intra- and extra-cellular

domains are linked a single transmembrane domain (McClure and Massari 2014).

Figure 1-5 below shows the different TLRs and their activating ligands. The variety of

activating ligands enables the innate immune response to react to a variety of invading

pathogens.
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Figure 1-5: TLRs found in humans and their ligands.

TLR2 is essential in the recognition of microbial lipopeptides. TLR1 and TLR6 cooperate
with TLR2 to discriminate subtle differences between triacyl and diacyl lipopeptides,
respectively. TLR4 is the receptor for LPS. TLR9 is essential in CpG DNA recognition. TLR3
is implicated in the recognition of viral dsSRNA, whereas TLR7 and TLR8 are implicated in
viral-derived ssSRNA recognition. TLR5 recognizes flagellin. TLRs 1,2,4,5 and 6 are located
on the cell surface, TLRs 3,7 and 9 are located intracellularly within the membrane of the
endosome (Takeda and Akira 2005).

16.21.1 TLRs1,2and6
TLR2 has been demonstrated to recognise a range of microbial derived molecules. These
include lipoproteins from Gram-negative bacteria (Aliprantis et al. 1999), peptidoglycan and

lipoteichoic acid from Gram-positive bacteria (Schwandner et al. 1999), lipoarabinomannan
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from mycobacteria (Means et al. 1999) and zymosan from fungi (Underhill et al. 1999). TLR2
operates in combination with other member of the TLR family to discriminate between
microbial components. TLR2 and TLR6 immunoprecipitate together suggesting a physical
interaction between the molecules (Ozinsky et al. 2000). The co-operation between TLR2 and
TLR6 allows differentiation between triacyl and diacyl lipopeptidases (O Takeuchi et al. 2001).
TLR1 has also been shown to functionally associate with TLR2 in identifying triacyl

lipopeptidases (Osamu Takeuchi et al. 2002).

1.6.21.2 TLR3
TLR3 binds double stranded RNA (Alexopoulou et al. 2001) allowing the host to respond to

viruses that incorporate double stranded RNA into their replication cycle.

1.6.21.3 TLR4

TLR4 was initially described as recognising LPS from Gram-negative bacterial cell walls
(Qureshi et al. 1999). It has subsequently been revealed that LPS alone does not activate TLR4,
but must first form a complex with LPS binding protein, present in serum (Takeda, Kaisho, and
Akira 2003). TLR4 has also been shown to recognise fusion proteins of Respiratory Syncytial
Virus and a number of host derived molecules including heat shock proteins (Ohashi et al.
2000).

1.6.21.4 TLR5

Flagella are found on bacteria acting as propellers to help move bacteria and aid in the
attachment of bacteria to host cells (Takeda, Kaisho, and Akira 2003). TLR5 recognises
flagellin, a component of bacterial flagella (Hayashi et al. 2001). TLR5 has been shown to be

important at detecting these structures at the epithelium within the gut and lung.

1.6.215 TLRs7,8and9

TLR7, TLR8 and TLR9 are all located within the endosome of the cell. They are highly
conserved in terms of structure and function, all being activated by nucleic acids. TLR7 and
TLR8 are activated by single stranded RNA from viral pathogens, identified due the high
guanosine or uridine content, with different viral species activating TLR7 and 8 (Heil et al.
2004). TLR9 binds to unmethylated CpG-dinucleotide-containing DNA sequences found

commonly in the bacterial genome (Bauer et al. 2001).

1.6.2.1.6 Other TLRs

TLR10 is the only known human expressed TLR for which the ligand is still to be identified. It
is expressed on the cell surface. Current evidence suggests that it is involved in the recognition
of bacterial and viral pathogens but may also have an anti-inflammatory effect. (S. M. Y. Lee et
al. 2014; Oosting et al. 2014) TLR11, TLR12 and TLR13 have been shown to be expressed in

mice, but are not thought to be expressed in humans (Brubaker et al. 2015).
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1.6.2.2 TLR expression

TLRs are expressed throughout all cells of the innate immune system. Monocytes and
macrophages express all TLRs except TLR3 (Muzio et al. 2000). Phagocytes express an
abundance of TLRs. Within human dendritic cells myeloid dendritic cells express TLR1, TLR2,
TLR4, TLR5, and TLRS8, and Plasmacytoid dendritic cells exclusively express TLR7 and TLR9
(Kadowaki et al. 2001). Selective expression of TLRs at different epithelial sites within the
body is documented through detection of the TLRs themselves and transcriptional evidence for
their production using messenger RNA. Table 1-3 below demonstrates the TLRs shown to be
expressed from human epithelium at different sites of the respiratory tract and bowel.

Table 1-3: TLR expression on Respiratory and Bowel epithelial cells demonstrating variable
expression of TLRs between different epithelial tissues (McClure and Massari 2014).

Protein mRNA
Respiratory
Nasal TLR1-10 TLR2,3and 4
Tracheal/Bronchial TLR1-10 TLR 1,2,3,4,5,6,7,9 and 10
Lung TLR1,2,4,5and 6 TLR2,4and5
Bowel
Oesophageal TLR1-5 TLR1-5
Gastric TLR2,4and5 TLR2,4and5
Intestinal TLR 1-10 TLR 2,3,4,5and 9

1.6.2.3 TLR signalling

TLR activation leads to a change in the intracellular TIR domain beginning a cascade of
signalling molecules, see Figure 1-6. TLRs act primarily via the myeloid differentiation primary
response gene 88 (MyD88)-dependent pathway and the MyD88-independent pathway. In the
MyD88-dependent pathway, TIR domain containing adaptor proteins (TIRAP) and MyD88 are
initially recruited. MyD88 further recruits members of the interleukin-1 receptor-associated
kinase (IRAK) family of molecules, specifically IRAK4 is essential for TLR signalling (Lin,
Lo, and Wu 2010). The resulting cascade causes phosphorylation of inhibitor of NF-xB protein

(IxP) protein causing degradation of Ixp. Functional Ixf acts to prevent nuclear factor kappa-
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light-chain-enhancer of activated B cells (NF-«xf) from entering the nucleus. The degradation of
Ixp allows NF-kp to enter the nucleus and act as a transcription factor for pro-inflammatory
cytokines (Carmody and Chen 2007).

Each TLR recruits a specific combination of adaptor molecules to enable activation of different
transcription factors leading to the suitable response to pathogens. All TLRs except TLR3 are
able to signal via the MyD88-dependent pathway. The MyD88-independent pathway signals
using TRAF molecules to result in activation of nuclear transcription factors including NF-xB
and Interferon Regulatory Factor 3 (IRF3) (Kawai and Akira 2007).

Figure 1-6 below demonstrates the MyD88-dependent and MyD88-independent pathways

visually.
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Figure 1-6 TLR signalling pathways demonstrating the MyD88-dependent and MyD88-
independent pathways (Carmody and Chen 2007).

The result of NF-«f entering the nucleus and altering transcription is the production of many
cytokines and effects on both the cell being stimulated and on neighbouring cells. The number
of genes known to be upregulated by NF-«f is currently several hundred (Gilmore 2007)
including IL-6 and IL-8. The overall result is to upregulate the inflammatory processes within

the cell and to signal to neighbouring cells regarding the danger sensed by the TLR.
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1.6.3 Nod-like receptors

A further class of PRRs are the Nod-Like receptors (NLRs). These intracellular molecules sense
PAMPs and DAMPs within the cytoplasm. The structure of NLRs is split in to 3 functional
domains. The C-terminal domain is rich in leucine repeats and binds the activating ligand to
senses the presence of intracellular threat. The central nucleotide binding and oligomerization
domain is necessary for oligomerization. The N-terminal protein—protein interaction domain is
involved in signal transduction. In the absence of ligand, the C-terminal domain masks the N-

terminal domain, preventing signal transduction (Martinon, Burns, and Tschopp 2002).

1.6.4 The inflammasome

1.6.4.1 Introduction

In 2002 Martinon et al described complex macromolecules within the cytoplasm responsible for
caspase recruitment and IL-1p production. These complexes were named inflammasomes
(Martinon, Burns, and Tschopp 2002). Inflammasomes consist of multiple activated NLR
molecules which bind the adaptor molecule apoptosis-associated speck-like protein containing a
caspase activation domain (ASC). This recruits and activates caspase-1. This activation leads to
the processing of IL-1p and IL-18 from their inactive forms to activated cytokines (Kayagaki et
al. 2011; Proell et al. 2013). Once activated cytokines act as cell signalling molecules to amplify
the immune response in local tissue. The structure of the inflammasome is demonstrated in
Figure 1-7 below, with the NLRP3 inflammasome used as an example. The result of
inflammasome activation for the activated cell is cell death and release of the cytoplasmic
contents (B. K. Davis, Wen, and Ting 2011). This mechanism of cell death is termed pyroptosis
(Galluzzi et al. 2012). The consequences of inflammasome activation are therefore significant

for the cell and on a larger scale for the host organism as a whole.

1.6.4.2 The NLRP3 inflammasome

The most studied and best understood inflammasome is the NLRP3 inflammasome. It is
expressed in myeloid cells. Unlike other inflammasomes which are understood to have specific
PAMPs/DAMPs leading to activation, the NLRP3 inflammasome is activated by a diverse range
of pathogenic stimuli and also a series of self-derived molecules. The known pathogen derived
stimuli include molecules from bacteria, viruses, fungi and protozoa (Kanneganti et al. 2006;
Muruve et al. 2008; Dostert et al. 2009; Gross et al. 2009). In addition, inorganic molecules and
ultraviolet radiation can also stimulate inflammasome assembly (Barbé, Douglas, and Saleh
2014). Figure 1-7 includes a list of activating molecules and non-molecular stimulants for the
NLRP3 inflammasome. The broad range of molecular structure of the known initiators of
NLRP3 have led some to question if NLRP3 is a true receptor (Lamkanfi and Dixit 2014). No
direct evidence of ligand binding exists to refute this possibility. NLRP3 may sense a general

change within the cytoplasmic milieu, rather than having specific binding sites, as a classical
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receptor is understood to function (Latz 2010).
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Figure 1-7: The structure of the NLRP3 Inflammasome (B. K. Davis, Wen, and Ting 2011)

1.6.4.3 Activation of the NLRP3 inflammasome

Complete understanding of the activation mechanism of NLRP3 is yet to be elucidated. The
catastrophic consequence of pyroptosis for the cell hosting inflammasome activation results in
tight regulation of inflammasome formation. Two signals are required for NLRP3

inflammasome formation.

1.6.4.3.1 Priming of the NLRP3 inflammasome

The first signal, also known as priming of the inflammasome, is achieved via activation of the
MyD88-dependent pathway or MyD88-independent pathway (Bauernfeind et al. 2009; Franchi,
Eigenbrod, and NUfiez 2009), leading to NF-kf driven changes in nuclear transcription.
Activation of these pathways is most commonly through TLR activation, but also through the
IL-1 receptor, tumour necrosis factor receptor and NOD2. The original model of priming
resulted in upregulation of the components of the inflammasome. A more rapid mechanism of
priming, not dependent on translation has also been demonstrated, utilising de-ubiquitination of
NLRP3 (Juliana et al. 2012; Schroder et al. 2012). A conceptual model of inflammasome

priming can be seen in Figure 1-8 below.
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Figure 1-8: Priming the NLRP3 inflammasome for activation (Elliott and Sutterwala 2015).

1.6.4.3.2 Signal-two for inflammasome activation

Studies of inflammasome activation have revealed several independent ways of providing the
second signal to cause assembly of the NLRP3 inflammasome in-vivo. This process is not yet
fully understood (Prochnicki, Mangan, and Latz 2016), and more than one possible activating
mechanisms may explain how many different ligands have been shown to activate
inflammasomes.

Lysosomal rupture is a suggested mechanism. Hornung et al demonstrated lysosomal disruption
from hypotonic incubation, chemical treatment and particulate phagocytosis led to NLRP3
activation (Hornung et al. 2008). Secondly movement of potassium across the cell membrane
has also been shown to activate the NLRP3 inflammasome. Potassium efflux from the cell,
induced by pore forming toxins or extracellular ATP activate the inflammasome (Mariathasan et
al. 2006). Blocking potassium channels reduces NLRP3 activity (Lamkanfi et al. 2009).
Calcium signalling is also theorised as an independent mechanism for inflammasome activation.
Calcium influx to the cell is required for ultraviolet radiation and cholesterol-dependent
cytolysin induced NLRP3 activation (J. Chu et al. 2009; Feldmeyer et al. 2007). NLRP3
inflammasome activation in response to high extracellular calcium concentrations has been
reported in two studies (Rossol et al. 2012; G.-S. Lee et al. 2012).

Mitochondrial dysfunction has also been suggested as a mechanism for activation of
inflammasomes. Evidence suggests that the activated inflammasome is localised to the
mitochondria within the cell (Zhou et al. 2011). Mitochondria could be a source of reactive
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oxygen species (Zhou et al. 2011) or of adenosine triphosphate, also shown to be important in
inflammasome assembly (Duncan et al. 2007). However, activated NLRP3 and caspase-1 cause
mitochondrial damage making it difficult to study which features of mitochondrial dysfunction

are a cause rather than the result of inflammasome formation (Yu et al. 2014).

1.6.5 Apoptosis-associated speck-like protein containing a caspase-recruitment
domain

Apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC) also
known as PYD and CARD Domain protein (PYCARD) is a 22 kDa adaptor protein essential to
many pathways of innate immune system (Masumoto et al. 1999). It is an essential adaptor
molecule within NLRP3 inflammasome activity. In response to the detection of PAMP/DAMP
within the cell, activation of NLRP3 causes rapid polymerisation of ASC into large helical
filaments by facilitating interactions of the pyrin domains (Franklin et al. 2014). This facilitates
significant caspase-1 activation, via the CARD domain, causing the polymerization and filament
formation of pro-caspase-1 resulting in its self-activation (Fernandes-Alnemri et al. 2007; Lu et
al. 2014). ASC is also essential in activating caspase in the NLRP1 and NLRC4
inflammasomes, despite the presence of a caspase activation domain in the respective NLRs
(Compan et al. 2014). In these cases, ASC appears to form a ring like structure around the

macromolecular complex (Man et al. 2014).

Following activation of the inflammasome, ASC dimers may polymerise to form 1-2 um
macromolecular specks within the cytoplasm. These have been termed pyroptosomes, as
macrophages quickly succumb to pyroptosis following ASC speck formation (Fernandes-
Alnemri et al. 2007). Following pyroptosis, the ASC specks are released into the extracellular

space.

1.6.5.1 Extracellular ASC
ASC specks released from a cell retain their functionality and can activate extracellular caspase-

1 (Franklin et al. 2014). Baroja-Mazo et al suggested that extracellular ASC is released in
oligomeric form, but also concluded that extracellular ASC is able to activate caspase-1 (Baroja-
Mazo et al. 2014). Neighbouring cells can phagocytose ASC specks and the large protein
structures of the specks act in a similar way to crystals, causing lysosomal damage, leading to
the inflammasome of NLRP3 activation (Franklin et al. 2014). Cytosolic ASC specks were also
witnessed to aggregate ASC from the host cell after phagocytosis. This is suggesting that ASC
may act in a prion like way to recruit soluble ASC from within the cell (Franklin et al. 2014).
ASC thus acts as a cell signalling molecule propagating the inflammatory response. Both ASC
and NLRP3 fragments have been shown to be released by macrophage cells prior to pyroptosis,

suggesting that cell death may not be necessary for these molecules to act on adjacent cells.
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1.6.5.2 Extracellular ASC specks and disease

In mice, ASC speck have been detected within the extracellular space of lymph nodes following
injection of Pseudomonas auriginosa, suggesting they may play a role in propagating
inflammation in response to infection (Franklin et al. 2014).

Within the lungs, ASC specks have been detected in the supernatant of BAL fluid in patients
with COPD, but not seen in BAL samples from healthy donors (Franklin et al. 2014). Cigarette
smoke has been shown to provoke the release of ASC and soluble NLRP3 into the BAL
supernatant in mice (Eltom et al. 2014).

Cryopyrin-associated periodic syndromes (CAPS) are known to be caused by a genetic mutation
within the gene encoding NLRP3 (Hoffman, Wanderer, and Broide 2001). Both NLRP3
particles and ASC specks have been detected in the serum of patients with active CAPS. There
were however significantly lower levels of both proteins in healthy volunteers and patients with
other similar inherited autoimmune diseases such as familial Mediterranean periodic fever

syndrome (Baroja-Mazo et al. 2014).

1.6.6 Inflammasomes in lung inflammation
Inflammasome activation was first identified within macrophages and initially studied in sepsis
models. Further work demonstrates that inflammasome activation in the lung is involved in lung

inflammation both in response to infection but also in non-infective inflammatory lung diseases.

Inflammasome activation has been demonstrated in models of mechanical ventilation in-vitro. A
mouse model of ventilation demonstrates that alveolar macrophages may sense cyclical stretch
and respond with activation of the innate immune system via the NLRP3 inflammasome (J. Wu
et al. 2013). Murine macrophage autophagy, mediated via NLRP3, has been demonstrated to
propagate lung inflammation in response to hyperventilation (Y. Zhang et al. 2014). A probable
role for NLRP3 activation has also been demonstrated using BAL samples in adults with
ventilator-associated lung injury demonstrating increased transcription of NLRP3 and ASC. The
same study demonstrated partial protection from ventilator-associated lung injury in mice
deficient of NLRP3 (Kuipers et al. 2012).

NLRP3 has also been implicated in the inflammatory response to hyperoxia. Mice with NLRP3
deficiency have a reduced inflammatory response to hyperoxia compared to wild type mice
(Fukumoto et al. 2013). NLRP3 inflammation in response to hyperoxia is responsible for the
increased cellular permeability in hyperoxia induced lung injury (Kolliputi, Shaik, and Waxman
2010).

In adult patients with acute respiratory distress syndrome, caspase-1-dependent I1L-18

production has been demonstrated to play an important role in pathogenesis (Dolinay et al.
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2012). A mouse model of ARDS also found evidence of inflammasome mediated inflammation,

with NLRP3 activation contributing to acute lung injury (Grailer et al. 2014).

Inflammasome activation is implicated in response to many inhaled irritants/carcinogens
including cigarette smoke, asbestos, diesel exhaust particles and engineered nanoparticles
(Ather et al. 2013). Studies evaluating a role for inflammasome activity in asthma have
conflicting results (Allen et al. 2012; Tran et al. 2012), with studies focused on infective
exacerbations and atopic asthma. One theory suggests that asthmatic individuals may have
reduced innate immune system activity in the airways, making them more susceptible to

bacterial infections (Im and Ammit 2014).

NLRs also have an important role within the lung in sensing and responding to infection. The
NLRP3 inflammasome has been shown to be activated by lung pathogens including, K.
pneumoniae, S. pneumoniae, S. aureus, C. pneumoniae, M. tuberculosis, L. pneumophila,
influenza virus, rhinovirus, respiratory syncytial virus, and Aspergillus fumigatus (Chaput et al.
2013).

Preterm infants who develop CLD are often ventilated, possibly for prolonged periods and are
exposed to hyperoxia and infection. Each of these factors is associated with inflammasome
activation. In a thorough assessment of the role of NLRP3 in the development of CLD, Liao et
al demonstrated an important role for inflammasome activation in CLD development. In a
mouse model, preterm-mice deficient for NLRP3 are protected from the effects of hyperoxia
demonstrating no caspase-1 activity, no IL-1p production and no inflammatory response to
hyperoxia. NLRP3 deficient mice also have normally developed alveolarisation, in contrast to
wild type mice (Liao et al. 2015). IL-1pB:IL-1pra (IL-1p receptor antagonist) ratio can be used as
a measure of inflammation following NLRP3 activation. In a baboon model, Liao et al
demonstrated a significant increase in this ratio in the preterm baboons ventilated for 14 days
and given supplementary oxygen when compared to matched controls. In humans IL-14, IL-1ra
and IL-1b:IL-1ra ratio in the first 1-3 days of life are all significantly higher in infants who go
on to develop CLD compared to infants who do not develop CLD (Liao et al. 2015). Caffeine, a
therapy given to most preterm infants as a respiratory stimulant has also been shown to prevent
CLD (Schmidt et al. 2006). Recent evidence has shown that caffeine supresses NLRP3 activity
providing a possible mechanism for the therapeutic effect (W. Zhao et al. 2019).

1.6.7 Innate immunity in new-born infants

The innate immune system is tightly controlled in-utero and after delivery. The preterm neonate
heavily is dependent on the innate immune response for protection against pathogens in early
life as adaptive immunity is immature at this age (Siegrist and Aspinall 2009). Defective

regulation of neonatal innate immunity can result in excessive IL-1p, which can result in
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neonatal onset multisystem inflammatory disorder, characterised by low birth weight, urticaria,
aseptic meningitis and hearing loss (Goldbach-Mansky et al. 2006). Work to understand
inflammasome activation and innate immune function has come from cell culture models,
murine studies and in-vivo work on adult diseases. Some work has attempted to understand the

innate immune activation in the new-born period.

1.6.7.1 Toll-like receptors in new-born infants
One study compared TLR responses from cord blood monocytes between term born infants and

infants born <33 weeks’ gestation. Stimulation of various TLRs demonstrated that preterm
monocytes produced less pro-inflammatory cytokines than term monocytes. No effect of
priming from exposure to chorioamnionitis or a gender difference was witnessed (Sharma et al.
2014). This corroborates the finding of reduced cytokine secretion from preterm cord
monocytes in response to S. epidermidis (Strunk et al. 2012). S. epidermidis colonises all infants
within the first days of life and causes a sepsis in a number of preterm infants <32 weeks’
gestation (Vergnano et al. 2011) but is a non-pathogenic commensal in more mature infants and
immunocompetent adults. The expression of TLR4 on preterm monocytes and their phagocytic
activity was no different to that of adults but the cytokine response to stimulation varied with
gestation. Extreme preterm infants (<30 weeks’ gestation) secreted less pro-inflammatory
cytokines (IL-1B, IL-6, IL-8, and TNF-a) than moderate preterm infants (31-33 weeks’
gestation) with term infants producing even higher concentrations. The diminished TLR
function is possibly to be due to reduced expression of MyD88 witnessed in preterm monocytes
(Yan et al. 2004).

Within the lungs a murine study demonstrated that TLR2 and TLR4 expression was virtually
undetectable before the equivalent of 30 weeks’ human gestation (Harju, Glumoff, and Hallman
2001).

1.6.7.2  NLRs/Inflammasomes

A study of cord blood analysing the ability of monocytes to form inflammasomes demonstrated
a change in monocyte subset expression with gestation. Before 33 weeks’ gestation immature
low CD14 expressing/CD16 positive monocytes predominated which failed to produce pro-IL-
1B in response to LPS. Cord monocytes from infants of greater than 33 weeks’ gestation were
more mature with high CD14 expression. These monocytes were capable of expressing pro-IL-
1B, but unable to convert this to mature IL-1f. NLRP3 induction following TLR stimulation

was also reduced (Sharma et al. 2015).

The same study showed that after birth the ability of monocytes to secrete IL-1p increases to
adult levels soon after birth. Using samples from peripheral blood taken at day 7-35 from
preterm infants born at 24-29 weeks’ gestation demonstrated no difference compared to adult

monocytes following stimulation with LPS (Sharma et al. 2015). Further work has shown that
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defective inflammasome responses in VLBW infants may increase the risk of late onset sepsis
(Zasada et al. 2018).

1.6.7.3 Cellular Responses
The reduced phagocytic activity of neonatal neutrophils is probably due to reduced opsonisation

by soluble factors than a deficiency of neutrophil phagocytic capacity (Strunk et al. 2011). The
lower intracellular bactericidal capacity of preterm neutrophils compared to adults appears to be
a consequence of neutrophil immaturity (Kéllman et al. 1998; Peden et al. 1987). In contrast,
neonatal monocytes appear to have phagocytic and intracellular bacterial killing ability equal to
adult monocytes (Gille et al. 2006).

1.6.8 Summary

The human innate immune system has evolved several mechanisms for recognising threats
including the TLRs and NLRs. Inflammasomes are known to be important in pulmonary
inflammation including contributing to CLD. Of interest is the adaptor molecule ASC and the

ability of ASC to maintain activity following release from the cell.

1.7 Bronchoalveolar lavage

1.7.1 Introduction

BAL is a technique for sampling the epithelial lung fluid from distal airways and alveoli
(Connett 2000). It has been used in many pulmonary disease states to obtain samples for
evaluation of inflammation and infection. In adults and older children, samples are usually
collected by direct vision via a flexible bronchoscope. In the neonatal period non-bronchoscopic
bronchoalveolar lavage is used in ventilated infants (de Blic et al. 2000; Grigg, Arnon, and
Silverman 1992; S. Kotecha et al. 1995).

Non-bronchoscopic BAL is performed by inserting a suction catheter through the endotracheal
tube of a ventilated infant, advancing until resistance is felt. Sterile saline is instilled into the
lung before being aspirated and collected. Lying the infant supine with the infant’s head to the
left side increases the chance of the catheter entering the right lung (Placzek and Silverman

1983; Soong and Hwang 1991), with the aim of sampling from the right lower lobe.

1.7.2 Safety

The safety of this procedure in preterm infants has been evaluated. At the point of lavage,
bradycardia and oxygen desaturation are known risks (B. Morrow and Argent 2001; S. Kotecha
1999), however, infants recover from this rapidly similarly to routine tracheal suctioning. Some
may require transiently increased inspired oxygen concentration. At one-minute post lavage,
one study identified that heart rate had returned to baseline, with mean arterial blood pressure

elevated and oxygenation significantly decreased. Both mean arterial blood pressure and
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oxygenation showed partial recovery by three minutes of age (Grigg, Arnon, and Silverman
1992). Long term complications from repeated sampling washing out surfactant were evaluated
by comparing chest x-rays of infants who underwent this procedure with controls. No difference
was found between chest x-ray scores of the right lower lobe (Vyas et al. 2002). Many studies
report using this technique in the neonatal period with no adverse events (Grigg, Arnon, and
Silverman 1992; Mildner et al. 2001; D’ Angio et al. 2002; Davies et al. 2010; S. Kotecha et al.
1995).

1.7.3 Reliability

Non-bronchoscopic BAL aims to wedge the catheter within the right lower lobe bronchus,
enabling aspiration of lung lining fluid from the distal airways after flushing with saline.
Flushing is usually performed twice in neonatal patients. The first sample has been
demonstrated to contain different cellular components to subsequent samples in both non-
bronchoscopic and bronchoscopic BAL (Ratjen et al. 1994; Pohunek, Pokorna, and Striz 1996;
Grigg, Arnon, and Silverman 1992). Typically, the first sample shows a higher proportion of
neutrophils and a lower proportion of lymphocytes. This is hypothesised to indicate that the first
sample preferentially collects epithelial lining fluid from the bronchi, with subsequent flushes
sampling from more distal airways (de Blic et al. 2000). Radiological evidence from adults also
supports this theory. Serial were x-rays taken during and after 3 serial instillations of contrast
media via a bronchoscope in adult males. The initial sample distributed more proximally than
subsequent samples (C. A. Kelly et al. 1987). Marsh et al detected no significant differences in
the microbiota sampled between 2 lavages collected sequentially during a single bronchoscopy
on young children (Marsh et al. 2016), but it is uncertain if new-born infants would have similar

results.

In the neonatal population volumes of saline recovered are smaller than in older children or
adults so samples are usually pooled for analysis (S. Kotecha 1999). Fractional analysis in BAL
samples from neonatal patients showed no difference in volume recovered or estimate epithelial

lining fluid recovered between 2 serial aliquots (Grigg, Arnon, and Silverman 1992).

BAL analysis is complicated by the variable dilution of epithelial lining fluid. Levels of urea
and albumin have been used historically to calculate a dilution factor. This is, however,
unreliable as factors such as dwell time of instilled saline and airway disease have been shown
to affect these concentrations (Ward et al. 1992). The European Respiratory Society taskforce
recommends reporting constituents of compounds within the supernatant of BAL in

concentration per millilitre of BAL recovered (de Blic et al. 2000).

Little analysis has been done on the repeatability of BAL. One study looked at infants less than

15 months old receiving extracorporeal membranous oxygenation (Mildner et al. 2001). BAL
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samples were obtained simultaneously from both lungs. This showed a trend towards higher
cytokine concentrations on the right side. It also demonstrated that recovered BAL volume was
the most important source of variability between variations in cytokine concentrations. This was

not a significant factor in variation in cell counts, for which age was important.

1.7.4 Comparing bronchoalveolar lavage and tracheal aspirate samples

The lungs are an inaccessible anatomical site for collecting samples. BAL is one technique
which has been used to attempt to collect samples which accurately reflect the milieu of the
lower airways and alveoli. Other techniques that have been tried are open lung biopsy, tracheal
aspirate (TA), sputum sample analysis, bronchial brushing and upper respiratory tract sampling.

One study showed a difference in total protein concentration and IgA secretory component;
known to be secreted from proximal airways; between TA and BAL samples in infants
(Dargaville, South, and McDougall 1999). This suggests that the two techniques sample
different environments. In the same study, the concentration of surfactant proteins, secreted
distally was not different between TA and BAL. A further study showed comparable cell counts
and cytokine levels between TA and BAL taken from preterm infants (D’ Angio et al. 2002). For
some indices TA may be equivalent to BAL.

No comparison has been done on the difference in microbiome sampled using the two
techniques in infants. A small adult study using healthy volunteers found no difference in the
composition of the microbiome within the whole the respiratory tract. More distal sources
showed a lower number of total organisms, but the diversity and composition were similar.
Intensive sampling analysed specimens from nasopharyngeal swabs, oral swabs, oral wash,
glottis bronchoscopic BAL of the right middle lobe and protected bronchial brushing (Charlson
et al. 2011). The authors conclude that the lung microbiota is a continuation of the upper
respiratory tract microbiota. Another study, however, did to find differences between the
microbiota of anatomically sites in close proximity (oral and nasal cavity) within the upper
respiratory tract, challenging the assertion that the whole respiratory tract has the same

microbiota (Bassis et al. 2014).

Using culture independent techniques on samples obtained via BAL is well established (Morris
et al. 2013; Erb-Downward et al. 2011; Dickson, Erb-Downward, Freeman, et al. 2014; Bassis
et al. 2015). Even compared with modern culturing protocols, culture independent technigques
increase the detection rate of bacteria within BAL fluid from 80.4% to 95.7% (Dickson, Erb-
Downward, Prescott, et al. 2014).
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1.7.5 Summary

BAL is an established procedure used to sample the distal airways and lungs for research and
clinical indications. Non-bronchoscopic BAL the preferred technique in new-born infants. In
preterm infants non-bronchoscopic BAL has been shown to reliably sample the right lower lobe
and the evidence suggests that it is a safe procedure. TA is more routinely performed method of
obtaining samples of lung lining fluid in ventilated preterm infants. Evidence is inconsistent as

to whether TA samples provide the comparable results as BAL samples.

1.8 Summary

CLD is a major cause of long-term morbidity in surviving preterm infants, affecting mainly
those born extremely preterm. Due to the improved survival of the most preterm infants CLD
rates have not improved despite recent advances in neonatal care. Understanding the influence
the microbiota can have over human pathology has improved the understanding of many disease
processes. The microbiota may have a contributing role in the development of CLD with current
work showing conflicting results. Further work is needed to explore if an optimum respiratory
microbiota can be established in the airways and lungs and the if so the timing of the acquisition
of the microbiota. Few studies have tested the microbiota of the upper respiratory tract in
extreme preterm infants in the early weeks of life and no data exists on the relationship between

the bacterial colonisation of the upper and lower respiratory microbiota in preterm infants.

The inflammatory response within the lung is central to the pathophysiology of CLD. The
microbiota has been shown to modulate the host immune response in other disease processes
including other lung diseases. More work is needed to understand the effect of early bacterial
colonisation within the lung over the innate immune system activation. Better understanding of
the microbiome the host immune response to colonisation and the interaction between

microorganisms and host may lead to identification of targets for therapeutic intervention.
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1.9 Aims and hypotheses

19.1
1.

Hypotheses
Infants who develop CLD have a different respiratory tract microbiota from infants who

do not develop CLD.

The net effect of bacterial colonisation of the respiratory tract in preterm infants is to

cause progressive inflammation which may contribute to CLD.

The respiratory microbiota displays variation between the upper and lower respiratory

tract.

The innate immune system is activated within the neonatal lung via the NLRP3

inflammasome.

Extracellular ASC acts as propagator of inflammation in CLD.
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1.9.3 Specific aims:
1. To take serial samples from the lower airways of preterm infants at risk of CLD and
identify the pattern of bacterial colonisation in the lower airways and lungs.

2. To measure bacterial load within samples from the lower airways and lungs of preterm

infants and relate this to inflammatory profiles.

3. To compare the lung microbiota in infants who do and do not go on to develop CLD as

well as a control group of ventilated term infants.

4. Analyse the effect of antibiotic treatment on respiratory and lung colonisation in

ventilated preterm infants.

5. To compare airway colonisation in ventilated preterm infants between different

recruitment centres.

6. To test the depth of sequencing of the rRNA 16S gene to attempt to identify bacteria to

species level.

7. To analyse serial samples from the upper airways of preterm infants and a term control
group for the presence and relative abundance of bacteria and identify the pattern of

bacterial colonisation.

8. To measure bacterial load within samples from the upper airways of preterm infants and

analyse changes over time.

9. Analyse the effect of delivery mode, antibiotics and probiotics on upper respiratory tract

colonisation in preterm infants.

10. To compare upper airway colonisation in preterm infants between two different

recruitment centres.

11. To compare bacterial community structure between NPA, TA and BAL samples from

preterm infants.

12. To compare total bacterial load between NPA, TA and BAL samples from preterm

infants.

13. To compare measures of alpha diversity between NPA, TA and BAL samples from

preterm infants.

14. To compare concordance of the dominant organism identified from individual samples

from the upper and lower respiratory tract taken within 24 hours from the same infant.
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15. To attempt to identify the presence of inflammasome components within BAL fluid

from preterm infants.

16. To examine the pro-inflammatory potential of ASC in neonatal BAL fluid from preterm

infants.

17. To produce ASC recombinantly for use in cell stimulation experiments.

18. To determine the mechanism of action of the pro-inflammatory effect of extracellular

ASC on respiratory epithelial cells in culture.
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2 Materials and Methods

2.1 Patient recruitment
Patients were recruited from the University Hospital of Wales Cardiff, between November

2014 and March 2017. Patients were recruited into one of 3 groups:

e Preterm infants, ventilated. Infants born at <32 weeks’ gestation and required

ventilation within the first 24 hours of life for respiratory distress syndrome.

e Term infants, ventilated. Infants born >37 weeks’ gestational age admitted to the
neonatal unit and ventilated within 24 hours of age for a non-respiratory condition. E.g
abdominal surgical problem.

e Term infants, not ventilated. Infants born at >37 weeks’ gestational age, with no

known pathology, who are considered healthy and on the post-natal ward.

Any infants with respiratory pathology such as congenital adenomatous lesions or
diaphragmatic hernias were not recruited to the study. Cases of meconium aspiration and
hypoxic ischaemic encephalopathy were also excluded. Those infants with suspected
underlying chromosomal anomalies or who were not expected to survive, as determined by the

treating clinicians, were also not recruited.

Parents were approached to enter their infant in the study either during threatened preterm
delivery or after delivery. An information sheet was provided (Appendix 2 and 3) and written

informed consent was obtained prior to the infant being entered into the study.

An outbreak of Acinetobacter baumannii in the University Hospital of Wales resulted in
limited admissions to the neonatal unit. An amendment to the study protocol to include
Southmead Hospital, Bristol as a recruitment centre received ethical approval and infants were
recruited between May 2015 and September 2016. A second amendment to the protocol
received ethical approval in August 2016 to allow collection of stool samples from infants on

the postnatal ward.

Ethical approval for the study was given by the Wales Ethics Committee 2, reference number
14WAO0190, and the study was approved by the research and development committees of the
Cardiff and Vale University Health Board and North Bristol NHS Trust. A copy of

confirmation of ethical approval is contained in Appendix 1.
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2.2 Sample collection

2.2.1 Bronchoalveolar lavage

BAL samples were collected following the European Respiratory Society taskforce guidelines
(de Blic et al. 2000) and as per previous studies in the Kotecha research group (Davies et al.
2010; Beeton et al. 2011).

Intubated preterm infants on the neonatal unit in Cardiff routinely receive surfactant therapy at
birth and if necessary, again at 12 hours of age. To avoid interfering with this treatment the
initial BAL was aimed to be performed at either 12 hours of age before additional surfactant
therapy or in cases where informed consent had not been obtained by 12 hours of age at 24

hours of age.

The procedure has been widely used in other studies studying neonatal lung inflammation (S.
Kotecha, Wilson, et al. 1996; Davies et al. 2010; Vyas et al. 2002). The infant was placed
supine with the head to the left side and the ventilator briefly disconnected from the
endotracheal tube. A size 6Fr nasogastric (NG) feeding tube (Intervene, Chesterfield, UK) was
advanced through the endotracheal tube until it met resistance. 1 ml/kg of sterile 0.9 % sodium
chloride for injection (B.Braun Medical Ltd, Sheffield, UK) was instilled through the catheter.
After a brief pause, a suction pressure of 5-7 kPa is applied to the NG tube. The tube was
slowly withdrawn with the aspirated material collected in a mucous specimen trap (Pennine
Healthcare, Derby, UK) and the infant reconnected to the ventilator. After a pause to allow the
infant to recover, the procedure was repeated and the samples pooled. | performed the

procedure on all recruited infants to reduce variability.

The samples were immediately placed on ice and transported to the laboratory for processing.

2.2.2 Tracheal aspirate

Tracheal Aspirate (TA) samples from Cardiff were collected by nursing staff as a part of
routine clinical care, according to local policy. The endotracheal tube (ET) was disconnected
from the ventilator and 1 ml/kg of sterile 0.9 % sodium chloride (B.Braun Medical Ltd,
Sheffield, UK) was instilled via the ET. A sterile suction catheter (TenderTip, GBUK,
Yorkshire, UK) was then inserted to a depth equal to the length of the ET tube and a suction
pressure of 5-7 kPa applied as the catheter was slowly withdrawn. The infant was then
reconnected to the ventilator and after a pause to allow the infant to recover, the procedure was

repeated and the sample pooled.

TA samples from Bristol were also collected as part of routine care. The local policy utilised a
sterile in-line suction device (Halyard UK, Surrey, UK) changed every 24 hours. The infant
remained connected to the ventilator during suctioning. Samples for the study were only

collected immediately after the device had been changed to prevent contamination of samples
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from previous aspirations. As in Cardiff, 1 ml/kg of saline was instilled to the ET tube via a
port on the in-line suction device. The catheter was advanced to a depth equal to the length of
the ET tube and a suction pressure of 5-7 kPa applied as the catheter was slowly withdrawn.
After a pause to allow the infant to recover the procedure was repeated and the sample pooled.
Samples were then immediately frozen at -20 °C prior to transfer to the laboratory.

TA samples were collected from ventilated preterm infants on the neonatal unit at the Royal
Victoria Infirmary (RVI) as part of the ELFIN trial. Ethical approval and informed consent had
been obtained for further testing of TA samples. 107 TA samples from 29 infants were
selected to be analysed for this study. Infants were chosen based on the same inclusion criteria
for infants recruited from the Cardiff and Bristol sites. Where multiple samples were collected
from an individual infant, samples were chosen to mirror the sampling frequency of infants
recruited from Cardiff and Bristol. TA samples from the RVI were collected as part of routine
clinical care. The whole suction catheter was placed into a universal container and stored at -
80 °C prior to DNA extraction. TA samples from the RVI were kindly provided by Dr J
Berrington (Newcastle Upon Tyne NHS Trust) and Dr C Lanyon (University of Northumbria).

2.2.3 Nasopharyngeal aspirate

Nasopharyngeal aspirate (NPA) samples from Cardiff were collected contemporaneously with
BAL samples. A size 6Fr nasogastric feeding tube (Intervene, Chesterfield, UK) was gently
inserted via the nostril to the nasopharynx. A suction pressure of 5-7 kPa was applied and the
tube slowly withdrawn. Each nostril was suctioned. 2 ml of sterile sodium chloride for
injection (B.Braun Medical Ltd, Sheffield, UK) was aspirated through the NG tube to flush
any mucous within the catheter into a mucous specimen trap (Pennine Healthcare, Derby, UK).

The sample was placed on ice and transported to the laboratory for processing.

NPA samples collected in Bristol were collected according to the local departmental
guidelines. 2 ml/kg of sterile saline for injection (B.Braun Medical Ltd, Sheffield, UK) was
instilled directly through the nostrils. A sterile suction catheter was used to aspirate the fluid
from the nasopharynx under a suction pressure of 5-7 kPa. Samples were immediately frozen

at -18 °C prior to transportation to the laboratory.

2.3 Processing of samples

2.3.1 Cardiff
2.3.1.1 Bronchoalveolar lavage
Samples were transported on ice immediately following collection to the laboratory.

Processing was completed within 1 hour of collection. Samples were weighed on arrival and
the empty sample traps re-weighed after transferring samples to a microcentrifuge tube
(Eppendorf UK, Stevenage, UK) to calculate the weight of the sample. The volume was

calculated using an approximated density of 1 g/mL.
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A cell count was performed using a haemocytometer by mixing 20 pL of the sample with an
equal volume of Trypan Blue solution (Life Technologies (Gibco), Paisley, UK). A
haemocytometer is device used to estimate cell concentrations. It consists of a grid of
perpendicular lines etched in the middle of a thick glass microscope slide. The slide has
specific dimensions, so the area covered by the grid is known making it possible to count the
number of cells in a specific volume of solution. An average of 3 squares of the
haemocytometer count was taken and the number of cells per ml calculated.

Cytospin slides were prepared loading 20 pL of BAL fluid, followed by 100 uL of phosphate
buffered saline (PBS) with 10 mM Ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific.
Leicestershire, UK) into the well of the cassette. Polysine adhesion slides (VWR,
Leicestershire, UK) were used to enhance the adherence of the cells to the slide. If the cell
count was greater than 1.2x10° cells/ml then a smaller volume of BAL fluid was used to give a
cell concentration of 0.3-1.2x10° cells/ml. The slides were air dried overnight before being
stored at -20 °C.

The remaining BAL fluid was centrifuged at 10,000 xg for 10 minutes at 4 °C to produce a cell
pellet and cell free supernatant. The supernatant was removed and stored in 25 pL aliquots.
Both the cell pellet and supernatant were labelled appropriately and stored at -80 °C until

further processing.

2.3.1.2 Nasopharyngeal aspirate

Samples were transported on ice to the laboratory. On arrival the BAL fluid was centrifuged at
10,000 x g for 10 minutes at 4 °C to leave a cell pellet and cell free supernatant. The
supernatant was removed and stored in 25 pL and 100 uL aliquots. Both the cell pellet and

supernatant were stored at -80 °C until further processing.

2.3.1.3 Tracheal aspirate
Tracheal aspirate samples were taken by nursing staff and immediately placed at 4 °C awaiting
collection. All samples were collected from the unit within 2 hours of sampling. Samples were

transferred to the laboratory on ice and immediately stored at -80 °C until further processing.

2.3.2 Bristol

All samples taken in Bristol (TA, NPA and stool samples) were immediately frozen at -18 °C.
Periodically, samples were transferred frozen to the laboratory in Cardiff using a heat resistant
box and freezer packs pre-frozen at -80 °C to prevent thawing of samples. TA, NPA and stool

samples were stored at -80 °C on arrival in Cardiff.

2.3.2.1 Nasopharyngeal aspirate and tracheal aspirate samples
At the point of DNA extraction, NPA and TA samples were defrosted, and the samples

weighed. The samples were transferred to sterile microcentrifuge tubes (Eppendorf UK,
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Stevenage, UK) then centrifuged at 10,000 x g for 10 mins at 4 °C to leave a cell pellet and
cell-free supernatant. The empty universal container was re-weighed to calculate sample
weight and volume using an approximated density of 1 mg/mL. The supernatant was removed
and stored at -80 °C. The cell pellet was immediately used for DNA extraction.

2.4 Differential cell counts

The prepared cytospin slides were defrosted prior to fixation and staining with Haemacolor
cell staining kits. (Merck KGaA, Darmstadt, Germany) This utilises a methanol-based fixative
followed by a red nuclear stain and a blue cytoplasmic stain. The slides were immersed in the
three solutions for 1 min each, prior to washing with tap water. Images of the stained cells
were obtain using a Nikon Eclipse microscope (Nikon Instruments UK, Surrey, UK) at 40x
magnification. Differential cell counts were obtained by counting a minimum of 300 cells from
the digital images. Examples of cells from cytospin slides are shown in Figure 2-1.

& 3%
Figure 2-1: Images of cell types observed from cytospins of BAL samples.

A= Mononuclear cells, B= Polymorphonuclear cells, C= Epithelial cells, D= Red blood cells.
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2.5 Solutions

2.5.1 Phosphate buffered saline

1 L of 10x PBS solution was prepared by dissolving 100 g of NaCl (Fisher Scientific.
Leicestershire, UK), 2.5 g KCI (Fisher Scientific, Leicestershire, UK), 14.4 g anhydrous
Na:HPOQO4 (Fisher Scientific. Leicestershire, UK) and 2.5 g KH2PO4 (Fisher Scientific,
Leicestershire, UK) in distilled water.

2.5.2 Sodium dodecyl sulphate solution
A 10% Sodium dodecyl sulphate (SDS) solution (w/v) was prepared by dissolving 10 g of SDS
(Sigma-Aldrich, Dorset, UK) in 100 mL of deionised H,O.

2.5.3 Sample reducing buffer for SDS-polyacrylamide gel electrophoresis
(PAGE)

A working solution of sample reducing buffer was prepared combining 10 ml 0.5 M Tris
solution (pH 6.8), 8 ml of 10% SDS solution, 5 g of glycerol (Sigma-Aldrich, Dorset, UK), 2.0
ml of 14.3 M B-mercaptothanol (Sigma-Aldrich, Dorset, UK) and 5 mg of bromophenol blue
(Sigma-Aldrich, Dorset, UK).

2.5.4 Phosphate buffered saline-Tween
10 ml of Tween 20 (Fisher Scientific, Leicestershire, UK) was added to 1 L of 10x PBS. This

was diluted 1 in 10 with distilled water to give a 1x working solution prior to use.

2.5.5 SDS-PAGE running buffer

A 10x concentrated pre-prepared stock solution of running buffer containing 0.25 M Tris,
1.92 M Glycine and 1% SDS (National Diagnostics UK, Yorkshire, UK) was diluted with
deionised water to produce a 1x concentration by diluting the stock 1 in 10. Freshly prepared

prior to use.

2.5.6 Western blotting transfer buffer

A 2x concentrated stock solution was prepared by dissolving 4.88 g of Tris (Fisher Scientific,
Leicestershire, UK), 20 ml of the 10% SDS solution and 400 ml of isopropanol (Fisher
Scientific, Leicestershire, UK) to a total volume of 1000 ml in deionised H»O. The solution

was adjusted to pH 8.3 with acetic acid.

2.5.7 Stripping buffer
Antibody stripping buffer prepared containing 100 mM mercaptoethanol (Sigma-Aldrich,
Dorset, UK), 2% SDS (Sigma-Aldrich, Dorset, UK) and 62.5 mM Tris-HCI (Fisher Scientific,

Leicestershire, UK) made up with deionised water.
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2.5.8 Sodium phosphate buffer

150 mM Sodium Phosphate buffer was made by dissolving 4.45 g of NaH,PO4,*2H,0 (Sigma-
Aldrich, Dorset, UK) and 17.25 g of Na;HPO, (Sigma-Aldrich, Dorset, UK) in deionised
water. The solution was adjusted to pH 8.0.

2.5.9 DNA extraction buffer

A DNA extraction buffer was prepared according to the protocol for DNA extraction from soil
supplied by Promega. A buffer containing 5 M guanidine thiocyanate (Fisher Scientific.
Leicestershire, UK), 1% Na-Lauroylsarcosine (Sigma-Aldrich, Dorset, UK), 100 mM
ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific, Leicestershire, UK) and 1%
polyvinylpyrrolidone K30 (Sigma-Aldrich, Dorset, UK) was made using 150 mM sodium
phosphate buffer and stored at 4 °C.

2.5.10 Hi-Trap column deactivation buffers
Buffers prepared using protocol obtained from column manufacturers.

Buffer A — 0.5 M ethanolamine, 0.5 M Sodium Chloride. pH 8.3. Prepared by dissolving 15.09
mL of Ethanolamine (density 1.012 g/mL) (Sigma-Aldrich, Dorset, UK) and 14.61 g of
sodium chloride (Fisher Scientific, Leicestershire, UK) in 500 mL of deionised H-0.

Buffer B — 0.1 M sodium acetate, 0.5 M Sodium Chloride. pH 4. Prepared by dissolving 4.1 g
of sodium acetate (Fisher Scientific, Leicestershire, UK) and 14.61 g of sodium chloride
(Fisher Scientific, Leicestershire, UK) in 500 mL of deionised H0.

2.5.11 Hi-Trap column elution buffer

Buffer containing 15 mM triethanolamine and 140 mM sodium chloride was prepared by
dissolving 0.59 g of triethanolamine (Sigma-Aldrich, Dorset, UK) and 1.64 g of sodium
chloride (Fisher Scientific, Leicestershire, UK) in 200 ml of deionised H2O. pH adjusted to
11.5 with NaOH.

2.5.12 Hi-Trap column coupling buffer

Buffer containing 0.2 M sodium bicarbonate and 0.5 M sodium chloride was prepared by
dissolving 0.17 g of sodium bicarbonate and 2.92 g of sodium chloride (Fisher Scientific,
Leicestershire, UK) in 100 mL of deionised H>O.

2.5.13 STET buffer

Buffer prepared by dissolving 8 g of sucrose (Fisher Scientific, Leicestershire, UK), in H.O
and mixing with 500 pL of Triton X (Sigma-Aldrich, Dorset, UK), 10 ml of 0.5 M EDTA
solution (pH 8) and 1 ml of 1 M Tris solution (pH 8). Made up to a total volume of 100 mL
with H-0.

63



Chapter 2: Materials and methods

2.5.14 ELFO buffer

Buffer prepared at 50x concentration by dissolving 242 g of Tris (Sigma-Aldrich, Dorset, UK)
in deionised H20, adding 100 ml of 0.5 M EDTA solution, made up to a total volume of 1 L at
pH 7.7. A 1x working solution was produced by diluting the stock solution using deionised
H-O.

2.5.15 NP-40 lysis buffer

100 mL of buffer was prepared by combining 10 mL of NET buffer, 1 mL of 600 mM CHAPS
solution, 1 mL of 10 mM iodoacetamide, 10 mL of 10% (w/v) NP-40, 50 pL of 50 mM
Phenylmethylsulfonyl fluoride and 77.95 mL of deionised H.O. The preparation of constituent
solutions is described below. Final concentration within lysis buffer is 50 nM Tris, 1% NP-40,
6 mM CHAPS, 150 mM NaCl, 5 mM EDTA, 50 uM phenylmethylsulfonyl fluoride and 0.1

mM iodoacetamide.

2.5.15.1 NET buffer

Buffer prepared by dissolving 15.14 g of Tris (Sigma-Aldrich, Dorset, UK), 21.92 g of NaCl
(Fisher Scientific, Leicestershire, UK) and 4.56 g of EDTA (Fisher Scientific. Leicestershire,
UK) to a final volume of 250 mL of deionised H,O and corrected to pH 8.0. The final
concentration of solutes is 500 mM Tris, 1.5 M NaCl and 50 mM EDTA.

2.5.15.2 600 mM CHAPS solution
1.8 g of 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) (Sigma-
Aldrich, Dorset, UK) dissolved in 5 ml of deionised H,O.

2.5.15.3 10 mM iodoacetamide
92.5 mg of lodoacetamide (Sigma-Aldrich, Dorset, UK) dissolved in 50 mL of deionised H.O.

2.5.15.4 10% (w/v) NP-40
10 g of NP-40 (Sigma-Aldrich, Dorset, UK) dissolved in 100 ml of deionised H,O.

2.6 DNA extraction from respiratory samples

2.6.1 Cardiff and Bristol samples

Cell pellets from BAL, TA and NPA samples were resuspended in 0.5 ml DNA extraction
buffer. The samples were transferred to 0.5 ml sterile skirted tubes (Starlabs UK, Milton
Keynes, UK) containing 0.1 g of 0.1 mm zirconia beads (Biospec, OK, USA). Samples were
bead beaten to break open bacterial cells for 3x30 seconds at 6.5 m/s using a FastPrep 24
device (MP Biomedicals (Fisher Scientific, Leicestershire, UK)). Centrifugation of samples at
10,000 xg for 60 seconds to remove the beads was performed. The supernatants were loaded
into the Maxwell 16 automated DNA extraction device (Promega UK, Southampton, UK). 300
pL of the supplied elution buffer was added to the elution chamber. Samples were stored at -80

°C prior to further analysis.
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No respiratory samples from infants or adults were available for optimising DNA extraction

methods. Saliva and laboratory cultures were used to compare different DNA extraction

techniques. The table below compares DNA extraction from adult saliva samples comparing

with Maxwell 16 instrument (no bead beating) to the manual Fast Spin kit for Soil (MP

Biomedicals (Fisher Scientific, Leicestershire, UK)).

Table 2-1: Comparison of automated verses manual DNA extraction techniques

Method of Elution Mean DNA Mean DNA
DNA Volume (uL) Concentration Yield (ug)
extraction (ng/uL)

Maxwell 16 180 3.02 0.54
Fast Spin Kit 90 1.14 0.10

DNA extracted from saliva samples in duplicate as per manufacturer’s instructions. DNA
guantified using Qubit fluorometer.

Using saliva is useful to demonstrate the DNA extraction works using biological samples

however recovered DNA could be purely host DNA. To ensure DNA from both Gram-Positive

and Gram-Negative bacteria was extracted pure growths of E. coli and S. aureus were used to

test effectiveness of bacterial DNA extraction. Bacterial cultures were grown as per the

protocol in Section 2.8. Cultures were serially diluted prior to DNA extraction. Drop counts

from these cultures estimated the E. coli culture contained 1.42x10° colony forming units and

the S. aureus culture contained 7.02x108 colony forming units. The effect of adding a bead

beating step using zirconia beads (6.5 m/s for 30 seconds repeated for a total of 3 times) to the

protocol was also assessed.

Table 2-2: Comparing yield of DNA from E. coli and S. aureus cultures, demonstrating the
effect of bead beating. DNA extracted in duplicate and quantified using Qubit fluorometer.

Dilution Maxwell 16 Only (Mean DNA Maxwell 16 + Bead Beating (Mean
Concentration ng/pL) DNA Concentration ng/uL)
E. coli S. aureus E. coli S. aureus
102 15.7 0.26 18.9 3.78
103 151 <0.05 0.968 0.303
10* 0.119 <0.05 0.152 0.051

This demonstrated that the bead beating increased the yield of DNA when used in
combination with the Maxwell 16 instrument. Visualisation of the extracted DNA from the

experiment in

65



Chapter 2: Materials and methods

Table 2-1 on an agarose gel showed that adding bead beating to the protocol resulted in a yield
of genomic DNA, without damaging the DNA as a clear band was seen at the appropriate size
for both organisms (Figure 2-2).

<— Bands of genomic
15,000 bp DNA visible

1500 bp

100 bp

Figure 2-2: Image of gel electrophoresis of DNA extracted using bead beating + Maxwell 16
instrument

2.6.2 Newcastle samples

DNA extraction of samples from Newcastle was kindly performed by Greg Young, PhD
Student at the University of Northumbria. DNA was extracted using the Powerfoods Microbial
DNA extraction kit (MoBio (Qiagen), Hilden, Germany) as per the manufacturers instructions.
This kit utilises a bead beating step and a spin column to isolate bacterial genomic DNA. DNA
was stored at -80 °C and transferred to the laboratories of Prof N Klein in University College

London for 16S rRNA gene sequencing.

2.7 DNA quantification

DNA concentration was measured using a Qubit fluorometer (original model) (Life
Technologies, UK). A master-mix was prepared using 0.5 pL of Quantifluor dye (Promega
UK, Southampton, UK) per reaction with 99.5 pL of TE buffer per reaction. In a thin walled
0.5 mL volume microcentrifuge tube 100 pL of TE was mixed with 98 pL of the prepared
solution and 2 pL of sample DNA solution to give a final reaction volume of 200 pL.
Standards were prepared using 2 pL of 1xTE solution and 1 uL of A DNA solution supplied
with the kit. After calibration with the standards the Qubit fluorometer was used to quantify

DNA concentration within the samples.
66



Chapter 2: Materials and methods

2.8 Preparation of E. coli DNA for use in gPCR

A pure culture of E. coli was obtained from Prof J Marchesi. E. coli was grown on plates of
nutrient agar (Oxoid, ThermoFisher, Leicestershire, UK) overnight incubated at 37 °C in 5%
CO.. A freezer stock was prepared using tryptic soy broth (Oxoid, ThermoFisher,
Leicestershire, UK) and DMSO (Sigma-Aldrich, Dorset, UK). A single colony was selected
and grown in nutrient broth (Oxoid, ThermoFisher, Leicestershire, UK) overnight at 37 °C in
5% CO.. E. coli DNA was extracted using the Maxwell 16 instrument by the method described
in paragraph 2.6. Concentration of the extracted DNA was obtained using a Qubit fluorometer
as described in paragraph 2.7. The E. coli genome contains 7 copies of the 16S rRNA gene
(Klappenbach et al. 2001) and the total genome contains 4.6x10° base pairs (Blattner et al.
1997). The average molar mass of a single base pair is 650 g/mol. The number of copies of the
16S rRNA gene in the extracted DNA solution was calculated as below. In this example the
concentration of DNA extracted from a pure growth of E. coli was measured to be 6.125

pg/mL.

Calculate weight of 1 mole of E. coli genome = Size of E. coli genome x Molar mass per
base pair

= 4.6x10° base pairs x 650 g/mol/bp
= 2.99x10° g/mol
Calculate Molarity of E. coli genome within solution of extracted DNA

= Conc. of DNA in solution = 6.125x10%g/L = 2.04849x10M

Molar mass of E. coli genome 2.99x10° g/Mol

Multiply by Avogadro’s constant to calculate number of copies of E. coli genome in solution
= 2.14849x107"? x 6.022x102® = 1.2336x10? copies/L
= 1.2336x10° copies/mL
Multiply by 7 (as there are 7 copies of the 16S rRNA gene within the E. coli genome)

= 1.2336x10° x 7 = 8.635x10° copies of 16S rRNA gene/ml

The equations C1V1=C,V> was used to calculate the volume of solution and volume of sterile
H.O required to prepare a solution containing 4x10° copies of the 16S rRNA gene per mL. The
gPCR reaction used 2.5 pL of this solution giving 1x10° copies of the 16S rRNA gene in the

reaction.

A serial dilution of E. coli genomic DNA was prepared from 1x10° copies 16S rRNA gene in
2.5 pL to 0.5x10?% copies 16S rRNA gene in 2.5 pL.
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2.9 Quantification of bacterial load by gPCR

The assay to quantify bacterial load within samples was based on the BactQuant protocol (Liu
et al. 2012) amplifying the VV3-V4 region of the 16S rRNA bacterial gene. Experiments were
performed in gPCR specific reaction tubes (ThermoFisher, Leicestershire, UK) using the
Chromo4 thermal cycler (Bio Rad, Hertfordshire, UK). The Opticon Monitor 3 software
package (Bio Rad, Hertfordshire, UK) was used to manage the experiment and analyse the

results. A master mix was prepared using the volumes listed in Table 2-3.

Table 2-3: Constituents of master mix for gPCR reaction

Volume Reagent

5uL Platinum gPCR Supermix — UDG (Thermo Scientific, Leicestershire,
UK)

2.12 uL Nuclease Free H,O (Severn Biotech Ltd, Worcestershire, UK)

0.18 pL Forward Primer (100 uM) (Eurofins, Ebersberg, Germany)

0.18 pL Reverse Primer (100 uM) (Eurofins, Ebersberg, Germany)

0.0225 pL TagMan Probe (ThermoFisher, Leicestershire, UK)

The use of a master mix containing uracil-DNA glycosylase (UNG) and dUTP nucleotides
allows prevention of cross contaminations by DNA from previous PCR reactions containing
dUTP nucleotides. During an initial incubation phase UNG causes the degradation of dUTP in
PCR products from previous amplifications, causing fragmentation of the DNA. Template
DNA which does not contain dUTP bases remains unaffected. The initial denaturation step of
the PCR causes inactivation of UNG allowing PCR amplification to continue (Tetzner 2009).

The sequences of the primers used in this assay:
Forward Primer: 5'- CCTACGGGDGGCWGCA-3'
Reverse Primer: 5- GGACTACHVGGGTMTCTAATC -3’

Primers were obtained in lyophilised form (Eurofins, Ebersberg, Germany) and reconstituted
to 100 UM concentration using nuclease free H,O. The use of degenerate bases within the
primers (D,W,H and V) potentially allows the 16S rRNA gene region of more organisms to be
identified. The International Union of Biochemistry defined the use of letters to represent
different possible bases (D=G, Aor T, W=A or T, H=A, T or C, V=G, A or C). Using primers
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with slightly different sequences should allow 16S rRNA genes from organisms with subtle

variations in the target sequences to be amplified.

A TagMan Probe incorporating a 6-FAM (6-Carboxyfluorescein) reporter and a Molecular-
Groove Binding Non-fluorescence Quencher (MGBNFQ) was used (ThermoFisher,
Leicestershire, UK).

Sequence: (6FAM) 5'-CAGCAGCCGCGGTA-3' (MGBNFQ)

7.5 pL of the master mix was added to each reaction well. 2.5 pL of sample DNA solution was
added to give a total reaction volume of 10 pL.

The thermal cycling condition used are detailed below:
e 3 min at 50 °C for UNG treatment
e 10 min at 95 °C for Tag activation
e 40 cycles of
o 15sat 95°C for denaturation
o 1 minat 60°C for annealing and extension

A standard curve was generated by running in triplicate a serial dilution of E. Coli genomic
DNA. See example in Figure 2-3. The graph shows good reproducibility of replicates and good
PCR efficiency.

Samples were run in triplicate. Threshold of fluorescence to define the reaction reaching above
background fluorescence (cT threshold) was set to 0.01 units of fluorescence for each run of

the experiment.
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Figure 2-3: Example of generation of standard curve from qPCR experiment.
Each colour represents a 10 fold dilution of E. Coli genomic DNA. Efficiency of reaction =
99.9%. Background fluorescence suppressed in this figure.

2.10 Sequencing of bacterial 16S rRNA gene

Preparation of the extracted DNA and the sequencing of the bacterial 16S rRNA gene of the
BAL and TA samples was performed on my behalf by Prof Nigel Klein’s team in the Institute
of Child Health laboratories of University College London. Particular thanks to Dr Dagmar
Alber and Dr Grace Logan who performed the amplification and sequencing. The preparation
for sequencing of the NPA samples was undertaken by myself at the institute of Child Health

following the same protocol.

2.10.1 gPCR inhibition check

A gPCR assay using a selection of samples was performed to ensure DNA within the samples
would amplify and to check for inhibition of the PCR reaction. A PowerSYBR Green PCR
master mix (ThermoFisher, Leicestershire, UK) was used with serial dilutions of extracted
DNA (neat, 1:10, 1:100 and 1:1000) with samples run in duplicate.

Each reaction consisted of 10 pL of Master mix, 6 pL nuclease free H,O (Bioline, London,
UK), 1 pL of forward and reverse primers at 10 pmol concentration and 2 pL sample DNA to

give a 20 pL reaction volume. The thermal cycling conditions used were 95 °C for 10 mins
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followed by 45 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. The gPCR device used
for the assay was a CF96 Touch Real Time PCR Detection System (BioRad, Hertfordshire,
UK). The cT values for each dilution were plotted against dilution factor. A straight line
demonstrated no inhibition to the PCR reaction.

2.10.2 Amplification of the 16S rRNA gene using barcoded primers and
adaptors

The 16S rRNA gene is amplified using a PCR reaction prior to sequencing. To allow
multiplexing of samples and to facilitate the binding of amplicons to the flow cell of the Miseq
device, specific primers were designed incorporating barcodes and adaptors. Barcodes are a
sequence of bases read during the sequencing process to allow identification of which sample a
specific sequence originated from, adaptors introduce a 5° overhang to the sequence to allow
binding of the DNA to the complementary strand of DNA on the flow cell of the Miseq. The

primer pad allows adjustment of the melting temperature of the primer.

The structure of an example primer is shown below in Figure 2-4. A full list of all primer
sequences used are shown in Appendix 4. The sequences of the 16S rRNA sequence specific
components of the primers designed to amplify the V3-V4 region of the gene are 341F primer:
CCTACGGGNGGCWGCAG and 805R primer: GACTACHVGGGTATCTAATCC. These
sequences were originally designed to study marine bacterial communities (Herlemann et al.
2011) but have been extensively used in next generation sequencing and have been verified
capture the majority of bacterial phyla (Klindworth et al. 2013). The primers were
manufactured by Sigma-Aldrich (Sigma-Aldrich, Dorset, UK). The amplification reaction
utilised a Tag PCR Core Kit (Qiagen, Hilden, Germany) with a master mix prepared using the

components listed in Table 2-4.

Adaptor Barcode PrimerPad  Link V3 Forward Primer
AATGATACGGCGACCACCGAGATCTACAC ATCGTACG TATGGTAATT GG CCTACGGGNGGCWGCAG

\ )
I

Full Length Forward Primer

5" — AATGATACGGCGACCACCGAGATCTACACATCGTACGTATGGTAATTGGCCTACGGGNGGCWGCAG - 3’

Figure 2-4: Structure of primers used to amplify the V3-V4 region of the bacterial 16S
rRNA gene in preparation for paired end sequencing
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Table 2-4: Components of the master mix for the PCR reaction used to amplify the 16S
rRNA gene (V3-V4 region) in preparation for sequencing

Reagent Volume per
Reaction (uL)

Taq Polymerase 0.25

MgCl; Solution (25 mM) 1.0

dNTP Mix (10 mM each) 1.0

Q Solution 10.0

10x Buffer 5.0

Nuclease Free H,0 (Bioline, London, UK) 25.25

42.5 pL of master mix was aliquoted into the relevant wells of a 96 well PCR plate (Elkay,

Hampshire, UK). 1.25 L of the relevant primers at a concentration of 20 pM was then added
to each well as outlined below (
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Figure 2-5) to give a unique combination of primers in each well. Two sets of reverse primers
were available allowing two full 96 well plates to receive unique barcodes. Samples for
amplification were performed in batches of 24-36 samples per run with a negative control and
a DNA extraction control run with each batch. Any runs with a positive negative control
sample were discarded and the PCR repeated.
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Figure 2-5: Primer layout for sequencing of samples within a 96 well plate resulting in a
unique primer combination for each well

The thermal cycling conditions used during the amplification are shown below in Table 2-5.

The thermocycler used for amplification was a CFX96 Touch (Biorad UK, Hertfordshire, UK).

Table 2-5: Thermal cycling conditions used during amplification of the bacterial 16S rRNA
gene (V3-V4 region) in preparation for sequencing

Step Temperature (°C) Time Cycles
Initial 95 3 mins

denaturation

Denaturation 95 30 secs

Annealing 54 30 secs x30
Extension 72 1 min

Final extension 72 10 mins

Hold 12 oo

2.10.3 Purification of PCR product
Purification of the PCR product was achieved using AMPure beads (Beckman Coulter (UK),
High Wycombe, UK). 35 pL of resuspended AMPure beads were added to each well and
incubated for 5 minutes at room temperature to allow the DNA to bind to the beads. The PCR
plate was then placed on a magnetic stand causing the beads and associated DNA to form a
pellet. The supernatant was removed and the bead pellet washed twice with 200 pL 80%
ethanol for 30 seconds each time. Care was taken to remove all ethanol and the beads were air
dried at room temperature for 15 mins. The plate was removed from the stand and the beads
resuspended in 50 pL of AE buffer (Qiagen, Hilden, Germany). The resuspended beads were
incubated at room temperature for 2 minutes before being placed on the magnetic stand to
pellet the beads. The eluted DNA solution was then transferred to a new plate.
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2.10.4 Quantification of PCR product and library pooling

The concentration of DNA obtained following the PCR reaction was measured using the Qubit
analyser (ThermoFisher, Leicestershire, UK) in a similar method that previously discussed.
The Qubit high sensitivity assay kit (ThermoFisher, Leicestershire, UK) was used with 2 pL of
DNA solution per sample.

Samples with DNA concentrations >0.3 ng/pL post PCR were considered to have amplified
adequately for pooling. For the BAL samples this threshold was lowered to 0.1 ng/uL due to
difficulty in amplifying these samples. Each sample was diluted to the threshold concentration
and 10 pL of each diluted DNA solution was combined into a single tube to produce an

amplicon library.

2.10.5 Quantification and quality checking of library

The pooled library was quality control checked prior to denaturation using the TapeStation
dsDNA assay (Agilent Technologies, CA, USA). In wells of a 96 well plate, 2 pL of reagent
buffer was combined with 2 pL of ladder or library. The sample was mixed on a plate mixer
and briefly centrifuged prior to running the assay. The TapeStation conducted an
electrophoresis of the DNA and ladder to allow visualisation of the DNA. This revealed a
clean band at the expected size of the DNA amplicon. An estimate of the concentration of
DNA within the sample was also made from the size of the band. An example of the results
output from the TapeStation is shown below in Figure 2-6. Primer dimers would be
represented by a small peak with a much lower fragment size. If primer-dimers were identified
the library was cleaned using the AMPure beads as previously described and the TapeStation

procedure repeated to confirm removal of primer dimers.
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Figure 2-6: Graphical results output from TapeStation.

A. Electrophoresis demonstrating ladder and single band of DNA amplicon in library. B.
Line graph of library demonstrating a single peak associated at appropriate amplicon size,
with other peaks suggesting no primer dimers within library.
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A further quantification of the library and to confirm the presence of primers that will bind to
the lllumina sequencer on the amplicons, the library was quantified using the Next Library
QuantK:it for Illumina (New England Biolabs, MA, USA). This assay ran a gPCR reaction
using four known standards to accurately quantify the concentration of DNA containing
Illumina primers within the library. Dilutions of 1:1,000, 1:10,000 and 1:100,000 of the library
were run in triplicate. The assay was run with an initial denaturation step of 95 °C for 1 minute
followed by 35 cycles of 95 °C for 15 seconds and 63 °C for 45 seconds using a CF96 Touch
Real Time PCR Detection System (BioRad, Hertfordshire, UK). The amplification of the
library confirmed the presence of Illumina primers on the amplicons and the concentration of
the library was interpolated from the standard curve generated. The library concentration was
corrected for the amplicon size, as the standards contain a 399 bp amplicon, using the equation

below:

Adjusted Concentration = Calculated Concentration x 399 / amplicon size (bp)

2.10.6 Denaturing, diluting and loading of library into MiSeq

Sequencing was performed on a MiSeq instrument (Illumina UK, Cambridge, UK). Prior to
loading on the cartridge for sequencing, the library was denatured by diluting with an equal
volume of 0.2N Sodium Hydroxide and Tris-HCL. The library was further diluted to 4 pM by
diluting with the hybridization HT1 buffer (Illumina UK, Cambridge, UK). The diluted and
denatured library was combined with denatured PhiX Control v3 (Illumina UK, Cambridge,
UK) DNA to act as an internal control alongside the low-diversity amplicon library. The final
library was loaded into the MiSeq cartridge (Illumina UK, Cambridge, UK) along with the

custom primers. A clean flowcell (Illumina UK, Cambridge, UK) was also required.

2.10.7 Post sequencing data processing

Processing of the 16S rRNA gene sequence data was performed using Mothur v1.39.5 (Schloss
et al. 2009) . Mothur is an open-source software used for bioinformatic processing sequencing
data designed to be used in microbial ecology. Mothur was run on the HIVE multicore
processor computer owned by Cardiff University School of Biosciences. File transfer was
achieved using the WinSCP programme and PuTTy was used as a terminal emulator to run the

analysis.

A full copy of the Mothur commands used in the analysis is shown in Appendix 5. A summary

of the data processing pathway is shown below in Figure 2-7.
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Data output from DNA sequencing contains multiple sequences of letters encoding the bases
from a strand of DNA, each sequence representing a copy of the target gene. Each individual

sequence is known as a “read” of the target gene, in this case the 16S rRNA gene.

Open data in Mothur
and demultiplex data

NS

Remove poor quality
and excessively
long/short reads

S

Align sequences to
reference database
and pre-cluster

NS

Identify and remove
chimeric sequences

N/

Clusterinto OTUs and
remove non bacterial
reads

NS

Statistical analysis
and graphical
visualisation

Figure 2-7: Summary of workflow in Mothur v1.39.5 for processing of sequencing data

The workflow used in Mothur is designed to remove sequences amplified in error, before
grouping into OTUs prior to data analysis. Initially de-multiplexing of the data was performed
to identify from which samples each read originated. Excessively long sequences and those
sequences with excessive numbers of ambiguous bases were removed to exclude poor quality
reads. Unique sequences within the dataset were identified to prevent duplication during the
analysis. Sequences were then aligned to the SILVA reference database of 16S rRNA gene
sequences (Quast et al. 2013). Sequences not covering the target VV3-V4 region were removed.
Also removed were sequence data from beyond the VV3-V4 region. Sequences differing in up to
2 bp were assumed to be identical, with the small difference due to errors in sequencing and so
such sequences were grouped together with the most abundant sequence. Chimeric sequences

were screened for and removed. OTUs, with a cut off of 3% differences in base pairs, were
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then formed and the phylogenic identification of each OTU made from kingdom to genus level
using the 16S Training Set reference database of 16S rRNA gene sequences downloaded from
the Ribosomal Database Project (Cole et al. 2014). A phylogenetic tree using representative
sequences of each OTU was produced using FastTree software (Price, Dehal, and Arkin 2009).

Attempts to identify organisms to a species level was undertaken using the USEARCH
program v10 (Edgar 2010). Comparing the representative sequences from each OTU to
sequences within the Ribosomal Database Project (Cole et al. 2014), matches of greater than
97% were considered to be the same species. Representative sequences of OTUs were
manually compared to sequences of several species from the identified genus using Bioedit
v7.0.5 (T. A. Hall 1999) to confirm if there was more than one species with >97% match.
Identification to a species level was considered not possible if >1 species had a match >97%

with the representative species.

Further analysis was performed using Phyloseq v1.20.0 (P. J. McMurdie and Holmes 2013)
within R v 3.4.1 (R Core Team 2017) accessed via RStudio v1.0.143. R is a free software
programme and programming language used for statistical analysis and graphical presentation
of data. Phyloseq is an open access software package that is used within R to enable the

analysis and graphical display of microbiome data.

As each sample will have different numbers of successful and good quality reads normalisation
of the data is required. This was achieved using rarefication. Rarefication is the process of
equalising the number of reads in all samples by choosing a minimum number of reads
required for each sample. Samples with less than this threshold are discarded. The remaining
reads from each sample are subsampled without replacement such that they all have this

minimum number of reads.

The taxonomy and shared files created in Mothur, the tree file created using representative
sequences and a metadata file were imported into Phyloseq. Within Phyloseq rarefication of
sample reads, calculations of alpha and beta diversity and production of graphical figures was
performed. Alpha diversity indices calculated from the sequencing data were the Shannon
diversity index, inverse Simpson diversity index and the Chao 1 diversity index. Total number
of OTUs was also used as a measure of richness. The Bray-Curtis dissimilarity index was used
as a measure of beta-diversity. Data was exported from Phyloseq for use in other analysis or

graphical visualisation of results.

Microsoft Excel v1908 was used for creation of stacked bar charts. Permutational Multivariate
Analysis of Variance Analysis (PERMANOVA) was conducted within R using the vegan
package v2.4-4 (Oksanen et al. 2016). Ordination plots were drawn using the R package
ggplot2 (Wickham 2016).
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STAMP v2.1.3 (statistical analysis of metagenomic profiles) computer package (Parks and
Beiko 2010) was used to compare microbiome profiles from samples between different groups

visualising results using extended error bar plots.

Heatmaps were drawn using ClustViz online software (Metsalu and Vilo 2015).

2.11 Enzyme-linked immunosorbent assays

The concentration of IL6 and IL8 in the supernatant of respiratory samples was tested using an
enzyme-linked immunosorbent assay (ELISA). ELISA assays utilise a capture antibody to the
desired analyte fixed to a plate. During incubation with the sample, analyte present is bound to
the immobilised primary antibody. A biotinylated secondary detection antibody is then used to
bind to the fixed analyte and streptavidine-horseradish peroxidase (HRP) binds to the detection
antibody. Between each step plates are washed with a weak detergent solution to remove
unbound or non-specifically bound protein. Tetramethylbenzidine substrate solution added to
the wells results in a blue colour developing in proportion to the amount of analyte present in
the sample. Colour development is stopped turning the colour in the wells to yellow using stop
solution. Optical density at a specific wavelength can then be measured. The diagram in Figure

2-8 demonstrates this process schematically.
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antibody is bound to a antibody binds to bind to the detection substrate solution is added
polystyrene microplate. immobilised analyte. antibody. Unbound to the wells and a blue
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in the wells to yellow.

Figure 2-8: Schematic diagram demonstrating the process of ELISA assay (R&D-Systems
2005)

2.11.1 IL-6 ELISA
A DuoSet IL-6 ELISA kit (R&D Systems, MN, USA) was used to measure the I1L-6

concentration in BAL and TA supernatants as per the manufacturer’s instructions. All
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antibodies and reagents were provided in the ELISA kit. The plate was prepared by diluting
the capture antibody to a concentration of 2 pg/ml in plate coating buffer (1x PBS) and adding
100 pL per well to the plate. The sealed plate was incubated overnight at room temperature. A
wash step was performed using 200 pL of wash buffer (x3). The plate was blocked using 200
pL of reagent diluent (1% Bovine Serum Albumin (BSA)) solution for 1 hour at room
temperature. A further wash step was repeated before adding 100 pL of standards, samples and
blanks (reagent diluent) in duplicate. IL-6 Standards were prepared using a stock of
recombinant human IL-6 supplied with the kit. A 2x serial dilution of IL-6 was prepared from
600 pg/ml — 9.375 pg/ml, diluting in reagent diluent. Samples were diluted 1 in 10 with further
dilutions performed if values beyond the range of the standard curve were obtained. Following
a 2-hour incubation at room temperature, a further wash step was performed and 100 pL of
biotinylated detection antibody diluted in reagent diluent to a concentration of 50 ng/ml was
added to the wells. Following a 2-hour incubation at room temperature, the wash step was
repeated and 100 pL of streptavidine-HRP (diluted 1 in 40 from stock in reagent diluent) was
then incubated in each well for 20 minutes at room temperature in the dark. A further wash
step was performed. Substrate solution was prepared using equal volumes of reagent A and
reagent B and 100 pL of this solution was added to each well and the plate was incubated in
the dark for 20 minutes. Wells containing I1L-6 turned blue. A volume of 50 uL of stop
solution (2N-sulfuric acid) was added to each well, turning the blue to yellow. The optical
density of the wells was measured using a microplate reader (Dynex Corporation, Worthing,
UK) at 450 nm with a wavelength correction at 570 nm. The value of blanks was subtracted
from the standards and samples and a standard curve drawn from the values generated from the
known standards using a 4-parameter logistic curve fit. The concentration of the samples was
interpolated from this curve. Standard curve and interpolation of unknown values was
performed using Graphpad Prism software. An example of the standard curve generated from
an ELISA experiment for IL-6 concentration is shown below (Figure 2-9). The range of
detection of the assay was 600 pg/ml —9.375 pg/ml. Samples and standards were run in

duplicate.
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Figure 2-9: Standard curve generated from ELISA experiment measuring IL6
concentration in BAL and TA supernatants. R? values for the curve-fit of the standard curve
were always >0.99.

2.11.2 IL-8 ELISA

A DuoSet IL-8 ELISA kit (R&D Systems, MN, USA) was used to measure the IL-8
concentration in BAL and TA supernatants as per the manufacturers instructions. All
antibodies and reagents were provided in the ELISA Kit. The plate was prepared by diluting
the capture antibody to a concentration of 4 pg/ml in plate coating buffer (1x PBS) and adding
100 pL per well to the plate. The sealed plate was incubated overnight at room temperature. A
wash step was performed using 200 pL of wash buffer (x3). The plate was blocked using 200
pL of block buffer (1% BSA) solution for 1 hour at room temperature. A further wash step was
repeated before adding 100 uL of standards, samples and blanks (reagent diluent, 0.1% BSA in
Tris-buffered saline, 0.05% Tween 20) in duplicate. 1L-8 standards were prepared using a
stock of recombinant human IL-6 supplied with the kit. A 2x serial dilution of IL-6 was
prepared from 2000 pg/ml — 31.25 pg/ml, diluting in reagent diluent. Samples were diluted 1 in
10 with reagent diluent and further dilutions performed if values beyond the range of the
standard curve obtained. Following a 2-hour incubation at room temperature a further wash
step was performed and 100 pL of biotinylated detection antibody diluted in reagent diluent to
a concentration of 20 ng/ml was added to the wells. Following a 2-hour incubation at room
temperature the wash step was repeated and 100 uL of streptavidine-HRP (diluted 1 in 40 from
stock in reagent diluent) was then incubated in each well for 20 minutes at room temperature
in the dark. A further wash step was performed. Substrate solution was prepared using equal
volumes of reagent A and reagent B and 100 pL added to each well and incubated in the dark
for 20 minutes. Wells containing IL-8 turned blue. A volume of 50 pL per well of stop
solution (2N-sulfuric acid) was added turning the blue colour yellow. The optical density of
the wells was measured using a microplate reader (Dynex Corporation, Worthing, UK) at 450

nm with a wavelength correction at 570 nm. The value of blanks was subtracted from the
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standards and samples and a standard curve drawn from the values generated from the known
standards using a 4-parameter logistic curve fit. The concentration of the samples was
interpolated from this curve. Generation of the standard curve and interpolation of unknown
values was performed using Graphpad Prism software. An example of the standard curve
generated from an ELISA experiment for IL-8 concentration is shown below (Figure 2-10).
The range of detection of the assay was 2000 pg/ml — 31.25 pg/ml. Samples and standards

were run in duplicate.

IL-8 Elisa Standard Curve
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Figure 2-10: Standard curve generated from ELISA experiment measuring I1L8
concentration within BAL and TA samples. R? values for the curve fit of the standard curve
were always >0.99.

2.12 Western blotting

Western blotting is a technique to identify specific proteins within a sample allowing
visualisation of free proteins, protein in oligomeric form or in complex with other proteins.
Proteins are initially separated by molecular weight on an SDS-polyacrylamide gel using a
voltage gradient. Proteins are blotted onto a nitrocellulose membrane before being visualised
using fluorescent or radiolabelled antibodies. Components of the inflammasome within
neonatal BAL fluid were studied by using Western blotting of BAL supernatant within a mini-
PROTEAN Western blotting system (Bio-Rad, Hertfordshire, UK). Compatible precast
gradient gels of 4-15% SDS were used to run the Western blot (Sigma-Aldrich, Dorset, UK).
20 pL of BAL supernatant was incubated with 10 pL of reducing buffer at 100 °C for 10 mins
immediately prior to loading into gel to ensure protein was linearised. A voltage gradient of

120 V was applied across the gel for 45 minutes or until the dye front reached the end of the

gel.

The proteins within the gel were transferred to nitrocellulose membrane using a fixed current
of 210 mV for 60 minutes.
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The membrane was placed in 5% skimmed milk (Marvel, Lincolnshire, UK) blocking solution
made up with 1x PBS-Tween for 60 minutes at room temperature. Following two 15 minute
washes in PBS-Tween at room temperature, the membrane was incubated in primary antibody
over night at 4 °C.

Two 15-minute washes in 1xPBS-T were performed. The membrane was incubated in
secondary antibody (1:4000) and streptavidin-HRP (1:10,000) for 60 mins at room
temperature. Twelve 10 min washes in PBS-T were performed. The membrane was incubated
with electrochemiluminescence (ECL) Prime detection reagents (GE, Buckinghamshire, UK)
for 2 minutes. Photographic film (Amersham Hyperfilm) (GE, Buckinghamshire, UK) was

used to detect the light emitted from the ECL reaction in a dark room.

2.12.1 Stripping and re-probing membrane

Due to the limited availability of neonatal BAL samples, the nitrocellulose membrane was
stripped of antibody and probed for alternative proteins. The membrane was incubated in pre-
heated stripping buffer for 10 minutes at 50 °C. Two washes in large volumes of PBS-T were
performed. The membrane was incubated in a 5% milk blocking solution following by primary
antibody as described above. The procedure for Western blotting was followed unchanged.

To check the efficiency of the stripping process, the stripped membrane was incubated with
ECL reagents and photographic film was used to detect light emitted. No signal was detected.
This indicates the secondary antibody had been removed adequately. To test the removal of the
primary antibody, a membrane that had been stripped of antibody was incubated with the
secondary antibody that had been previously used and only very faint bands of protein were
visible. To prevent this interaction a different species of primary antibody was used for each
component of the inflammasome probed. The new secondary antibody used would not detect

any remaining primary antibody from the previous experiment.

2.12.2 Antibodies and reagents used in Western blotting
The antibodies used in Western blotting experiments of neonatal BAL fluid in probing for

inflammasome components are shown below in Table 2-6.
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Table 2-6: Antibodies and reagents used for Western blotting of inflammasome components

with BAL fluid
Description Manufacturer Ref Number Lot Number
Streptavidin HRP GE Healthcare RPN1231
Polyclonal 1gG Rabbit anti-Caspase 1 p10 | Santa Cruz SC515 Al1514
Monoclonal 1IgG Mouse anti-ASC Santa Cruz SC271054 C1213
Polyclonal 1gG Goat anti-NLRP3 Santa Cruz SC34498 J2011
Polyclonal Rabbit anti-Mouse 1gG Dako Cytomation P0260 00020228
Polyclonal Goat anti-Rabbit 1gG Jackson 111-035-045 | 95678
Polyclonal Rabbit anti-Goat 1gG Dako Cytomation P0449 20011796

2.12.3 Densitometry of Western blot images

Western blotting can be semi-quantified using densitometry analysis. This involves using
software to measure the density of the bands on an image of the Western blot membrane. This
relies on the assumption that the density of band is directly proportional to the quantity of the
target protein in the sample as the primary and secondary antibodies bind in proportion to the
amount of the target on the membrane.

Western blot images on developed X-ray film were digitally scanned and Image J (Schneider,
Rasband, and Eliceiri 2012) software was used to perform the densitometry analysis. For each
sample the lane of the gel is selected and the background signal excluded by drawing a
horizontal line at the relevant peak. Samples from membranes run, transferred, co-incubated
with blocking reagents and antibodies, and co-washed together can be compared in this way.

Figure 2-11 taken from Image J demonstrates this procedure.
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Figure 2-11: Densitometry of Western blot image using Image J software.

Each lane of the gel is selected, and the image J software transforms the density of the
bands into a linear graph. A horizontal line is drawn to remove the effect of background
signal and the area under the curve of the representing the density of the selected band from
the gel is measured by the software.

2.13 Cell culture and stimulations

2.13.1 Maintenance of cells in culture

Frozen stocks of A549 cell line and BEAS-2B cell line were kindly supplied by Dr M
Triantifalou and Prof K Triantifalou. Both cell lines had previously been obtained from the
American Type Culture Collection (ATCC, Virginia, USA). Both cell lines are immortalised
cells originating from the respiratory tract. The A549 cell line originate from culturing human
alveolar basal epithelial cells from an explanted adenocarcinoma from a 58-year-old caucasian
male (Giard et al. 1973). A549 are adherent cells that form monolayers when cultured in
flasks. A549 cells have been widely used as an in vitro model of alveolar epithelial cells
(Zhihong Zhang et al. 2005; Somborac-Bacura et al. 2018).

BEAS-2B cells are immortalised cells originating from human bronchial epithelium (Reddel et
al. 1987). The BEAS-2B cell line is commonly used as an in vitro model of human bronchial
epithelial cells (Peeters et al. 2013; C. E. Stewart et al. 2012). These cell lines were chosen due
to extensive use of these cells in the literature particularly in the study of pulmonary
inflammation and to allow comparison of an alveolar epithelial cell line and a bronchial

epithelial cell line.
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A549 and BEAS-2B cell lines were maintained in 25 cm? flasks (Life Technologies (Nunc),
Paisley, UK), using Roswell Park Memorial Institute 1640 (RPMI) media with glutaMAX
(Life Technologies (Gibco), Paisley, UK) supplemented with 10% (v/v) fetal calf serum (FCS)
(Life Technologies (Gibco), Paisley, UK) and 3% (v/v) amino acids (Life Technologies
(Gibco), Paisley, UK). Preparation of cells was achieved by defrosting of cells and
immediately diluting the freezing medium with supplemented RPMI media in a 15 ml Falcon
tube (Life Technologies (Nunc), Paisley, UK). After briefly mixing the cell suspension by
hand, the cells were centrifuged for 5 minutes at 5000 x g. The supernatant was removed and
cells were seeded into flasks and incubated at 37 °C in 5% CO with 5 ml of supplemented
RPMI media.

Confluent flasks were split using 0.05% trypsin-EDTA (Life Technologies (Gibco), Paisley,
UK). The previous media was removed and the cells were washed with sterile PBS (Life
Technologies (Gibco), Paisley, UK) prior to trypsinisation. Cells were split 1:4 and incubated
with 5 ml RPMI media per flask.

Freezer stocks of each cell line were prepared by trypsinisation of a flask of cells at 90%
confluency during exponential growth phase. The cell suspension was centrifuged at 5000 x g
for 5 minutes and the supernatant discarded. The cell pellet was resuspended in 1 ml of
freezing medium composed of FCS supplemented with 10% DMSO (Sigma-Aldrich, Dorset,
UK) to prevent ice-crystal formation. Cells were frozen at -80 °C immediately after

resuspension in freezing medium.

2.13.2 Cell stimulations

Cell stimulation experiments were performed using both A549 and BEAS-2B cells maintained
in culture as previously described in section 2.13.1. In preparation for stimulation, cells were
seeded to a 24-well plate (LifeTechnologies (Nunc), Paisley, UK). After trypsinisation of
cultured cells a haemocytometer was used to estimate the concentration of cells. The cell
suspension was centrifuged at 1500 rpm for 5 minutes to create a cell pellet. The cell pellet
was resuspended in RPMI to give a cell count of 1x10° cells/mL. 200 pL of this cell
suspension was seeded to each well and 1 mL of media was added to each well. Plates were
incubated overnight in RPMI media at 37 °C in 5% CO, to achieve 80-90% confluency.

All cell stimulations were performed in un-supplemented human endothelial serum free media
(LifeTechnologies (Gibco), Paisley, UK). Cell stimulations using BAL fluid and rASC were
incubated overnight at 37 °C in 5% CO..

Cell stimulations were terminated by aspiration of the supernatant and the addition of 300 pL
ice-cold lysis buffer to each well. Lysis buffer was incubated for 60 minutes before aspiration.

Cell supernatants and lysates were stored at -20 °C until further analysis.
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2.13.3 Measurement of cytokines in supernatant of cell stimulations

Cytokine concentrations in supernatant from cell stimulation experiments was measured using
the Human Inflammatory Cytokine Kit (BD Biosciences, Oxford, UK) as per the
manufacture’s instructions. This cytometric bead array (CBA) kit uses beads coated in
antibodies for 6 specific pro-inflammatory cytokines (IL-8, IL-18, IL-6, IL-10, TNF, IL-
12p70). When incubated with a sample and secondary antibody, the fluorescence intensity of
the beads was proportional to the concentration of the cytokine in the sample.

20 pL of suspended mixed cytokine specific beads were mixed with 20 uL of sample and 20
KL of secondary antibody. The tubes were incubated protected from light for 3 hours at room
temperature with regular vortexing to resuspend beads. Samples were centrifuged at 5000 x g

for 5 min to pellet beads, before being washed in the supplied wash buffer.

A FACSCalibur flow cytometer (BD Biosciences, Oxford, UK) was used to measure the
fluorescence intensity of beads. A minimum of 3000 beads per sample was used to calculate
the cytokine concentration. Standard curves for each cytokine were generated from serial
dilutions of standards provided with the kit and run with beads from the same kit lot number.
The BD CBA Analysis software (BD Biosciences, Oxford, UK) was used to interpolate the
median fluorescence intensity of the beads for each cytokine from the standard curves.

2.14 Immunoprecipitation of ASC from pooled bronchoalveolar
lavage supernatant

Immunoprecipitation uses antibodies to deplete a sample of the target protein. The antibody

binds specifically to the target protein before adding protein A sepharose (PAS) beads which

bind antibodies non-specifically.

ASC was depleted from BAL samples prior to cell stimulation experiments to implicate ASC
on cytokine production by the cultured cells. PAS beads (ThermoFisher, Leicestershire, UK)
were prepared by suspending 0.1 g of beads in 1 mL of sterile PBS. Preclearing of the samples
to assess for non-specific binding to the beads was achieved by incubating 20 pL of suspended
beads with 50 pL of pooled BAL supernatant for 45 mins at 4 °C with regular flicking to
resuspend beads. Samples were centrifuged at 10000 xg for 2 minutes and the supernatant

removed. The preclear step was repeated twice with each sample.

Polyclonal Rabbit anti-ASC 1gG antibody (Santa Cruz Biotechnology, Heidelberg, Germany)
was used to bind ASC in the sample. The sample was incubated with 5 pL of antibody

overnight at 4 °C.

PAS beads readily bind immunoglobulins. 30 uL of PAS beads were mixed with the sample

for 60 minutes at 4 °C with regular flicking to resuspend beads. The sample was centrifuged at
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5000 x g for 2 minutes. The supernatant was aspirated and stored at -70 °C for future use in

cell stimulation experiments.

The pellet of beads and the preclear pellets were washed five times in lysis buffer. The beads
were resuspended in 1 mL of lysis buffer and vortexed for 60 seconds. Centrifugation of the
sample at 10000 x g for 2 minutes was performed and the supernatant discarded. After the final

wash the beads were dried using tissue paper without disturbing the pellet.

The pellets were then prepared for running on an SDS-PAGE gel for Western Blotting under
reducing conditions as described in section 2.12. The PAS beads suspended in the reducing
buffer were placed into the wells of the gel. The antibodies used to identify ASC in the
Western blot membrane were the same as those used to identify ASC within clinical samples
(see section 2.12.2). Successful immunoprecipitation was confirmed by identification of bands
at the correct molecular weight for ASC in the immunoprecipitation sample, but not in the
preclear sample.

2.15 Purification of rASC
2.15.1 Growing E. coli containing ASC plasmid

A stock of E. coli transformed to contain a plasmid containing the gene for ASC production
was kindly donated by Prof K Fitzgerald, University of Massachusetts Medical School. The
ASC gene within the plasmid was under lac operator control and the plasmid contained an

ampicillin resistance gene to enable selection of organisms containing the plasmid.

Luria broth and agar was prepared by dissolving 10 g of Bacterial Peptone
(Oxoid/Thermoscientific, Leicestershire, UK), 5 g of yeast (Oxoid/Thermoscientific,
Leicestershire, UK) and 5 g of NaCl (Fisher Scientific. Leicestershire, UK) in deionised H;0
to total volume of 1 L. To prepare Luria agar, 15 g of agar (Oxoid/Thermoscientific,
Leicestershire, UK) was added to the prepared broth. The preparations were autoclaved to

sterilise prior to use.

E. coli was cultured on Luria agar plates containing 100 pg/mL ampicillin overnight at 37 °C.
A single colony was picked and grown in 15mL Luria Broth containing 15 pL of 1000 mg/mL
ampicillin and 7.5 pL of isopropyl B-D-1-thiogalactopyranoside (IPTG), to induce ASC
synthesis. Two 15ml growths were prepared and incubated at 37 °C in a shaking incubator
overnight, or until the solution was cloudy. Two 500 ml bottles of Luria broth were prepared
with 500 pL of ampicillin and 250 pL of IPTG added to each broth. The 15 mL cultures were
added to the 500 mL bottles and incubated at 37 °C in a shaking incubator for a minimum of 5
hours, until cloudy. The cultures were centrifuged at 10,000 x g for 45 minutes to create a cell
pellet and the supernatant discarded. The cell pellet was resuspended in 1XxPBS and stored at -
20 °C.
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The E. coli organisms were lysed using a freeze/thaw technique allowing the suspension to

completely freeze and thaw 6 times.

2.15.2 Purification by immunoaffinity chromatography

ASC was purified by immunoaffinity chromatography. Lysate from E. coli cells described
above was passed over immunoaffinity columns consisting of polyclonal ASC antibody
covalently bound to N-hydroxysuccinimide activated 1 mL Hi-Trap columns (GE,
Buckinghamshire, UK). Columns were prepared using 1 mM hydrochloric acid to wash out the
isopropanol within the column. 1 mL of rabbit polyclonal 1gG anti-ASC antibody 200 mg/mL
(Santa Cruz Biotechnology, Heidelberg, Germany) was injected onto the column and
incubated for 30 minutes at room temperature. A further 1 mL of antibody was injected into
the column and incubated for 2 hours at room temperature. The column was deactivated using
alternate injections of alkaline and acidic buffers, buffers A and B, as per the manufacturer’s
instructions. A final injection of 1XxPBS with 0.1% NaNs pH 7 was added to neutralise the

column pH and preserve the column prior to use. The column was stored at 4 °C.

Lysate was passed through the column in 1 mL aliquots and incubated for 2 mins at room
temperature to allow the rASC protein to bind to the antibody within the column. The column
was then washed with 1XxPBS and ASC was eluted using the alkaline elution buffer as the
change in pH causes release of the rASC from the antibody. The eluted protein solution was
neutralised with concentrated hydrochloric acid to prevent protein denaturation. The column
was then restored to a neutral pH with PBS and the procedure was repeated for all the lysate.

Figure 2-12 demonstrates the purification process.

Inject ImL Wash with Elute with 2mL of Equilibrate
of Lysate 2mL of PBS elution buffer with 2mL PBS
$§
2 min .
- Incubation & )
Waste Waste Collect Protein Waste

Figure 2-12: Purification of rASC by immunoaffinity chromatography

rASC was concentrated using Centricon Plus 20 centrifugal filter (Millipore, MA, USA).

Protein solution was centrifuged at 1125 xg at 4 °C. Buffer exchange to 1 x PBS was
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performed by adding 1x PBS to the concentrated protein solution. The ASC was concentrated

in a final volume of 2.5 mL of 1x PBS.

2.15.3 Determining protein concentration

After buffer exchange, an ultraviolet spectrophotometer was used to determine the
concentration of protein within the solution using the formula below. The theory behind this
formula is the amino acid residues tyrosine and tryptophan within proteins demonstrate
maximum absorption at 280nm wavelength. While proteins vary in the proportion of these
amino acids most proteins have an extinction coefficient within the range of 0.4-1.5. One of

Beer-Lambert’s law equations states:

Absorbance = extinction coefficient x concentration of solution x length of solution

Nucleic acids have an absorbance 10 times that of protein at this wavelength so a small amount
of nucleic acid can influence absorbance. The formula corrects for this by detracting the
absorbance at 260nm (the peak absorbance of nucleic acids) from that at 280nm using ratios

determined by early researchers (Stoscheck 1990; Layne 1957).

Protein conc. (mg/ml) = 1.55 X Azgo — 0.76 X Azeo

2.15.4 Determining lipopolysaccharide contamination of rASC Solution

To ensure the rASC solution was not contaminated with significant concentrations of
lipopolysaccharide (LPS), a thiobarbiturate assay was used to detect the presence of keto-3-
deoxycytulosonic acid, a component of the core domain in the LPS of many bacteria including

E. coli, the organism from which the rASC was generated.

Mild acid hydrolysis of the glycosidic bond of LPS was achieved by incubating 10 pL of
sample with 250 pL of 10 mM H,SO4 (Fisher Scientific, Leicestershire, UK) at 100 °C for 30
mins. Samples were then cooled to room temperature and incubated with 125 pL of 40 mM
periodic acid (Hs10s) (Sigma-Aldrich, Dorset, UK) in 60 mM H,SO. (Fisher Scientific,
Leicestershire, UK). 125 pL of 0.2 M NaAsO; (Sigma-Aldrich, Dorset, UK) in 0.5 M HCI
(Fisher Scientific, Leicestershire, UK) was added resulting in the transient precipitation of
iodine. Once the yellow/brown colour had disappeared, 250 pL of 0.6% aqueous thiobarbituric
acid (Sigma-Aldrich, Dorset, UK) was added and samples were incubated at 100 °C for 15
mins. Finally 500 pL of DMSO (Sigma-Aldrich, Dorset, UK) was added to each sample. After
mixing and cooling to room temperature the absorbance was measured at 549 nm using a
spectrophotometer, subtracting the values of a blank. A standard curve from known
concentrations of commercially available E. coli LPS (Sigma-Aldrich, Dorset, UK) was drawn

and used to interpolate the concentration of the unknown samples.
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2.16 Attempts to knock down of TLRs in mammalian cells

Short interfering RNA (siRNA) can be used to inhibit gene expression of specific genes. First
demonstrated using double stranded RNA in muscles of nematodes (Fire et al. 1991), many
products are now commercially available to knockdown the expression of specific genes.
SiRNA work by interfering with mRNA preventing translation and so inhibiting protein
production.

Plasmids encoding siRNA for TLR2 (psiRNA-hTLR2) and TLR4 (psiRNA-hTLR4) were
obtained (Invivogen, Toulouse, France). The plasmids contained a zeocin resistance gene. The

structure of the plasmid is seen below in Figure 2-13.

psiRNA-h7SKGFPzeo

> : ¥ 1'@
P4
0 S
Figure 2-13: Structure of siRNA plasmid incorporating zeocin resistance gene.

2.16.1 Transformation of competent E. coli cells

Luria Broth and agar were prepared, as in section 2.15.1, with 25 pg/ml of zeocin (Invivogen,
Toulouse, France) as the selection antibiotic. Competent E. coli cells (Chemicorp GT116, Lot
# G6C-37-01A) (Invivogen, Toulouse, France) were incubated with the plasmid solution on
ice for 30 mins. The cells were heated to 42 °C for 1 minute, returned to the ice for 2 minutes
to induce phagocytosis of the plasmid by the cells. The cells were incubated for 1 hour at 37
°C after 400 pL of Luria broth was added to the cells. The bacteria were spread over a plate of
Luria broth containing zeocin and incubated overnight at 37 °C. Single colonies from these
plates were picked and grown overnight in Luria broth containing zeocin 25 pg/ml in universal

containers.

2.16.2 Purification of plasmid DNA using a phenol-chloroform DNA extraction
Cultures of E. coli were centrifuged at 15000 x g for 30 minutes to form a pellet of bacterial
cells. The pellets were resuspended in 400 pL of STET buffer. The organisms were lysed
using 10 pL of Lysozyme (50 mg/ml) and heating to 100 °C in a water bath for 1 minute.
Samples were immediately cooled on ice for 5 minutes. The samples were centrifuged for 30

minutes at 15000 xg and the resulting cell pellet of debris from the lysed cells removed. RNA
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was removed from the samples using 5 pL of RNAse A (20 mg/ml) incubated at 37 °C for 30

mins.

An equal volume of phenol was well mixed with the sample before centrifugation at 15000 xg
for 15 mins. The aqueous upper layer was aspirated and kept. To this an equal volume of
chloroform was well mixed before centrifugation at 15000 x g for 15 mins. Sodium acetate
solution (20 pL of 2 Molar concentration) was added to the samples and 1 mL of ethanol.
Samples were placed at -80 °C for 1 hour to precipitate the DNA. After thawing the samples
were centrifuged at 15,000 x g for 20 minutes and all the supernatant removed. Sterile H,O (60

pL) was used to dissolve the purified DNA.

To assess the success of isolation of the recombinant plasmid a sample of the DNA was run on
a 1% agarose gel prepared with ELFO buffer. Ethidium bromide (ThermoFisher,
Leicestershire, UK) was added to the gel prior to setting the gel using 10 pL per 100 mL of
buffer. Ten microliters of DNA from each extraction was mixed with 2 pL of gel loading dye
(NE Biolabs, MA, USA). A 1kb DNA ladder (NE Biolabs, MA, USA) was run alongside the
extracted DNA to allow estimation of length of extracted DNA. The gel was electrophoresed at
80 V on a Subgel GT mini device (Bio Rad, Hertfordshire, UK) for roughly 60 mins and

viewed using a Bio Doc It ultraviolet transilluminator (UVP, Cambridge, UK).

2.16.3 Transfection of mammalian cells

A549 and Beas-2B cells were grown in small flasks to 70-80% confluency as previously
described. A transfection cocktail was prepared in 2 microcentrifuge tubes. In tube “A” 10 pL
of plasmid DNA solution was mixed with 90 pL of Opti-MEM 1 media (Life Technologies
(Gibco), Paisley, UK). In tube “B” 10 pL of Lipofectamine 2000 (Life Technologies
(Invitrogen), Paisley, UK) was mixed with 90 pL of Opti-MEM 1 media. Both tubes were
incubated at room temperature for 5-10 minutes. Tubes “A” and “B” were combined and
incubated for 20 minutes. During this incubation cells were washed twice with Opti-MEM-1
media and left in 1 mL Opti-MEM 1 media. The transfusion cocktail containing Lipofectamine
and plasmid DNA was then added to the flask and incubated overnight at 37 °C. The cells
were washed in RPMI media (Life Technologies (Gibco), Paisley, UK) and allowed to grow in
RPMI media for 2 days. RPMI media with zeocin antibiotic (100 pg/ml) (Life Technologies

(Gibco), Paisley, UK) was used to select cells containing the plasmid.

Confirmation of successful knockdown of TLR was assessed using Western blotting of cell

lysates generated as in 2.13.2 and using the protocol in section 2.12.

2.17 Statistical analysis
Statistical analysis of data was performed using the statistical package R version 3.4.2 (R Core

Team 2017) unless otherwise stated.
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Significance was taken as p value < 0.05 throughout.

Normality testing was performed using the Shapiro-Wilk test. Normally distributed variables
were analysed and presented using means, standard deviations and a t-test comparing means.
Variables not normally distributed were presented using medians and inter-quartile ranges to
reduce the impact of outlying results. Variables not normally distributed were compared using
non-parametric test such as independent Mann-Whitney U test for two groups or the Kruskal-
Wallis test for more than two groups. Categorical variables were compared using the chi-
squared test. Dunn’s test was used as a post-hoc test following a significant result in a Kruskal-

Wallis test due to the non-parametric nature of Dunn’s test.

Odds ratios were calculated using an online calculator and the results expressed with 95%
confidence intervals and a p value (MedCalc 2010).

Comparison of bacterial communities between different anatomical sites and different
recruitment centres was performed using PERMANOVA in the Vegan package within R
(Oksanen et al. 2016). PERMANOVA is a non-parametric multivariate statistical test that uses
dissimilarity measurements to compare the position of centroids and dispersion around the
centroids of groups. The dissimilarity measurement used in this work was the Bray-Curtis
dissimilarity index. With PERMANOVA a p value <0.05 means that either the centroid and/or
the spread of the objects is different between the groups (Anderson 2017).

Visualisation of differences between groups using the Bray-Curtis dissimilarity index were
made using non-metric multidimensional scaling (NMDS) plots in Phyloseq within R (P. J.
McMurdie and Holmes 2013). NMDS plots are ordination plots displaying objects, in this case
samples, characterized by multiple variables so that similar objects are close to each other and
dissimilar objects, or samples, are farther from each other. NMDS plots utilise many variables
and define the distances between the objects in multi-dimensional space. A plot is then
constructed in two dimensions and the distances on this plot compared to those in multi-
dimensional space. The difference between the two distances is the stress on the data points.
The position of each object is then adjusted to optimise the stress for all data points. The lower
the final stress value the more representative the 2-dimensional plot is of the distances in the
original multi-dimensional space. Stress values less than 0.25 are usually considered

acceptable.

2.1 Contributions of collaborators

Preparing the study protocol and obtaining research permission was undertaken by myself.
Collection of BAL samples and processing of all samples from Cardiff and Bristol including
DNA extraction was performed by myself. DNA extraction from TA samples from Newcastle

was kindly completed by Dr G Young. Bacterial load quantification was undertaken by myself.
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| am grateful that amplification for 16S rRNA sequencing of BAL and TA samples was
performed by Dr D Alber and Dr G Logan. Amplification and quality control checking for
sequencing of the NPA samples was undertaken by myself kingly supervised by Dr D Alber. |
competed the post-sequencing data processing and all statistical analysis. Combining the
sequencing data from the different sample types was completed jointly by myself and Dr E
Mitchell as data from stool samples was also combined. Cytokine concentration measurements
using ELISA were performed by myself. All work related to the innate immune activation was
completed by myself.
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3 Bacterial Colonisation of the Lower Airways and Lungs of
Intubated Preterm Infants

3.1 Introduction

Colonisation by bacteria of the lower airways and lungs of adults is now generally accepted
(Pragman et al. 2012; Erb-Downward et al. 2011). The microbiota in healthy adult lungs is
characterised by the presence of Proteobacteria, Firmicutes, and Bacteroidetes at the phylum
level. Pseudomonas, Streptococcus, Prevotella, Fusobacteria and Veillonella predominate at
genus level (Beck, Young, and Huffnagle 2012).

Access to sampling the lung microbiota is usually via bronchoscopic bronchoalveolar lavage in
children and adults (Connett 2000). However, sputum analysis has been used as an alternative
methodology (Hogan et al. 2016; Balbi et al. 2007) avoiding an invasive procedure. In new-born
infants, there is limited experience of bronchoscopic bronchoalveolar lavage (Hysinger et al.
2019) with the size of airways in preterm infants making it a technically difficult procedure. A
non-bronchoscopic approach is generally undertaken as a research technique to obtain samples
for microbiological and inflammatory research (S. Kotecha 1999). Community-wide microbiota
analysis from the lungs of preterm infants has not been previously undertaken with previous
studies utilising TA samples (Lal et al. 2016; Lohmann et al. 2014; Wagner et al. 2017) and
NPA samples taken from studies involving term infants (Biesbroek, Bosch, et al. 2014; Teo et
al. 2015). Studies analysing the lower respiratory tract using TA samples have shown the
presence of dominant phyla and dominant OTUs within most samples. The most commonly
occurring phyla are Proteobacteria and Firmicutes with Actinobacteria the next most abundant
found consistently across several studies (Lohmann et al. 2014; Lal et al. 2016; Wagner et al.
2017). 16S rRNA gene sequencing of BAL samples from preterm infants has previously
attempted to identify only a dominant organism (Beeton et al. 2011; Davies et al. 2010).

Pulmonary infection is a common complication of ventilation in preterm infants occurring in 2.7
to 10.9 episodes per 1,000 ventilator days (Cernada et al. 2014). Wide variation is explained by
the risk of gestation with earlier gestations at higher risk. The most commonly isolated
pathogens in culture based studies are Pseudomonas aeruginosa and Staphylococcus aureus
with Klebsiella pneumoniae and Escherichia coli also reported (Apisarnthanarak et al. 2003;
Cernada et al. 2013).
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3.2 Aims

96

1.

To take serial samples from the lower airways of preterm infants at risk of CLD and

identify the pattern of bacterial colonisation in the lower airways and lungs.

To measure bacterial load within samples from the lower airways and lungs of preterm

infants and relate this to inflammatory profiles.

To compare the lung microbiota in infants who do and do not go on to develop CLD as

well as a control group of ventilated term infants.

Analyse the effect of antibiotic treatment on respiratory and lung colonisation in

ventilated preterm infants

To compare airway colonisation in ventilated preterm infants between different

recruitment centres

To test the depth of sequencing to attempt to identify bacteria to species level
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3.3 Patient characteristics

Table 3-1: Demographics of all preterm infants recruited from three neonatal units in the
UK.

NBT RVI UHW p
Preterm Infants recruited 35 29 20
Male, n (%) 24 (68.6) 10 (34.5) 12 (60) 0.03
Gestation, Med (IQR) 25.9 24.6 26.8 0.008
(24.7-26.7)  (23.5-26.6) (25.0-29.5)
BW, Med (IQR) 746 630 835 <0.001
(674 - 890) (530-715) (685 -1187.5)
Maternal Age, Mean (SD) 31(6) 32 (6) 27 (5) 0.05
Infant from a multiple 11 (31.4) 15 (51.7) 6 (30) 0.17
pregnancy, n (%)
Apgar at 1 min, Med (IQR) 6 (5-6) NA 5(3-5) -
Apgar at 5 min, Med (IQR) 8 (7-9) NA 7 (6-8) -
Ventilation Days, Mean 21 (19) 31(17) 34 (50) 0.08
(SD)
Non-Invasive Respiratory 51 (27) 48 (35) 44 (37) 0.38
Support Days, Mean (SD)
Low flow O, days, Mean 18 (15) 14 (16) 9(12) 0.04
(SD)
Length of Hospital stay 98 (35) 95 (41) 104 (61) 0.99
(days), Mean (SD)
CS delivery, n (%) 16 (45.7) 10 (34.5) 10 (50) 0.51
O, at 28 days, n (%) 34 (97.1) 29 (100) 16 (80) 0.009
0, at 36 weeks, n (%) 33(94.3) 27 (93.1) 13 (65) 0.004
Complete course 26 (74.3) 20 (69) 11 (55) 0.27
antenatal steroids, n (%)
Survival to hospital 30 (85.7) 25 (86.2) 17 (85) 0.99
discharge, n (%)
Postnatal steroids for 2 (5.7) 6 (20.7) 9 (45.0) 0.002
ventilator dependence, n
(%)
Home O,, n (%) 17 (48.6) 11 (37.9) 3 (15) 0.045
NEC 2 Grade 2, n (%) 6(17.1) 8 (27.6) 1(5) 0.040
EBM Ever, n (%) 35 (100) 27 (93.1) 20 (100) 0.14
Home exclusive breast 11 (31.4) 10 (34.5) 6 (30) 0.97
milk, n (%)

NBT = North Bristol Trust, RVI = Royal Victoria Infirmary, UHW = University Hospital of
Wales, CS = Caesarean section, NEC = Necrotising enterocolitis, EBM = Expressed breast
milk. P values calculated using Kruskal-Wallis test for continuous variables and chi-squared
test for binary variables.

Table 3-1 above shows the demographics of infants recruited from the three neonatal units. This
shows that the infants recruited from the neonatal unit at RVI were had a lower both weight and
were of an earlier gestation. Despite having on average more mature infants recruited, infants
were ventilated for longer and had the longest median stay in hospital in UHW suggesting likely
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differences in clinical practice between the units. Rates of CLD were high in recruited infants
(65.0-94.3% based on a definition of oxygen requirement at 36 weeks corrected gestational

age), probably due to the number of babies <26 weeks recruited.

3.4 Tracheal aspirate samples from Newcastle

DNA extraction of samples from Newcastle was kindly performed by Greg Young, PhD
Student at the University of Northumbria, and sequencing of the VV3-V4 region of the bacterial
16S rRNA gene was performed by Dr D Alber of University College London in the laboratories
of Prof N Klein. | was responsible for the data analysis. Sequencing data was processed using
Mothur to exclude sequencing errors, sequences containing ambiguous bases and chimeric
sequences as per the methodology in Section 2.10.7. The assigned OTUs were used in further
analysis.

107 TA samples from 29 infants were selected to be analysed for this study. Samples from
Newcastle underwent DNA extraction in three batches, each with an appropriate DNA
extraction negative control. 70 samples (65.4%) were successfully amplified. g°PCR data
showed that the DNA extraction control associated with batches two and three was positive for
bacterial DNA, suggesting contamination of the control by bacterial DNA and therefore
possible contamination of the samples. The proportion of samples positive for bacterial DNA
using gPCR was higher for the samples associated with extraction controls 2 and 3 than control
1, also suggesting contamination. The decision was made to proceed with sequencing and
exclude contamination of clinical samples bioinformatically. The relative abundance of the
OTUs at a phylum level of samples associated with each DNA extraction control are shown in
Figure 3-1. The first batch of samples demonstrates dominant phyla (>50% of reads from a
single phylum) present in most samples with the identity of the dominant phylum either
Firmicutes, Proteobacteria, or Actinobacteria. This is consistent with previous studies which
have identified these organisms within TA samples from intubated preterm infants (Lohmann et
al. 2014).

The samples associated with extraction controls 2 and 3, however, contain a greater number of
organisms per sample but display less diversity between samples. There is no correlation
between age of the infant or day of life sample taken between the different batches. The pattern
of organisms identified in the majority of samples matches that of the extraction control. The
control sample does not contain contamination by one OTU, but by a variety of OTUs from
several phyla. This is suggesting that many of the samples have been contaminated with the

same organisms found in the extraction control.
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Figure 3-1: Phylum level abundance of organisms present in TA samples from the cohort of patients from Newcastle showing contamination of the 2" and 3™
batches of DNA extraction. Arrows indicate the DNA extraction control samples. No amplification was seen in the extraction control sample from batch 1.
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Figure 3-2: NMDS plot of TA samples from Newcastle coloured by batch of DNA extraction.
Samples ordinated by Bray-Curtis dissimilarity index. Stress Value = 0.144.

Figure 3-2 shows a non-metric multidimensional scaling (NMDS) plot of all the samples
ordinating by Bray-Curtis dissimilarity index identifies a clear grouping of the samples from
batch 2 and 3 of DNA extraction, compared to batch 1 which have a greater spread. This
suggests there is a systematic difference between the samples extracted in batch 2 and 3 from
those in batch 1. Given that the batches were not related to any clinical parameter and the
concerns over contamination of batches 2 and 3, it was concluded that samples from batches 2
and 3 contain DNA likely to arise from contamination at the point of DNA extraction. The

samples from Newcastle were therefore excluded from further analysis.

3.5 Samples from Cardiff and Bristol

Tracheal aspirate samples were obtained from 35 preterm infants in Bristol and 20 preterm
infants in Cardiff. A total of 278 TA samples were collected with 276 suitable for DNA
extraction (1 sample empty, 1 cracked). 47 samples (17%) had adequate amplification of the
bacterial 16S rRNA gene to be sequenced. This indicates that a large proportion of samples had
undetectable levels of bacterial colonisation. Figure 3-3 shows the number of samples excluded

at each stage of the analysis.
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Figure 3-3: Flow-chart of TA sample analysis

3.6 Sequencing results from tracheal aspirate samples
Following removal of low-quality reads and chimeric sequences, the number of reads ranged
from 8,665 to 426,696 reads per sample with an average of 109,457 reads per sample. The

number of ambiguous bases per sequence accepted was set to zero. One sample was discarded

due to co-clustering with negative control samples (see Figure 3-4 below). Results from the

three DNA extraction controls contained 2 to 7558 reads per sample. Rarefication to 5000 reads

per sample was performed prior to further analysis.
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Figure 3-4: Heatmap demonstrating justification for exclusion of a single sample due to co-
clustering with negative control samples

Each column represents a single clinical TA sample or DNA extraction control sample. Only
the most abundant 25 OTUs shown. Heatmap drawn using ClustViz software (Metsalu and
Vilo 2015), Clustering distance using correlation.

3.7 Bacterial load over time

Bacterial load within TA samples was calculated using gPCR analysis quantifying the number
of copies of the 16S rRNA gene within the samples. Figure 3-5A demonstrates the changes in
bacterial load over time within the TA samples. This shows that the average bacterial load in
samples on day 1-3 was very low. This indicates that bacterial colonisation only commences
during this period. Controversy exists regarding the possibility of antenatal colonisation of
infants within the womb (Perez-Mufioz et al. 2017). This is indirect evidence against the theory
of antenatal colonisation. If antenatal colonisation of the airways was occurring, then the early
samples would be expected to have a detectable bacterial load. It is important to note, however,
that all recruited preterm infants were on antibiotics during the first 48 hours of life. This may
have influenced the results in samples taken early in life. The average bacterial load shows an
increase over time peaking at days 8-14 despite antibiotic treatment being continued in the vast
majority of infants. Average bacterial load then falls. This pattern is mirrored in Figure 3-5B
which shows the percentages of samples that amplified the 16S rRNA gene adequately to be
sequenced. The fact that the same pattern is seen using two different methodologies suggests
this is a genuine finding.
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Figure 3-5: Comparing the presence of detectable bacterial DNA by two methods in tracheal
aspirate samples from intubated preterm infants. A — Average bacterial load against time. B —
Percentage of samples that were successfully amplified for DNA sequencing against time.

Perce

3.8 Taxonomy of bacterial organisms identified in tracheal aspirate
samples

Representative sequences from the OTUs identified within TA samples were used to identify

the taxonomy of the bacteria present in the samples. Figure 3-6 and Figure 3-7 demonstrate the

identity of the bacterial phyla and genera identified.

The overwhelming majority of samples 46/47 (97.9%) contained a dominant phylum (>50% of
reads from a single phylum) with 31/47 (66.0%) samples where the dominant phylum
represented >90% of reads within the sample. In 44/47 (93.6%) samples a dominant OTU was

present. The most commonly occurring phyla were Proteobacteria and Firmicutes. No
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significant changes were seen comparing the relative abundance of Proteobacteria and

Firmicutes over time.

The most commonly identified genus within Proteobacteria were unclassified
Enterobacteriacae and Acinetobacter, while Staphylococcus dominated the identified
Firmicutes.

Tenericutes organisms, Ureaplasma species and Mycoplasma species, were detected in 30/47
(63.8%) samples. These organisms were the dominant genera in 8 samples from 4 infants with
samples with dominant Tenericutes found throughout the first month of life.

Identifying Proteobacteria and Firmicutes with a lower abundance of Actinobacteria present as
the dominant genera is expected as all human colonised niches are dominated with these three
phyla. These are also the phyla identified in previous studies looking at airway colonisation in
intubated preterm infants (Lohmann et al. 2014; Wagner et al. 2017).
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Figure 3-6: Relative abundance of bacterial phyla within TA samples from intubated preterm infants born at <32 weeks gestational age.
Bacterial phyla identified by sequencing of the 16S rRNA gene. Samples are displayed combined in three groups - the first week of life, second week of
life and third/fourth week of life.
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Figure 3-7: Relative abundance of bacterial genera within TA samples from intubated preterm infants <32 weeks gestational age. Bacterial phyla

identified by sequencing of the 16S rRNA gene. Samples are displayed combined in three groups - the first week of life, second week of life and

third/fourth week of life.
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3.9 Effects of antibiotics on tracheal aspirate samples

This study had a high rate of samples where the 16S rRNA gene could not be amplified
(82.9%). The high rate of sterile samples may be partly explained by the widespread use of
antibiotics in preterm infants. 219 (79.3%) TA samples were taken while the infant was
receiving antibiotic therapy. Samples taken off antibiotics were significantly more likely to be
positive for bacterial DNA than samples taken on antibiotics (OR=2.91, 95%CI=1.48-5.73,
p=0.002), (See Figure 3-8). Antibiotics may supress bacterial growth and colonisation within
the airways of preterm intubated infants and affect diversity of bacterial communities. The high
rate of antibiotic use in the early days of life in preterm infants (100% of infants studied had IV
antibiotics on day 1 and 2) may also contribute to the very low bacterial loads detected on days
1-3 of life (Figure 3-5).

On Antibiotics

r\lr. .;\I““biu..iLS _

0 5 10 15 20 25 30 35

Percentage of samples with amplifiable bacterial DNA

Figure 3-8: Effect of antibiotics on ability to amplify bacterial DNA from tracheal aspirate
samples from preterm infants.

Samples taken on antibiotics n = 220, Samples taken off antibiotics n = 58. OR = 2.91, 95%ClI
=1.48-5.73, p=0.002.

Figure 3-9 shows that at a phylum level Tenericutes were significantly more abundant in TA
samples taken from infants on antibiotics than those taken from infants off antibiotics. Ata
genus level, significantly higher proportion of Mycoplasma and Pseudomonas were identified in
TA samples taken while on antibiotics than those taken when not on antibiotics. Mycoplasma is
not targeted by usual empirical antibiotic regimens used in most neonatal units (National
Institute for Health and Clinical Excellence 2012) so it is likely therefore, that Mycoplasma
species are able to proliferate when other genera are suppressed by antibiotic therapy.
Pseudomonas organisms are known to cause respiratory infections in preterm infants. The
significantly higher proportion of Pseudomonas organisms detected in TA samples taken while
infants are on antibiotics may represent the bloom of this organism during a respiratory
infection that is being treated or the organism may be resistant to the antibiotics being
administered. Bacterial DNA may remain detectable even after empiric antibiotic treatment.
Due to the small number of positive samples and the range of different antibiotic regimens that
the infants received during the study, it has not been possible to compare the effects of specific
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antibiotics or antibiotic regimens but in general a combination of broad spectrum antibiotics are

used in preterm infants.
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Figure 3-9: Effect of antibiotics on Phylum and Genus abundance within TA samples from
preterm infants. Samples taken on antibiotics n = 220, Samples taken off antibiotics n = 58.

The alpha diversity indices from TA samples were low due to the presence of very dominant
OTUs within most samples. The median number of species observed in all the samples was 9
(IQR 7-13). The median number of species observed comparing samples taken with infants on
antibiotics compared to samples taken when infants not receiving antibiotics were 10 (IQR 6-
16) and 9 (IQR 7-12). Antibiotics had no significant effect on any of the alpha diversity indices
studied within the TA samples successfully sequenced (Figure 3-10) thus suggesting that
antibiotics had suppressed overall bacterial load rather than reducing diversity by eliminating

only certain organisms.
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Figure 3-10: Effect of antibiotics on alpha diversity measures in TA samples from preterm
infants.
(Samples taken on antibiotics = 29, no antibiotics = 18)

3.10 Inflammation associated with bacterial colonisation

IL-6 and IL-8 concentrations were measured in the supernatant of TA samples. Concentration of
both cytokines were significantly higher in samples successfully sequenced compared to
samples with no detectable bacterial DNA (Figure 3-11). This suggests that the bacterial
organisms detected are causing an inflammatory reaction within the lungs of preterm infants,
thus an infectious process. Individual infants are known to have episodic peaks of IL-6 and IL-8
during the first two weeks of life when measured serially within bronchoalveolar lavage
samples (S. Kotecha, Wilson, et al. 1996; S. Kotecha et al. 1995). Figure 3-12 shows that

similar patterns of cytokine concentrations are seen in four individual infant’s TA samples from
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this study. This figure also shows that cytokine concentrations show parallel increases with
bacterial load in TA samples. 20 episodic peaks of IL-8 concentration within TA supernatant
>50,000 pg/mL were witnessed in 19 infants. 13 episodes (65%) were associated with bacterial

DNA being successfully sequenced within 24 hours of the peak cytokine concentration.
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Figure 3-11: Amplifiable bacterial DNA is associated with higher IL-6 and IL-8
concentration in TA samples. Negative = 16S rRNA not detected, Positive = 16S rRNA
detected.

The cytokine data suggest that an infective process rather than symbiotic colonisation was being
detected in the preterm airways. The detection of bacterial DNA was associated with peaks of
IL-6 and IL-8 concentration suggesting a host inflammatory response was initiated to the
presence of bacteria. An inflammatory response to a bloom in bacterial presence is what would
be expected in an infective process. The presence of a dominant OTU in the majority of samples

may identify an infecting organism.
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Figure 3-12: Parallel increases in IL-6, IL-8 concentrations and bacterial load in TA samples from four individual infants.
IL-6 concentration multiplied by 10 to allow plotting on same scale as IL-8 concentration. The colours of the bacterial genus shown in the stacked bar
charts are as in Figure 3-7. The blue line on cytokine figure indicates the duration of time the infant was receiving antibiotic treatment.
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3.11 B-Diversity to compare individual infants

Figure 3-13 is an NMDS plot using the Bray-Curtis Dissimilarity index to ordinate each TA
sample. Colouring samples from the same infant and linking them with polygons demonstrates
that most infants’ samples group together with relatively little overlap of the polygons.
Therefore, each infant appears to have a separate colonisation pattern which is seen repeatedly

in serial samples causing the grouping together on the NMDS plot.
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Figure 3-13: NMDS plot of TA samples ordinated using Bray-Curtis dissimilarity index.
Each colour and polygon represents samples from an individual infant. Stress = 0.18.

3.12 Comparing colonisation in different centres

Sample collection from 2 centres allows comparison of colonisation patterns between the
different centres. The number of samples from each centre where sequencing of the bacterial
16S rRNA gene was successful was 26/215 (12.1%) from Bristol and 21/61 (34.4%) from
Cardiff (p<0001, chi squared test). The Cardiff recruitment centre had an outbreak of
Acinetobacter Baumannii, which is known to cause respiratory infections, possibly contributing

to this difference.
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3.12.1 Bacterial load differences.
Figure 3-14 demonstrates that there was no difference between the two recruiting sites for the

bacterial loads of samples that were successfully sequenced for 16S rRNA gene.
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Figure 3-14: Comparing bacterial load on TA samples that were successfully sequenced for
16S rRNA gene between two recruitment centres.

NBT= North Bristol Trust (n=26), UHW = University Hospital of Wales (n=21). Samples
with undetectable bacterial load were given a value of 1 to allow plotting on a logarithmic
scale. p=0.9 (Calculated with Wilcoxon test)

3.12.2 Comparing bacterial community structure

Figure 3-15 shows an NMDS ordinating each sample by the Bray-Curtis dissimilarity index.
The samples are coloured by recruitment centre with the centroid of each group plotted with
spikes to each sample. Univariate PERMANOVA analysis of this difference shows an R? =
0.044, p=0.026. A permutation test for homogeneity of multivariate dispersions, p=0.73,
indicates this statistically significant effect is not explained by different dispersion around the
centroid of the 2 groups. Therefore, this figure shows that there is a significant difference

between the bacterial communities detected between the two recruitment sites.
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Figure 3-15: NMDS plot comparing the colonisation patterns between the 2 recruiting
centres, stress value = 0.18. PERMANOVA R? = 0.044, p=0.026.

3.12.3 Comparison of individual genera between sites

Figure 3-16 shows only the most abundant 10 genera in the dataset comparing average
abundance between the two collection sites. Using the 10 most abundant genera included 91.8%
of reads within the dataset. The only significantly different genus is Acinetobacter. This can be
explained by the presence of an Acinetobacter baumannii outbreak at the Cardiff recruiting
centre during the samples collection period. This result provides evidence for the reliability of
the data as the infection outbreak is identified by the results. The absence of other differences

indicates there was no differences in the organisms identified between the two sites.
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Figure 3-16: Comparing the mean proportion of the most abundant 10 genera in TA samples
taken between 2 recruiting centres. Number of samples: UHW =21, NBT = 26.
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3.12.4 Comparing alpha diversity indices
Further evidence for the lack of a difference between recruiting centres was that no statistically

significant differences were seen in alpha diversity measures between the two sites (Figure
3-17).
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Figure 3-17: Effect of recruitment centre on alpha diversity measures, NBT n=26 UHW
n=21.

3.12.5 Sensitivity analysis removing infants culture positive for Acinetobacter
baumannii

The differences witnessed in the PERMANOVA analysis and analysis of the most abundant
genera between sites may be explained by the Acinetobacter baumannii outbreak that occurred
at one of the recruiting sites (UHW) during the study period. To remove the effect of this, the

four infants who were known to have Acinetobacter colonisation/infection from culture results
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from screening performed on all infants at the affected site were removed and the sensitivity
analysis performed. Of the four infants colonised with Acinetobacter baumannii, three had

tracheal aspirate samples with successful 16S rRNA sequencing.

Figure 3-18 shows an NMDS plot of samples from both recruitment centres with infants culture
positive for Acinetobacter baumannii excluded. This shows the difference between centres
remains. PERMANOVA analysis shows that this difference remains statistically significant.
Figure 3-19 shows differences in the top 10 individual genera between recruitment centres
following the removal of infants culture positive for Acinetobacter baumannii. no longer being
a difference in proportions of Acinetobacter between the two recruitment sites. A statistically
significant difference is now present in the proportion of Mycoplasma species which may
explain the differences in the NMDS plot and the PERMANOVA analysis.
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Figure 3-18: NMDS plot of TA samples from infants not colonised with Acinetobacter
baumannii. Ordinated by Bray-Curtis dissimilarity index. Stress = 0.195. PERMANOVA R? =
0.058, p=0.027. UHW n=11, NBT n=26.
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Figure 3-19: Difference in colonisation of individual genera between recruitment site with
infants culture positive for Acinetobacter baumannii excluded. UHW n=11, NBT n=26.

The Acinetobacter baumannii outbreak did not fully explain the difference between bacterial
community structure between the two recruitment sites and this data is suggesting that there is

an effect of recruitment centre over bacterial colonisation of the airways.

3.13 Effect of delivery mode on airway colonisation

Delivery mode is known to influence early life colonisation across many anatomical sites in
new-born infants (Dominguez-Bello et al. 2010; Biasucci et al. 2010; Rutayisire et al. 2016). |
examined the role of delivery mode over airway colonisation and found an increase in Gram
negative genera (Acinetobacter and Pseudomonas) and Mycoplasma in those infants born by
vaginal delivery (See Figure 3-20). Colonisation by these organisms would potentially occur
during vaginal delivery. Infants born by caesarean section had a larger proportion of
Staphylococcus. Skin organisms such as those within the Staphylococcus genera would be more
likely to be the primary colonisers for infants who are not exposed to vaginal bacteria.
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Figure 3-20: Effect of delivery mode on the mean proportion of the most abundant 10 genera
in TA samples. Vaginal delivery n=36, Caesarean delivery n=11.
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3.14 Summary of tracheal aspirate sample results

The data from the TA samples suggests an infective process has been detected rather than a
colonisation by commensal organisms. This is further evidenced by the presence of dominant
OTUs within the majority of samples, an association between positive samples and raised I1L-6
and IL-8 and the clustering of samples from individual infants on the NMDS plot. Patterns from
individual infants support this hypothesis of an infective process. The high rate of samples with
no detectable bacterial DNA suggests that any colonisation occurring between the detected
infective episodes is below the level of detection of the methodology. Comparing recruiting
centres showed differences in bacterial communities between the two sites that was not fully
explained by an outbreak of Acinetobacter baumannii in Cardiff, suggesting environmental
factors may affect bacterial colonisation of the airways. Delivery mode was shown to have a
significant effect on organisms detected in TA samples.

3.15 Bronchoalveolar lavage Samples

Due to the suggestion of an infective process occurring during early colonisation of the airway,
non-bronchoscopic bronchoalveolar lavage samples were used to analyse deeper within the
respiratory tract to look at lung colonisation and reduce the impact of ET tube colonisation

confounding results.

3.16 Patient recruitment

Recruitment of infants from the neonatal unit of the University Hospital of Wales occurred
between November 2014 and August 2016. A total of 20 infants were recruited into the preterm
group and 3 infants into the ventilated term control group. Recruitment was compromised by the
unit being shut for prolonged periods due to a series of infection control issues including the

outbreak of Acinetobacter baumannii previously described.

A total of 96 BAL samples were collected from 22 infants (one infant extubated before the
collection of BAL fluid possible). A table demonstrating the characteristics of recruited infants

is shown in Table 3-2.
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Table 3-2: Demographics of infants recruited from Cardiff.

Preterm Term P

n 20 3 -
Birth Weight (g), mean (SD) 967 (390) 2783 (750) <0.001
Gestation (weeks), mean (SD) 26.8 (2.8) 38.9(2.1) <0.001
Male, n (%) 12 (60) 2 (66.6) 0.85
Maternal Age (years), mean (SD) 27 (5) 22 (5) <0.001
Maternal IV antibiotics in labour, n (%) 4 (20) 0(0) 0.39
Maternal GBS Colonisation, n (%) 4 (20) 0(0) 0.39
Caesarean Delivery, n (%) 10 (50) 2 (66.6) 0.59
Apgar 1, mean (SD) 5(2) 7 (3) <0.001
Apgar 5, mean (SD) 7(2) 8 (1) <0.001
Doses of surfactant, mean (SD) 1.7 (0.6) 0(0) 0.01
CLD at 28 days, n (%) 16 (80) 0(0) <0.001
CLD at 36 weeks, n (%) 13 (65) - -
CLD: n (%)

Mild 3 (15) - -

Moderate 3(15) - -

Severe 10 (50) - -
Ventilated Days, median (IQR) 25 (3-37) 3(3-3) <0.001
Non-Invasive Respiratory support days, median 38 (20-54) 0 (0-1) <0.001
(IQR)
Home oxygen, n (%) 3(15) 0(0) 0.47
Died Before Discharge, n (%) 3(15) 0(0) 0.47
Length of Hospital Stay (days), mean (SD) 104 (61) 23 (12) <0.001

P-values calculated using Student’s t-test for normally distributed variables, chi-squared test
for binary variables and Wilcoxon test for non-normally distributed variables. (CLD =
Chronic Lung Disease of Prematurity)

Characteristics associated with prematurity such as birth weight, gestation and administration of
surfactant are, as expected, statistically significantly different between the groups. Apgar scores
are also unsurprisingly lower in the preterm group. It is also expected to see a difference
between the two groups regarding the length of admission to hospital and the respiratory
parameters of length of time receiving ventilation and non-invasive respiratory support.
Maternal age was significantly higher in the preterm infant group. This is unlikely to have

affected the results.

Only three term infants were recruited due to the closure of the neonatal unit for a prolonged

time.

3.17 Bronchoalveolar lavage sample collection and processing

BAL samples were collected and processed as described in Sections 2.2.1 and 2.3.1.1. DNA
extraction and gPCR for bacterial load was performed by myself. The extracted DNA was sent
for 16S rRNA gene sequencing by Dr D Alber in the laboratory of Prof N Klein in University

College London. Sequencing and data processing were performed as described in Section 2.10.
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Of the 96 BAL samples collected, 36 (37.5%) samples from 11 infants were found to contain
amplifiable bacterial DNA using universal primers for the bacterial 16S rRNA gene. The flow

chart in Figure 3-21 demonstrates the samples excluded from the study.

Recruited
20 Preterm Infants
3 Term Infants

—=1 Infant extubated before BAL collected

BAL samples collected:
89 from Preterm
Infants

7 from Term Infants

—> 60 samples failed to amplify 16S gene

36 samples amplified
16S gene from 11
infants (all preterm)

—* 2 samples failed sequencing

Results available from
34 samples

Figure 3-21: Flow chart demonstrating samples collected and analysed during the
study

Amplification of the 16S rRNA gene from BAL samples was challenging due to small biomass
of original samples and low DNA concentrations obtained following DNA extraction. Tests for
PCR inhibitors performed by Dr Alber demonstrated that PCR inhibition was not responsible
for poor amplification. The range of DNA concentrations obtained from BAL samples was
<0.05 to 3.04 pg/ml with a median of 0.164 pg/ml (IQR = 0.095 — 0.332 pg/ml). This was
expected due to the small volume of samples and the low biomass within the samples. The DNA

extracted is also likely to be mainly host DNA.

The concentration of DNA obtained from DNA extraction was very low and the lack of
template DNA explains the difficulty in amplification. The threshold of samples considered to
have amplified adequately for sequencing was lowered to a DNA concentration of 0.1 ng/uL
following the PCR amplification reaction using barcoded primers. This is lower than the MiSeq

guidelines but enabled data collection from the samples with some amplification.
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3.19 Factors associated with failure to amplify bacterial DNA

Figure 3-21 shows that 37.5% of samples amplified adequately for sequencing with final
sequencing results available for 35.4% of samples. Factors associated with samples being
successfully amplified for sequencing were analysed to identify the reasons why so many

samples failed to be sequenced.

As was seen with the TA samples, the strongest identified factor associated with samples
containing detectable bacterial DNA was whether the sample was taken while the infant was
receiving antibiotics (Figure 3-22). This includes any antibiotics regardless of route of delivery,
but most courses of antibiotics are administered intravenously to preterm infants. Some infants
included in the study did receive inhaled colomycin for culture positive Acinetobacter
baumannii infection. The influence of antibiotics may explain why bacterial DNA was unable to
be amplified from a large proportion of BAL samples. Samples taken when infants were not on
antibiotics had an odds ratio indicating they were 5.6 times more likely to be successfully
amplified than BAL samples taken while on antibiotics (95%CI = 1.9-16.4, p = 0.0017).

10 20 30 40 50 60 70 80

Percentage of samples with amplifiable bacterial DNA

On Antibiotics

(=]

Figure 3-22: Comparing percentage of samples containing amplifiable bacterial DNA
between samples taken on and off antibiotics in all BAL samples collected.

P-value using chi-squared test with continuity correction = 0.001.

Figure 3-23 below demonstrates an increasing likelihood of samples having detectable bacterial
DNA with increasing day of life. As all preterm infants recruited received antibiotics routinely
at birth, as per the local protocol, this trend may well reflect antibiotics usage decreasing with
age. The peak of samples positive for bacterial DNA on day 4-7 may well represent the age at
which antibiotics are often stopped allowing bacteria to reach detectable levels, before
suspected late onset sepsis results in antibiotics being restarted.
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Figure 3-23: Percentages of BAL samples with amplifiable bacterial DNA by day of life

Generalised linear model demonstrates statistically significant difference between days 1-3
and days 22-28. Comparing each other day group to the day 1-3 group was not statistically
significant.

Other factors that were analysed to identify associations with amplifiable bacterial DNA within
BAL samples from preterm infants are shown in Table 3-3 below. The data included only the
samples from preterm infants as many factors such as working weight, gestation and feeding are
not comparable between preterm and term infants. Factors associated with sample collection
were not significantly associated with detectable bacterial DNA in samples.
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Table 3-3: Table comparing samples with amplifiable bacterial DNA and samples with no
amplifiable bacterial DNA, demonstrating association with clinical and non-clinical variables
over samples having amplifiable bacterial DNA in BAL samples from preterm infants only.

Variable Test P
Percentage of saline volume t-test 0.57
returned

Probiotics Chi-Sq 0.04
Enteral Feeding Chi-Sq 0.015
Inspired O, concentration Wilcoxon  0.77

Serum Albumin concentration Wilcoxon 0.58

Days current ET tube in situ Wilcoxon  0.004
Corrected Gestational Age Wilcoxon  0.097
DNA Extraction kit lot Chi-Sqg 0.37
Completed course of antenatal  Chi-Sq 1.0
steroids

The standard care in the recruiting centres was to withhold enteral feed in the first couple of
days of life and not feed sick or deteriorating infants. A probiotic containing a mixture of
Lactobacillus acidophilus and Bifidobacterium infantis was prescribed in the Cardiff recruiting
centre when the infant tolerated trophic feeds. Probiotics were not used at the Bristol recruiting
centre. Whether the infant was on feed and the use of probiotics were significantly associated
with detecting amplifiable bacterial DNA in preterm infants. Being on feed and receiving
probiotics made it more likely that an infant would have amplifiable bacterial DNA in the
sample. This is likely to be a confounding effect of antibiotics and age. Infants would usually
have feeds and probiotics withheld during the first 48hrs life whilst on antibiotics. Feed and
probiotics would be stopped if the infant was clinically unwell or nor tolerating feeds and would
likely start antibiotics at this point. However, probiotics and feeding may be an important source
of bacteria colonising preterm infants. The difference witnessed between infants receiving

probiotics and not receiving probiotics may reflect a difference between recruiting centres.

DNA extraction kit lot was not associated with samples being successfully amplified for the 16S
rRNA gene, demonstrating that contamination of a specific kit was unlikely to be affecting the

results.

An analysis was performed using samples taken on day 1-3 of life to see if antenatal steroids
had any effect on early rates of detectable bacterial DNA in BAL samples. 34 samples were

taken on day 1-3 of life, of which 30 were taken from preterm infants. A complete course of
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antenatal steroids had no effect on the chances of samples having amplifiable bacterial DNA
(p=0.85).

3.20 Pro-inflammatory response associated with bacterial colonisation
of the lungs

The pro-inflammatory cytokines IL-6 and IL-8 were measured in the supernatant of all BAL

samples by ELISA as per the methodology described in Section 2.11. Figure 3-24 below shows

that samples positive for bacterial DNA were found to have higher IL-6 and IL-8 concentrations

in BAL supernatant than samples negative for bacterial DNA, suggestive of an infective

process.
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Figure 3-24: IL-6 and IL-8 Concentration between samples positive and negative for
detectable bacterial DNA

P-values calculated using Wilcoxon rank sum test with continuity correction. Negative n=60,
Positive n=36.

The association between samples positive for bacterial DNA and other markers of infection,
both respiratory and systemic, are displayed below in Figure 3-25. The total cell count and
polymorphonuclear cell count within BAL samples showed a trend towards higher cell counts in
samples with detectable bacterial DNA but failed to reach statistical significance. This is likely
to be due to the relatively small number of samples in the study. Total white blood cell count in
blood, a systemic marker of infection, had no association with detectable bacterial DNA,
however, counterintuitively, serum C-reactive protein (CRP) measurement was significantly
higher in infants without bacterial DNA detectable within samples. This is most likely as result
of the clinical practice to start IV antibiotics in response to a rise in CRP. The effect of
antibiotics on detection of bacterial DNA has been shown in Figure 3-22, resulting in sterile

BAL samples.
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Figure 3-25: Association of sepsis markers with BAL samples positive for bacterial DNA

P-values calculated using Wilcoxon rank sum test with continuity correction. Negative n=60, Positive n=36.
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3.21 Bacterial load within bronchoalveolar lavage samples

The total bacterial load within each BAL sample was measured using gPCR with primers
targeted to the V3-V4 region of the bacterial 16S rRNA gene. Details of the methodology are
given in Section 2.9. Of the 96 samples available, 34 samples were positive for bacterial DNA,
defined as greater than the limit of detection of the assay (50 copies of 16S rRNA gene in 2.5
ML reaction volume).

As in the TA samples, episodic peaks of high bacterial load were detected within the BAL
samples from individual infants as visualised in Figure 3-26. This is suggestive of episodes of
bacterial overgrowth likely to be seen in infection. The colonisation of the lungs by bacteria was
not detected between the episodic peaks, suggesting that any bacterial colonisation of the

airways in preterm infants is occurring at levels below the limit of detection of the assay.
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Figure 3-26: Bacterial load measurements by gPCR in BAL samples of preterm infants.
Each figure presents the bacterial load detected in serial BAL samples from an individual
infant over time.

The average bacterial load over time shows a very similar pattern between TA and BAL
samples (Figure 3-27). Early bacterial colonisation is very low followed by an increase over the

first two weeks of life followed by a fall in average bacterial load. As the results suggest an
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infective process is being detected rather than colonisation, this is likely to show the timing of
most respiratory infections. Results may be affected by the correlation between severity of lung

disease and antibiotic usage in infants intubated for a prolonged period.
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Figure 3-27: Average bacterial load over time in BAL and TA samples

Day 1-3: TAF n=94, BAL n=31; Day 4-7: TAF n=92, BAL n=18; Day 8-14: TAF n= 35,
BAL n=15; Day 15-21: TAF n=26, BAL n=11; Day 22-30: TAF n=30, BAL n=14.

3.22 Sequencing results from bronchoalveolar lavage samples

DNA from samples containing amplifiable 16S rRNA genes were sequenced. Sequencing was
performed as described in Section 2.10 for the V3-V4 region of the bacterial 16S rRNA gene.
Table 3-4 below demonstrates the number of reads obtained from sequencing for each sample
and the numbers of sequences remaining in the dataset following processing of the data using
Mothur to exclude ambiguous bases, chimeric sequences and other random noise or sequencing
errors. The threshold for the number of ambiguous bases that was considered acceptable was set

at 12, which excluded 5% of the sequences.

Alongside the DNA from clinical samples, two DNA extraction controls and one template free
control underwent amplification of the V3-V4 region of the 16S rRNA gene and the PCR
products were sequenced. The two DNA extraction controls were samples of the same saline
used to collect the clinical samples, aspirated through the sample collection equipment used to
collect the BAL samples. These samples were stored and processed alongside the clinical
samples. This enables contamination of regents and the DNA extraction kit to be assessed. The

no template control reflects only contamination of the PCR and sequencing reagents and was
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made up of the PCR reagents used during amplification of the V3-V4 region of the 16S rRNA

gene using sterile water in place of extracted DNA.

After processing with Mothur, the read number for all three control samples was low
(maximum=588). The most commonly occurring OTUs found within the negative controls were
of the genera Pseudomonas (maximum = 446) and Acinetobacter (maximum = 77 reads). Other
genera detected in negative controls were Cellumonas, Variovorax, Pasturellaceae and
Massilia, most of which are known contaminants of PCR reagents and DNA sequencing Kits
(Salter et al. 2014). Ideally, the OTUs of contaminating genera detected in the negative controls
would be removed from further processing. However, Pseudomonas and Acinetobacter are
known pathogens within the neonatal population and infants within the study were culture
positive during the study period for organisms within these genera from TA samples taken for
clinical indication. Therefore, these OTUs remain of clinical relevance. When these OTUs
appear in clinical samples, the read numbers are many orders of magnitude greater than the
numbers detected within the negative controls. To remove the effect of contamination on
clinical samples, double the maximum number of reads of each OTU found in a control sample
was subtracted from the corresponding number of reads within a clinical sample. For example,
if the maximum number of reads for a given OTU in a control sample was 15, then 30 was
taken off the total of reads for that OTU in each clinical sample.

Following this, OTUs with less than 10 reads across the whole data set were removed as these
were presumed to be sequencing errors. Samples with <1000 reads were discarded. Rarefication
of reads to a random selection of 1225 reads per sample was performed. This figure was chosen
as it included all samples with reads >1000 with resulting coverage values >0.99. This excluded
two samples from further analysis. The coverage values obtained by rarefying to 1225 reads per
sample is shown below in Table 3-4. Coverage values >0.99 indicate that an adequate number

of reads have been used to capture >99% of the OTUs within each sample.
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Table 3-4: Read numbers and coverage values for sequenced BAL samples.

Reads after

Coverage after

Reads Post Negative Control rarefying to

Initial Mothur Sequences 1225

Sample Reads Processing accounted for sequences
02B11C 751 27 27 -
02B25G 3815 1238 1225 0.9992
02B2B 7035 1643 1573 1.0000
03B28C 110098 72309 72271 0.9984
04B5D 117475 58962 58961 0.9992
05B5E 29599 7159 7144 1.0000
05B6F 151397 89992 89974 0.9992
05B7G 59895 35979 35963 0.9984
06B11I 233139 66387 66383 0.9992
06B18J 33891 16148 16125 0.9984
06B1A 40650 10241 10122 0.9984
06B21K 6903 2667 2598 0.9992
06B23L 183593 97507 97477 0.9984
06B3C 34088 11241 11126 1.0000
06B4D 13903 3981 3919 0.9992
06B5E 29295 7559 7559 1.0000
06B7G 9018 2879 2687 0.9984
10B13F 207903 84893 83845 0.9992
10B28L 197849 112585 111476 1.0000
10B6D 218110 142501 142331 1.0000
10B7E 74395 46330 46176 1.0000
12B26G 171698 95594 95538 1.0000
12B2F 49596 26233 26049 0.9967
19B19F 10359 3546 3496 0.9992
19B7B 54821 38127 37968 1.0000
19B8C 135993 92215 92061 0.9992
27B24F 2907 156 95 -
27B27G 5770 1730 1715 0.9984
27B5A 54223 25860 25607 1.0000
27B6B 82514 57445 57291 1.0000
34B2A 41672 16793 16583 1.0000
34B9B 258417 112330 112083 0.9992
35B14F 297020 177875 177831 0.9992
35B17G 37876 19541 19513 1.0000
35B28H 72602 25784 25747 1.0000
35B3B 73120 38378 38378 0.9976
NTC 2121 48 48 -
Negl 135 7 7 -
Neg2 1702 588 588 -

Negative 1 and Negative 2 are extraction controls that were handled identically to
clinical samples. NTC = No Template control, nuclease free H0.
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The most commonly occurring phyla within the BAL samples were Proteobacteria and
Firmicutes (Figure 3-28), the same as the TA samples. These organisms predominate in most
human microbiome studies and have been shown to predominate in culture-independent studies
of the neonatal respiratory tract (Lal et al. 2016; Lohmann et al. 2014). The other phylum
detected in my samples which predominated in at least one sample were Tenericutes, known
pathogens in neonatal lungs, and Bacteroidetes. A small number of Actinobacteria and

Fusobacterium were detected in some samples.

The pattern of phylum detected did not change over the first 28 days of life with 3/6 (50%)
positive samples in day 1-3 showing a predominance of Proteobacteria and 4/7 (57%) in days
22-28 positive for Proteobacteria. There was no association between the proportion of
individual phyla and antenatal steroid, maternal antibiotic use, infant feeding or infant probiotic

use.

At genus level, dominant genera, defined as >50% of reads from a single genus, were identified
within the majority of samples. Figure 3-29 demonstrates that within a dominant genus, a single
OTU is also present within the samples (defined as >50% of reads within a sample from a single
OTU). The most abundant genus within the dataset was Acinetobacter, followed by
Enterobacteriaceae (unclassified) and Staphylococcus. Within these genera are known

pathogens and commensals of the respiratory tract.
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Figure 3-28: Relative abundance of Bacterial Phyla within BAL Samples by Day of Life.
Within each day of life group, samples are ordered by relative abundance of proteobacteria.
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Figure 3-29: Relative abundance of individual genera within BAL samples from preterm infants, using only the top 20 genera to generate figure.
Samples are ordered by dominant genus. The top 15 OTUs are shown individually with the remaining OTUs pooled as “other”.
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3.23 Comparing gPCR and sequencing results

Of the 36 samples which were amplified for sequencing 23 were found to have detectable
bacterial DNA using the gqPCR methodology described in Section 2.9 (Figure 3-30A). The
boxplot in Figure 3-30B shows that the difference samples positive by qPCR that failed to
amplify had a lower bacterial load than those that were successfully amplified for sequencing.
This suggests that the samples were near the threshold of detection of the amplification assay

and may explain why they were successfully amplified by gPCR but not for sequencing.

DNA Detected Amplified for
A on qPCR Sequencing

00 O

23
(48.9%)

_

1e+03 1e+04 1e+05 1e+06 1e+07

| I
No n=11 Yes n=23

Copy number of 16S gene in sample (Copies/mL)

16S Gene Amplified for Sequencing

Figure 3-30: Comparison of samples positive for 16S rRNA gene by different

methodologies

A- Venn Diagram showing numbers of samples positive for the 16S rRNA gene by gPCR
and samples that amplified for sequencing. Percentages of all 96 samples. B — Comparison
of copy number per mL of the 16S rRNA gene between samples successfully and
unsuccessfully amplified for sequencing. Only including samples positive by gPCR. P<0.001
between the 2 groups.

3.24 Effect of mode of delivery on bronchoalveolar lavage results

No differences were seen in the proportions of individual phyla when comparing different
modes of delivery (See Figure 3-31). However, the proportion of Acinetobacter was
significantly different between modes of delivery with more of this genus witnessed in infants
born vaginally. The outbreak of Acinetobacter at the unit was thought to have been spread by
direct contact and poor infection control practices by staff on the unit. It may be however that

babies born vaginally were more susceptible to Acinetobacter infection.
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Figure 3-31: Proportion of individual phylum and genera within BAL samples from preterm
infants comparing difference by mode of delivery

Vaginal delivery n=27, Caesarean section delivery n = 7. Only top 10 genera shown in lower
figure (Top 10 genera represent 97.9% of all reads)

3.25 Changes in diversity within the lungs of intubated preterm
infants over time
Measures of alpha diversity applied to the samples with successful sequencing show lower
diversity than that shown in previous studies using TA of preterm infants. Low diversity scores
are unsurprising given the large numbers of samples with a strongly dominant OTU. Species
richness (the number of species observed in a sample) ranged from 1 to 17, with a median of 5.
Low richness indices are seen in periods of infection. Samples were grouped by day of life and
the mean diversity score +/- standard deviation was plotted (Figure 3-32). For infants with

more than one sample in a group the mean of the diversity score for samples was taken.

Using all measures of diversity, the greatest diversity was witnessed in days 1-3 of life,
however, the differences over time were not statistically significant. This is likely to be due to
the small numbers of samples at each time point. Most samples from days 1-3 were negative,
and in the samples that were positive the diversity was greatest. It is possible the lower airways
of preterm ventilated infants are colonised with a wide variety of organisms before one
dominant organism outcompetes the others resulting in a loss of diversity. This process is
associated with a rise in the proinflammatory cytokines IL-6 and I1L-8 indicating the host is
mounting an inflammatory response most likely to the presence of the dominant bacterium.
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Figure 3-32: Alpha diversity changes over time in BAL samples

A=Species observed. B = Shannon-Diversity Index. C= Inverse Simpson Index. Plotted as mean value +/- SD. Day 1-3 n =5, Day 4-7 n= 6, Day 8-14 n=5,
Day 15-21 n= 3, Day 22-28 n= 7. If more than one sample from the same infant in each group, then the average diversity index score of the samples was
used. P-values calculated using Kruskal Wallis Test.
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3.26 B-diversity of bronchoalveolar lavage samples

An NMDS plot ordinating using the Bray-Curtis dissimilarity index demonstrates several
clusters (Figure 3-33). These demonstrate clustering by dominant bacterial genus and by
infant. The fact that an infant’s samples cluster together independently of dominant bacterial
genus shows that the other organisms in the sample remain more similar between samples of

the same infant than between infants.
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Figure 3-33: NMDS plots of individual BAL samples ordinated by Bray-Cutis dissimilarity
index. Stress=0.16.

A= Dominant genus within sample linked by polygons and colour. B = Same plot with serial
samples from the same infant coloured and joined by polygon.
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3.27 Bacterial load and cytokine concentrations in individual infants
Evidence from the whole dataset suggest that the BAL samples have detectable bacterial DNA
associated with raised IL-6 and IL-8 concentrations within BAL fluid suggestive of
inflammation associated with the presence of bacteria. To confirm that this was witnessed on
an individual patient level plots were made combining the relative abundance of phyla in each
sample successfully sequenced with the bacterial load estimated using gPCR and the IL-6 and
IL-8 concentration for each infant over time. Examples of such figures for individual infants is
shown below in Figure 3-34. These figures show the peaks and troughs of bacterial load
coincided with peaks and troughs of cytokine concentration. It was noted that even in
consecutive days the dominant genus can be different in the same infant, with some infants

showing a dynamically changing population of bacteria within the lower airways and lungs.
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Figure 3-34: Paired graphs showing cytokine concentration and bacterial load for individual infants over time
Cytokine concentrations are given as pg/ml. IL-6 concentrations (in red) have been plotted as 10 times the measured value. Bacterial load graphs have y

axis units of copies 16S rRNA gene per ml of sample. The bar plots behind the bacterial load graphs demonstrate the relative abundance of bacterial
organisms detected within the sample when sequencing was successful.
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I have shown that detectable bacterial DNA is associated with higher IL-6 and IL-8
concentrations in BAL fluid (Section 3.20) and that the episodic peaks in bacterial load are
associated with peaks in IL-6 and IL-8 concentrations. | investigated whether all the peaks in
IL-6 and IL-8 were associated with bacterial presence. A threshold of >50,000 pg/ml of IL-8
and >3,000 pg/ml of IL-6 were taken as cut offs for a peak of cytokine concentration. These
thresholds were set arbitrarily set using the graphs of cytokine concentration to determine
when a peak had occurred. In the 19 preterm infants for whom cytokine concentrations were
available from BAL samples 14 peaks of IL-8 were witnessed in 11 infants. In the same cohort
14 peaks of IL-6 were witnessed in 12 infants. For both IL-6 and IL-8, 12 of the 14 peaks were
associated with amplifiable bacterial DNA. This suggest that bacterial colonisation resulting in
an infection is responsible for the rise in episodic rise in pro-inflammatory cytokine

concentrations seen within BAL.
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3.28 Average IL-6 and IL-8 concentration in bronchoalveolar lavage
supernatant over time

Previous studies have shown the average concentration of IL-6 and IL-8 in BAL samples from

intubated preterm infants peak around 10 days of age (S. Kotecha, Wilson, et al. 1996; S.

Kotecha et al. 1995). Figure 3-35 below shows that this study replicates this data with a clear

peak in average cytokine concentration on day 7 of life.
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Figure 3-35: Average IL-6 and IL-8 concentration in BAL supernatant from intubated
preterm infants.

Mean cytokine concentration plotted with SE displayed with error bars. Days 1-7 plotted
individually (Day 1 n=10, Day 2 n=14, Day 3, n=10, Day 4 n=6, Day 5 n=6, Day 7 n=15),
Days 8-10 (n=6), 11-14 (n=7), 15-21 (n=8) and 22-28 (n=9) combined. A = IL-6
Concentrations, B = IL-8 Concentrations.
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3.29 Highest IL-6 and IL-8 concentrations associated with dominance
with specific genera

The IL-6 and 1L-8 concentrations with analysed by dominant genus found in the sample

(Figure 3-36 and Figure 3-37). Acinetobacter was associated with the highest median

concentration of IL-6 and IL-8 followed by unclassified Enterobacteriaceae. If levels of

inflammation are higher during infections with these organisms then this may result in worse

long term respiratory outcomes for infants infected with these organisms.
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Figure 3-36: IL-6 concentration in BAL fluid supernatant by dominant bacterial genus
identified in the sample
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Figure 3-37: 1L-8 concentration in BAL fluid supernatant by dominant bacterial genus
identified in the sample

3.30 Lung colonisation predictive of long-term respiratory support

I was unable to compare the colonisation results between infants with and without CLD due to
over recruitment of extremely immature infants at high risk of developing CLD. Only one
infant of the 11 infants for whom sequencing data is available from at least one BAL sample
did not develop CLD with 8 of the 11 infants classified as having severe CLD. The 8 infants
with severe CLD required prolonged respiratory support defined as the need for non-invasive
respiratory support or ventilation at 36 weeks’ corrected gestational age. Figure 3-38 shows the
mean proportion of individual genera in samples comparing those requiring respiratory support
at 36 weeks’ gestational age compared to those who did not require respiratory support at 36
weeks’ gestational age. None of the top 15 genera show a statistically significant difference

between the two groups.
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Figure 3-38: Mean proportions of individual genera in BAL samples predictive of
respiratory support requirement at 36 weeks corrected gestational age.

Most abundant 15 genera shown ordered by effect size. P values calculated using a 2-sided
White’s non-parametric t-test with 95% confidence intervals calculated using bootstrapping.
The no respiratory support at 36 weeks group contained 6 samples from 3 infants. The
respiratory support at 36 weeks contained 28 samples from 8 infants.

3.31 Attempting to identify organisms to species level

An attempt was made to identify whether the sequencing depth from the VV3-V4 region was
adequate to identify beyond a genus level to the species level using the methodology described
in Section 2.10.7. Identification to species level would allow diagnosis of infecting organisms
and guide clinical treatment of infection. The 7 most abundant OTUs within the dataset were
compared to sequences within the RDP database. Two of the top 7 OTUs compared to the
RDP database was shown in Table 3-5 below. For each of the top 7 OTUs, more than one

species showed >97% similarity of base pairs compared to the representative sequence in the

dataset. Therefore, the sequencing depth was insufficient to identify organisms at species level.

The taxonomic level at which organisms are reliably identified is, therefore, at genus level.
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Table 3-5: Comparison of representative sequences from OTUs in dataset to aligned
sequences of species within the same genus in the RDP database

RDP Database Similarity to RDP Database Similarity to
Identified representative sequence Identified representative
Species of OTU1 Species sequence from OTU3
Acinetobacter 0.962 Staphylococcus 0.99
calcoaceticus epidermidis

Acinetobacter 1 Staphylococcus 0.99
baumannii aureus

Acinetobacter 0.981 Staphylococcus 0.995
haemolyticus haemolyticus

Acinetobacter 0.969 Staphylococcus 0.993

junii hominis

Acinetobacter 0.969 Staphylococcus 0.993
guillouiae epidermidis

Values expressed as ratios with 1= representative sequence and database sequence identical,
to 0 = No matching bases in the aligned sequences.

3.32 Discussion

3.32.1 Recruitment

Recruitment for this study was more difficult than anticipated. Similar studies using the same
methodology of sample collection have been performed historically at the same centre without
such marked recruitment difficulties (Beeton et al. 2011; Davies et al. 2010). There is no doubt
that the repeated and prolonged closure of the neonatal unit in Cardiff limited the number of
infants available to be recruited. | circumvented this by adding a second recruitment centre in
Bristol. Changing neonatal practice is also likely to have influenced recruitment. The adverse
effects of ventilation are more widely recognised in recent years, with reduced number of
infants being intubated, clinicians choosing to manage more preterm infants with non-invasive
methods of respiratory support (Stoll et al. 2015). The introduction of techniques to deliver
surfactant with either only a brief period of intubation or without intubation has led to less
infants needing intubation for the purposes of surfactant delivery (Kribs et al. 2015; Ali et al.

2016). Modern neonatal practice also shows a trend towards extubating preterm infants earlier
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(Robbins et al. 2015). Reduced numbers of infants remaining intubated and, therefore, less TA

and BAL samples were collected from infants recruited to the study.

For the same reasons given above both centres over recruited the most extreme preterm infants
and under recruited infants in the 28-32 weeks’ gestational age range. The median gestation of
recruitment was 25.9 weeks in Bristol and 26.8 weeks in Cardiff. The only infants intubated
for long enough to be recruited to the study were in the extreme preterm range. These infants
are also more likely to develop CLD, and this, therefore, also explains the high rates of CLD
witnessed by infants in the study. The lack of infants who did not develop CLD prevented
comparison between a CLD and non-CLD group however, | was however able to serially study
infants at risk of CLD. Participation in the study is unlikely to have caused a high rate of CLD
in the recruited infants as TA sampling was no different to the routine care the infants received
and the BAL procedure has been investigated for safety and is an established research tool
(Vyas et al. 2002). The rate of CLD was higher in the recruitment centre that did not perform
BAL sampling on infants than the centre where BAL samples were collected, meaning BAL
sampling was unlikely to have contributed to the high rates of CLD.

3.32.2 Validity of cytokine data from tracheal aspirate samples

BAL samples were centrifuged prior to freezing. This was not possible with the TA samples
which were frozen prior to centrifugation and processing. Cell rupture during the freeze-thaw
process may have resulted in inaccurate cytokine concentrations in the TA samples. All
published studies using cytokine concentrations from respiratory samples were centrifuged to
remove cellular material prior to freezing. To test the validity of the cytokine results measured
in TA samples a comparison was made of the concentrations of IL-6 and IL-8 in samples taken
from the same infant within the same 24-hour period. This is shown below in Figure 3-39.
Good correlation was seen between the I1L-8 and IL-6 cytokines. The Bland-Altman plot
suggests that IL-6 measurements were less concordant at higher concentrations of cytokines.
Based on these results it was felt the cytokine concentrations from TA samples were reliable

enough to use.
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Figure 3-39: Comparing IL-6 and IL-8 concentrations in BAL and TA samples takenwithin 24hours of each other from ventilated preterm infants
A= Correlation of 1L-8 measurements. B= Bland-Altman plot of IL-8 measurements. C= Correlation of IL-6 measurements, D= Bland-Altman plot of IL-8

measurements.
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3.32.3 Sequencing data

The is the first time 16S rRNA gene sequencing has been used to attempt to study bacterial
communities in the lungs using BAL samples from preterm infants. The majority of both the
BAL and TA samples did not contain amplifiable 16S rRNA gene in the samples. PCR
inhibition was not responsible for this issue, thought to be due to the low biomass and low
bacterial load within the samples. The TA samples contained higher concentration of amplified
bacterial DNA than the BAL samples, however the bacterial load estimates suggested a similar

number of organisms were present in each sample (Figure 3-27).

The low bacterial load and difficulty amplifying bacterial DNA resulted in very low
concentrations of amplified DNA being pooled for sequencing with BAL samples. The quality
control scores and cluster density on the sequencing run were suboptimal. However, despite
this adequate numbers of reads were achieved to provide a coverage value of >0.99 in 34
samples when rarefying to 1225 reads per sample. The number of ambiguous bases permitted
in the Mothur pipeline for the TA samples was 12 (to exclude 5% of reads). Therefore, the
guality of many reads was suboptimal. This was probably because of the low-quality control
scores achieved on the sequencing run. However, despite allowing extra ambiguous bases

through the processing pipeline the samples have formed OTUs satisfactorily.

The TA samples amplified the bacterial 16S rRNA gene to a greater concentration and had
better quality control scores and cluster density scores during the sequencing run. All reads
containing ambiguous bases during data processing were excluded. One negative control
sample had a significant number of reads but due to this analysis of the samples was performed

and one sample excluded due to similarity with the negative control sample.

Despite these issues, the sequencing results do not appear to be the result of contamination or
mis-amplification. The same genera dominated the TA and BAL sample datasets when
performed on different runs. The same phylum and genera were found in previous studies of
the airway microbiota in preterm infants, with a similar pattern of most sample dominated by a
single genus (Lal et al. 2016; Lohmann et al. 2014). The same dominant organism was found
in serial samples from the same infant at times and infants cluster individually on the NMDS
plots for both samples (Figure 3-13 and Figure 3-33). An increased proportion of
Acinetobacter was detected at the site with an outbreak of Acinetobacter during the study. The
association between peaks of IL-6 and IL-8 concentration and the detection of bacterial DNA
showed very similar patterns measured by two different methodologies. Also, the effect of
mode of delivery showed a pattern of increased Staphylococcus in caesarean section deliveries
and increased Proteobacteria in vaginal deliveries previously documented across many body
sites in term infants (Dominguez-Bello et al. 2010). Each of the points above suggest that the
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results of both TA and BAL sequencing is genuine amplification of bacterial DNA from within

the collected samples.

One important observation of the study was the high rate of samples with no amplification of
the 16S rRNA gene. The results suggest that antibiotics suppressed bacterial growth within the
lungs to a level below the threshold of detection of the methodology. Other studies have also
demonstrated a high proportion of samples negative for bacterial DNA, including one study
looking just for predominant bacteria within neonatal BAL samples (78/164 contained 16S
rRNA gene (47.6%)) (Beeton et al. 2011).

The finding of high rates of sterile samples may represent the fact that the airways of preterm
infants are sterile in the absence of infection. If colonisation of the airways occurs postnatally
then a low bacterial load may be expected in the first days and weeks as colonisation occurs
over time. Other reasons for an undetectably low bacterial load would include the small

biomass obtained from neonatal BAL and TA samples.

Alternatively, the methodology may not have the sensitivity to detect low levels of bacterial
colonisation. The choice of automated DNA extraction using the Maxwell 16 instrument
combined with a bead beating step was based on experiments using pure cultures of bacteria
and tests on saliva samples from adults. Both have much larger bacterial loads than the
neonatal respiratory samples and laboratory strains of bacteria may behave differently to
bacteria found in clinical samples. It maybe that while the Maxwell instrument performed
equally well as manual techniques with the higher bacterial load samples, it was less efficient
with lower bacterial loads and an alternative methodology would have yielded higher
concentrations of DNA. The widespread use of antibiotics in the first month of life in preterm

infants has also been shown to have suppressed bacterial detection within the lungs.

Data from BAL and TA samples was rarefied prior to statistical analysis and graphical
representation. Rarefication is a controversial area with some arguing that the discarding of
sequence data is inadmissible (P. McMurdie and Holmes 2014). The alternatives to
rarefication are to use proportions of samples or to model uncertainty using Poisson-Gamma or
Binomial-Beta models and normalization performed using variance- stabilizing
transformations (P. McMurdie and Holmes 2014). Comparing samples with vastly different
read numbers without some normalisation procedure is problematic. Rarefication remains the
most widely used method of normalising sequence counts within 16S rRNA gene sequencing
literature despite the previously stated concerns. Rarefying is recommended for datasets with a
large difference between the largest and smallest libraries which was the case for the BAL
dataset (Weiss et al. 2017).
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The majority of BAL and TA samples contained a dominant OTU. 16S rRNA gene sequencing
may overestimates the predominance of a dominant organism due to the exponential
amplification of the target DNA. In a perfectly efficient PCR reaction, each copy of the gene
will be amplified in each cycle, but in reality not each copy is amplified in each cycle. When a
single organism dominates, the DNA from this organism is more likely to be amplified at each
cycle resulting in a potential overestimation of the dominance of the OTU. My samples would
be prone to this effect and the results need to be interpreted being aware of this potential
source of bias, although the dominance was very high with different organisms amplified so
thus unlikely.

3.32.4 Sequencing results

Both the TA and BAL datasets showed many similarities. The majority of both types of
samples showed a dominant OTU with Staphylococcus, Acinetobacter and Enterobacteriacae_
unclassified the most commonly occurring genera in each sample dataset. Both sample types
had episodic peaks of the proinflammatory cytokines IL-6 and IL-8 associated with peaks of
bacterial load. Serial samples from individual infants clustered separately on NMDS plots for
both types of samples. My data suggest that 16S rRNA sequencing of BAL and TA sampling
has identified infective organisms thriving in the lungs and airways of intubated premature

infants resulting in an inflammatory response within the lungs/airways of preterm infants.

On days 1-3 of life, samples were rarely positive for bacterial DNA. The alpha diversity data
for BAL samples collected in the first 3 days of life were the most diverse. This suggests that
the preterm infant is exposed to many bacterial species in the first few days following birth,
but within a few days a single organism has become established as a dominant or infecting
species, resulting in reduced diversity. Lohmann et al, utilising TA samples, witnessed the
same pattern of colonisation with higher diversity in the first three days of life than in later
days (Lohmann et al. 2014).

This study has the weakness of no control group of “normal healthy” infants. Attempts were
made to recruit ventilated term control infants for the BAL study, however only three were
ever recruited and all six BAL samples failed to amplify the bacterial 16S rRNA gene. It is
possible that in the lungs of healthy term infants who are not ventilated that an inflammatory
response is generated in response to the colonisation by microorganisms. Given the difficulties
of sampling the lungs of healthy infants not requiring a ventilator it is currently impossible to
determine if the features of colonisation/infection seen in this study are witnessed in healthy
term infants. Early colonisation of the skin is associated with causing the rash of erythema
toxicum neonatorum when Staphylococci species enter skin tissue via hair follicles and cause a
pro-inflammatory reaction (Marchini et al. 2005). It is feasible that a similar process may

occur following birth in the lungs.
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One aim of this work was understand the development of the “normal” microbiome in
ventilated preterm infants. The results indicate that dominant organisms associated with
inflammation prevent the development of a “normal” microbiome in these infants. Targetting
these organisms with antibiotics may reduce lung inflammation and reduce the development of
CLD.

In this study the VV3-V4 region of the bacterial 16S rRNA gene was sequenced to identify
bacterial organisms. This led to adequate sequencing depth to analyse at genus level but
sequencing depth was inadequate to identify bacterial species. One clinical implication of this
work would be to replace culture based microbiological testing with molecular based
techniques that sequence DNA to identify organisms. My work has shown that this technique
is able to identify the presence of a dominant genus, but increased depth of sequencing would
be required for a clinically useful result. A clinician would need to know if the organism
detected is a strongly virulent organism such as Staphylococcus aureus or a less virulent
commensal organism such as Staphylococcus epidermidis. The depth of sequencing | achieved
is unable to distinguish between these species.

3.32.5 Bacterial load

The bacterial load within samples showed a consistent pattern of peaking at day 8-14 and then
falling in both TA and BAL samples. The influences of several factors may explain this
phenomenon. As already discussed, an infective process has been detected in the lung of
preterm infants. Bacterial load peaking during the second week of life may reflect the time at
which respiratory infection is most likely to occur in preterm infants. All infants in the study
were started on empirical antibiotics at birth to treat or prevent early onset sepsis. Antibiotics
are more likely to be stopped by the second week of life allowing bacterial proliferation.
Colonisation of the respiratory tract may be delayed in preterm infants explaining the lower
bacterial load initially. Overall the influence of bacterial load within the lungs and airways of
preterm infants is unknown. High bacterial loads might be assumed to be evidence of
infection, but bacterial load changes are not seen during infective exacerbations in cystic
fibrosis (Twomey et al. 2013). The immune responses of preterm infants to bacterial
colonisation of the respiratory tract is also poorly understood but neonatal white blood cells are
thought to have reduced phagocytosis ability compared to adults (Ballinger, Peters-Golden,
and Moore 2011; Lambert and Culley 2017). The fluctuations in bacterial load may reflect
poorly regulated immunes responses within the lungs and airways responding to early
colonisation. Individual infants had individual patterns of bacterial load. Therefore, when

combining the data from all the infants the individual patterns were no seen.
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3.32.6 Effect of delivery mode on respiratory colonisation

Respiratory colonisation was significantly different at both phylum and genera level in TA
samples, but not in the BAL samples. The results of the TA samples are consistent with the
findings of previous literature in term infants suggesting that vaginal delivery is associated
with a higher proportion of Proteobacteria, with caesarean section delivered infants having
great colonisation with Firmicutes, specifically of the Staphylococci genus (Costello et al.
2009). This finding has also been witnessed across other body sites including in stool samples
of new-born infants (Rutayisire et al. 2016; Costello et al. 2009). This effect is likely to be due
to colonisation by the bacteria that the infant is exposed to during or soon after delivery, as
Proteobacteria colonise the birth canal and Firmicutes predominate on adult skin. This effect
has not been shown before in the airways of preterm infants. The fact that the BAL samples
did not show this effect may be because the BAL samples are taken from deeper in the
respiratory tract and the effect of early life exposure may not penetrate so deeply into the lung,
however it is more likely due to an insufficient number of samples to draw conclusions. Only 7
samples were from infants who had been born by caesarean section making comparisons
difficult.

3.32.7 Differences between recruitment centres

Contamination issues in the samples from Newcastle made it impossible to compare the
colonisation of the lower airways between three recruitment centres. Interpretation of the
samples from Newcastle compared to those from Cardiff and Bristol would have been
complicated by the differences in sample collection, sample storage and DNA extraction. A
clear difference was found between the colonisation patterns of the respiratory tract between
the two recruitment sites for which data was obtained. The geographical distance between the
two units is around 35 kilometres so climate and population demographic differences are
unlikely to explain the dissimilarity in airway microbiota identified. Both sites recruited
throughout all seasons of the year, excluding seasonal variation as explaining this difference.
The recruiting centres are part of different neonatal networks and different NHS trusts/health
boards resulting in policy and procedural difference that may affect clinical care. Notably the
choice of first line antibiotics for early and late onset sepsis was the same between the two
sites, so while clinical practice may differ between the units first line antibiotic prescribing is
standardised. The sensitivity analysis showed that differences remained in the bacterial
communities colonising the airways between the two recruitment centres when infants
colonised with Acinetobacter baumannii were excluded (Figure 3-18 and Figure 3-19). The
differences between the units suggest that the environment and the staff in a neonatal unit can
influence respiratory microbiota colonisation. This is an important clinical implication of this
study. This study is unable to identify what the critical factors are in promoting optimum

respiratory microbiota colonisation, but it should cause clinicians to think about the influence
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of their actions on respiratory microbiota colonisation when managing preterm infants.
Exposure to different staff and environmental exposures on the neonatal unit are likely to be
significant factors which may influence respiratory colonisation. Previous studies analysing
differences in microbiota between difference recruitment centres have focused on centres in
different continents and climates, specifically to looks for effects of these variables
(Stressmann et al. 2011). By studying two centres in close geographical proximity the effect of
different clinical practice has become apparent.

3.32.8 Average cytokine concentration

The average IL-6 and IL-8 concentration observed over time within the supernatant of BAL
samples shows very similar results to those demonstrated 20 years ago in similar samples from
preterm infants (S. Kotecha, Wilson, et al. 1996; S. Kotecha et al. 1995). This would indicate
that the changes in ventilation strategies aiming for lung protection introduced during this time
have made little difference in the levels of inflammation in the lungs of intubated preterm
infants at risk of CLD.

3.32.9 Strengths and weaknesses

This study is the first to use 16S rRNA gene sequencing to analyse lung colonisation using
BAL samples from preterm infants. Serial sampling from infants at risk of CLD combined
with measuring the concentration of proinflammatory cytokines has shown important findings
relating bacterial colonisation of the airways with a pro-inflammatory response which may

contribute to developing CLD.

One potential weakness of this study is the large number of samples from which the 16S rRNA
gene could not be amplified, however this may be accurately reflecting low bacterial loads
early in life. Using bacterial DNA to identify organisms’ risks identifying dead or non-viable
bacteria. Bacterial DNA from organisms not colonising the respiratory tract, for example
aspirated organisms, would be detected by the methodology of this is study. Studies using
bacterial RNA to identify organisms would overcome this issue as RNA does not have the

potential to remain detectable after the organism is non-viable.

The lack of a control group of healthy infants has already been discussed as a potential
weakness. The contamination during DNA extraction of the samples from Newcastle made
comparing colonisation across three recruitment sites impossible. This contamination issue
highlights the difficulties of analysing low biomass samples and the importance negative
controls. One DNA extraction control from the TA samples showed a high number of reads.
After further evaluating these samples for potential contamination it was clear that only 1
sample was at risk of similar contamination, so this sample was eliminated from further

analysis.
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The high rate of infants who went on to develop CLD precluded comparing early respiratory
colonisation in infants who developed CLD and those that did not, however it did allow serial
sampling from infants at risk of CLD.

3.33 Conclusion

The aims of this chapter were to present evidence of patterns bacterial colonisation from serial
sampling of the airways and lungs from preterm infants, to measure bacterial load and relate
this to the inflammatory profiles, to compare the lung microbiota between infants to did and
did not develop CLD, to analyse the effect of antibiotics on respiratory colonisation and to
compare airways colonisation between difference recruitment centres. | have successfully
demonstrated the serial sampling and analysis of the bacterial colonisation of the lower
respiratory tract in ventilate preterm infants at risk of CLD. The colonisation of the lower
airways of preterm infants was not detectable for most BAL and TA samples in the absence of
a dominant organisms with evidence of an infective process occurring in the lungs. These
episodes of possible infection prevented the detection of a “normal” colonisation of the

respiratory tract.

I have measured the bacterial load and shown that the concentration of proinflammatory
cytokines IL-6 and IL-8 were significantly higher in samples with detectable bacterial DNA.
Peaks and troughs of bacterial load were associated with parallel increases and decreases in IL-
6 and IL-8 concentration. Inflammatory changes within the lungs of preterm infants increase
the risk of CLD. Targeting the dominant organisms which may be causing the increase pro-

inflammatory cytokines may reduce CLD.

Antibiotics reduce the bacterial carriage within the lungs. With most preterm infants receiving
multiple courses of antibiotics during the first month of life this impacts on early respiratory
tract colonisation within the lung and contributed to the sterility of many of the TA and BAL

samples collected.

Bacterial colonisation of the lower airways and lungs in ventilated preterm infants is
characterised by the presence of dominant OTUSs in most samples. Even in infants not on
antibiotics who are not suspected to have an infection evidence of an inflammatory response to
the presence of bacteria has been detected. Therefore, preterm lung infection is probably more
common than clinically detected. Dominant OTUs are consistently identified within preterm
respiratory samples and this may be a normal feature of colonisation of the respiratory tract.
The difficulty in obtaining samples from the lower respiratory tract of healthy, unventilated,
infant born at term limits the interpretation of this. The rise in cytokines associated with lung
colonisation may also be normal however this is controversial. The absence of data from

healthy term infants make it difficult to prove that the evidence of colonisation detected in this
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study is an example of dysbiosis. The data is suggestive of a dysbiotic colonisation pattern
within the airways and lungs of intubated preterm infants, but more evidence is needed of the

bacterial colonisation causing harm.

Contamination issues prevented samples from Newcastle from being included in the analysis.
However, evidence for the role of the environmental exposures on the neonatal unit has been
shown due to the differences identified between the Cardiff and Bristol sites. Evidence also
exists for the important role delivery mode, antibiotic treatment and general neonatal
management in neonatal respiratory colonisation. With the long term impacts of early
microbiological exposures known to have over longer term respiratory health (Teo et al. 2015;
Biesbroek, Tsivtsivadze, et al. 2014) neonatologists need to be mindful of the impact of

interventions which may affect respiratory health beyond the infant’s stay on the neonatal unit.

Eventually molecular based techniques are likely to replace traditional bacterial cultures for
pathogen identification. This study has shown the importance of identification of lung
pathogens in new-born infants highlighting the infective process occurring in the lungs of
preterm infants. In this study identification of bacterial organisms to genus level was possible.
Identification of organisms at species level, with advanced sequencing techniques able to
detect resistance patterns from the organism’s genome would be required before culture-based
work can be halted. Molecular tests would also need to be confident of the viability of detected

organisms before such tests replace culture-based pathogen identification.

155



Chapter 4: Bacterial Colonisation of the Upper Airways in
Preterm Infants

156



Chapter 4: Bacterial colonisation of the upper airways in preterm infants

4 Bacterial Colonisation of the Upper Airways in Preterm
Infants

4.1 Introduction

The nasopharynx is anatomically much closer to the skin and external environment than the
lower airways and lungs. Deposition of microparticles in the nose prevent such material from
entering the lungs. The upper airway colonisation is more likely to be subject to environmental
influences than the lungs and lower airways. The ease of sampling from the nasal passages,
nasopharynx and oral cavity of infants has resulted in these anatomical niches being studied in
far greater depth than the lower airways with many studies focusing on the effect of the upper
respiratory microbiota on respiratory tract infections in infancy (Perez et al. 2017; Teo et al.
2015; Hilty et al. 2012).

Studies of term infants have found evidence of nasopharyngeal colonisation within 5 minutes of
delivery (Dominguez-Bello et al. 2010). At this early stage delivery mode was predictive of
bacterial community structure, as with other anatomical sites studied immediately after birth
(Dominguez-Bello et al. 2010). A subtle effect of delivery mode was seen persisting until 6
months after delivery by caesarean section with lower abundance of Corynebacterium and
Dolosigranulum, both potentially beneficial commensals (Bosch et al. 2016). A longitudinal
study using nasal swabs from term infants during the first year of life demonstrated increasing
bacterial density but decreasing diversity over time. No effect of delivery mode was evaluated
but an effect of seasonal variation was noted (Mika et al. 2015). A further longitudinal study
using nasopharyngeal swabs from term infants over two years showed that adult-like
colonisation patterns were not established within this timeframe. Most samples were dominated
by a single genus with clear succession patterns identified over time (Biesbroek, Tsivtsivadze, et
al. 2014).

Within the first week of life, studies have found wide variation between individuals regarding
the bacteria identified from the nasopharynx (Bosch et al. 2016; Biesbroek, Tsivtsivadze, et al.
2014). A dominant OTU/genus is frequently identified from nasopharyngeal samples in infants.
Streptococcus and Staphylococcus species predominate in caesarean section-born infants and
Gram negative gut organisms predominate in vaginally delivered infants (Dominguez-Bello et
al. 2010; Bosch et al. 2016). There are no published studies of early nasal or nasopharyngeal
colonisation of preterm infants during the stay on the neonatal unit. One study showed
difference between ex-preterm infants and term born infants when NPA sampling was
undertaken at 6 months of age. Preterm infants had greater heterogenicity between samples and

increased Proteobacteria and decreased Firmicutes compared to term infants (Perez et al. 2017).
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4.2 Aims
1. To analyse serial samples from the upper airways of preterm infants and a term control
group for the presence and relative abundance of bacteria and identify the pattern of

bacterial colonisation

2. To measure bacterial load within samples from the upper airways of preterm infants and

analyse changes over time

3. Analyse the effect of delivery mode, antibiotics and probiotics on upper respiratory tract

colonisation in preterm infants

4. To compare upper airway colonisation in preterm infants between two different

recruitment centres

4.3 Recruitment and demographics

NPA samples were taken from preterm and term infants from two recruitment centres (UHW
and NBT). In addition, a cohort of well infants from the postnatal ward from UHW were
recruited as a term control group. NPA samples were taken at the time of routine “cares” from
infants admitted to the neonatal unit, at the same time as BAL/TA samples were collected for
intubated infants. Serial sampling was performed with NPA samples taken daily during the first
week of life and then twice weekly until 28 days or discharge from a recruiting centre,
whichever was first. No serial sampling was possible on infants from the postnatal ward due to

early discharge from hospital.

Table 4-1 summarises the demographics of all recruited infants. Statistical analysis comparing
the preterm infants recruited between the two sites showed no significant differences between
the two units in terms of baseline characteristics of the infants. There was a non-significant
difference in the birth-weight between the centres with lower birth-weight infants recruited from
NBT. Mothers of infants recruited from NBT were on average older than from UHW. Outcome
measures showed that NBT had a greater median days of supplementary oxygen use and,
therefore, a higher rate of infants with CLD at 36 weeks’ gestation. This is probably explained
by the differences in birth weight in the two groups. The differences in postnatal corticosteroid
use and home oxygen use probably reflect the difference in patient admissions between the two

units.
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Table 4-1: Demographics table of infants included in the NPA study

NBT UHW Term Controls P value
(Preterm (Preterm (comparing NBT
Infants) Infants) v UHW preterm
infants)
Preterm Infants recruited 35 20 8 -
Number of NPA Samples 390 149 8 -
Male, n(%) 24 (68.6) 12 (60) 7 (88) 0.73
Gestation, Med (IQR) 25.86 (24.7 - 26.78 (25.0- 39.7 (39.1- 0.15
26.7) 29.5) 40.2)
BW, Med (IQR) 746 (674 - 890) 835 (685 - 3560 (3338- 0.07
1187.5) 3752)
Maternal Age, Mean (SD) 30.71 (5.7) 27.35(5.3) 32.6 (4.4) 0.04
Infant from a multiple 11 (31.4) 6 (30) 0(0) 1
pregnancy, n(%)
CS delivery, n(%) 16 (45.7) 10 (50) 1(13) 0.82
Apgar at 1 min, Med (IQR) 6 (5-6) 5 (3-5) 9 (9-9) 0.06
Apgar at 5 min, Med (IQR) 8(7-9) 7 (6-8) 10 (10-10) 0.08
Vent Days, Mean (SD) 20.83(18.98)  34.15 (49.86) 0(0) 0.26
Non Invasive Respiratory 50.66(26.54) 44.15 (36.92) 0(0) 0.49
Support Days, Mean (SD)
Low flow O2 days, Mean 18.2(15.08) 9.0 (11.63) 0(0) 0.01
(sp)
Length of Hospital stay 97.83 (35.41) 103.5 (60.93) 2.3(1.0) 0.71
(days), Mean(SD)
02 at 28 days, n(%) 34 (97.1) 16 (80) 0(0) 0.10
02 at 36 weeks, n(%) 33(94.3) 13 (65) NA 0.01
Complete course antenatal 26 (74.3) 11 (55) 0(0) 0.18
steroids, n(%)
Survival to hospital 30 (85.7) 3 (85%) 8 (100) 1
discharge, n(%)
PN steroids for vent 2 (5.7) 9 (45) 0(0) 0.002
dependence, n(%)
Home 02, n(%) 17 (48.6) 3(15) 0(0) 0.03
EBM Ever, n(%) 35 (100) 20 (100) 8 (100) 1
Home exclusive breast 11 (31.4) 6 (30) 8 (100) 1

milk, n(%)

Shapiro-Wilk test used to determine normal distribution of continuous variables. Normally
distributed variables given as mean with standard deviation, p values calculated using t-test.
Variables with significant Shapiro-Wilk test displayed as median with interquartile range, p
values calculate with Wilcoxon signed rank test. Binary variables p values calculated with
chi-squared test.
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4.4 Bacterial load within nasopharyngeal aspirate samples
The bacteria load within NPA samples was calculated using the qPCR procedure detailed in
Section 2.9 on DNA extracted from the cell pellet. Figure 4-1 shows the average bacterial load

in all the NPA samples from preterm (both UHW and NBT recruitment sites).
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Figure 4-1: Average bacterial load within NPA samples from preterm infants by day of life.
Error bars display standard error.

The results from Figure 4-1 show that bacterial load within NPA samples does not increase over
time in a linear way. The highest average bacterial load detectable in NPA samples was on days
5-7 of life, with bacterial load subsequently falling to levels similar to those witnessed on days

1-4 of life, before rising again after day 22 of life.

4.5 Sequencing data

Sample were amplified for sequencing in batches of 24. Samples had already undergone gPCR
analysis targeting the 16S rRNA gene. The samples with the highest bacterial load were
amplified for sequencing first. Amplification of bacterial DNA for sequencing was performed
on NPA samples with sequentially lower bacterial loads until no samples successfully amplified
for sequencing on two consecutive runs. Of the 564 samples 265 samples were attempted to be
amplified for sequencing. The remaining samples with a lower or undetectable bacterial load on

gPCR were assumed to have insufficient bacterial DNA for sequencing.

Sequencing of the bacterial 16S rRNA gene was performed on DNA from samples that
amplified successfully as per the methodology in Section 2.10. | performed the sample
preparation and sequencing supervised by Dr D Alber in the laboratory of Prof N Klein at the
Institute of Child Health, UCL. Of the 264 NPA samples tested, 126 samples amplified
successfully. Figure 4-2 demonstrates a difference in bacterial load between those samples that

amplified successfully and those that did not amplify successfully showing that those samples
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with a significantly higher bacterial load were more likely to be successfully amplified for
sequencing. The threshold for successful amplification was set at 0.3ng/uL of DNA post

amplification and purification.

During bioinformatic processing of the sequencing data, reads with any ambiguous bases were
excluded. Of the 126 samples which were pooled, the read numbers of from samples following
removal of the ambiguous bases, chimeric sequences and mis-reads ranged from 5,952 —
222,539 with an average of 60,295 per sample. Five extraction controls and 1 no template
control were amplified alongside the samples. The number of reads within these controls ranged

from 8 — 580 with an average of 171 reads.

Rarefication of samples to 1000 reads per sample was performed prior to further analysis.
Rarefication to 1000 reads per sample maintained coverage >0.99 for every sample.

|
S

1
_

Copies of 16Sgene/ml from gPCR experiment
1e+02 1e+03 1e+04 1e+05
1

Not Sequenced n=139 Sequenced n=126

Figure 4-2: Boxplot of copy number of 16S rRNA gene concentration against NPA samples
that amplified adequately for sequencing.
Only samples when amplification for sequencing was attempted have been included. P<0.001.

4.6 Samples unable to undergo 16S rRNA gene sequence analysis

A large proportion (77.6%) of the NPA samples were unable to be sequenced due to low
bacterial load, similar to BAL and TA samples. No samples from the term control group were
able to be sequenced due to low bacterial load so further analysis was only possible with regard
to the preterm infants recruited. As with BAL and TA samples, antibiotics use was significantly
associated with NPA samples having an inadequate bacterial load to successfully obtain
sequence data. NPA samples taken when the infant was not on antibiotics were significantly
more likely to be sequenced successfully for the bacterial 16S rRNA, odds ratio = 3.23, 95% CI
2.14-4.87, p<0.0001. Samples taken at an older day of life were more likely to be successfully

sequenced. See Figure 4-3 below.
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Figure 4-3: Percentage of all NPA samples taken that had successful bacterial 16S rRNA
gene amplification and sequencing. Chi-Squared p<0.001.

4.7 Relative abundance of organisms within nasopharyngeal aspirate
samples

Showing similarity to the abundance data previously presented for TA and BAL samples, the

majority of NPA samples contained a single dominant OTU. 122/126 (96.8%) samples

contained a dominant OTU (>50% of reads from a single OTU). Extreme dominance of samples

(>90% of reads from a single OTU) was witnessed in 66/126 (52.4%) NPA samples.

At a phylum level, Proteobacteria and Firmicutes dominated most NPA samples with
Bacteroidetes, Actinobacteria and Tenericutes present in fewer samples (see Figure 4-4).

The most abundant genus detected was Staphylococcus (50.8% of reads within the dataset
before rarefication). Staphylococcus was by far the most abundant genus within the Firmicutes
phylum (88.3% of Firmicutes reads). In contrast, the Proteobacteria phylum was much more
evenly distributed between many different genera. The most abundant genera within

Proteobacteria was Escherichia/Shigella making up 32.7% of Proteobacteria reads.

Identification of bacteria beyond genus level to allow species identification was not possible.
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Figure 4-4: Relative abundance of organisms within NPA samples at phylum level.
Each bar represents 1 NPA sample. Samples ordered by proportion of Proteobacteria at each timepoint.
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Figure 4-5: Relative abundance of genera within NPA samples. )
Top 20 most abundant genera within dataset shown. Each bar represents a single NPA sample
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4.8 Changes over time in relative abundance in nasopharyngeal
aspirate samples
Figure 4-4 above suggests an increase in average proportion of Proteobacteria and a decrease in
Firmicutes over time. Figure 4-5 suggests the decreasing trend in Firmicutes is due to a falling
proportion of the Staphylococcus genus over time. By increasing the number of time points
analysed, it was possible to identify this trend more precisely and decrease the impact of
multiple samples obtained from the same infant in the same timepoint. Figure 4-6 below shows
the average abundance of each phyla in samples grouped across five timepoints. This
demonstrates a clear increase in the average proportion of Proteobacteria over time and a

decrease in Firmicutes over time.
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@ Proteobacteria MFusobacteria B Tenericutes OPlanctomycetes

O Actinobacteria OBacteroidetes [EFirmicutes

Figure 4-6: Average abundance of individual phyla within NPA samples over time

Using Kruskal-Wallis test the p-value for significance of increasing Proteobacteria between the
5 groups (with Bonferroni correction for multiple testing) was p=8.75x10*. Post hoc testing
shows that the samples in groups day 1-4 and day 5-7 are both significantly different to those in
days 22-28.

The same tests applied to Firmicutes show corrected p=0.024. Post hoc testing failed to show

significant differences between individual groups.
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Figure 4-7: Changes in proportion of Staphylococcus, Enterobacteriaceae (unclassified) and
Corynebacterium over time in NPA samples from preterm infants. (Staphylococcus p=0.024,
Enterobacteriaceae (unclassified) p= 0.029, Corynebacterium p=1.62x10")

At a genus level, only three genera showed statistically significant changes over time. Box plots
showing the changes in relative abundance over time of these genera are shown in Figure 4-7.

This figure shows a decrease in the proportion of Staphylococcus in over time. Post hoc analysis
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shows significant differences exist between the earliest time point and both group day 15-21 and
day 22-28. Within Proteobacteria the only statistically significant increase over time was in
unclassified Enterobacteriaceae. Post hoc analysis showed this subtle effect was significantly
different between both groups within the first week of life and the day 15-21 group.
Corynebacterium, within the Actinobacteria phylum, also showed a statistically significant

increase over time.

Changes in measures of alpha diversity over time are shown in Figure 4-8. Low diversity was
seen in all samples. Figure 4-5 shows the dominance of a single genus within the majority of

samples. The median number of species observed was 5 per sample (range=1-15).

Both measures of richness (observed species count, Chaol index and Fisher index) and
evenness (Shannon diversity index and Inverse Simpson diversity index) showed a statistically
significant increase over time. Post hoc testing using Dunn’s test showed significant differences
(p<0.05) between day 1-4 and day 22-28 groups, and day 5-7 and day 22-28 groups for
observed species, Chaol index, Fisher Index and Shannon diversity index. No significant
differences were identified between groups for the inverse Simpson diversity index. The median
number of observed species in samples taken day 1-4 = 3.5 (IQR 2-4.5). On days 22-28 the
median number of observed species = 7 (IQR 5-9) (p<0.001).
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Figure 4-8: Changes in alpha diversity over time in bacteria detected within NPA samples
from preterm infants.

Kruskal-Wallis tests: Species observed p<0.001, Chaol p=0.003, Fisher Index p<0.001,
Shannon Diversity Index p=0.02, Simpson p=0.04.

4.9 Effect of delivery mode on nasopharyngeal aspirate samples
Previous studies have identified differences in the microbiota composition within the
nasopharyngeal cavity between term infants born by caesarean section and those born by
vaginal delivery (Bosch et al. 2016; Dominguez-Bello et al. 2010). Therefore, | analysed my
data for changes due to delivery mode. Figure 4-9 shows the difference between mean
proportions of each phyla and the top 10 genera including all the NPA samples for which
sequence data is available. This shows a higher proportion of Firmicutes, of the genera
Staphylococcus, in infants born by caesarean section than those vaginally delivered and a lower
proportion of Tenericutes and Actinobacteria. At a genus level, Serratia, Corynebacterium and
Ureaplasma were all present in greater proportions in samples from vaginally born infants

compared to caesarean section delivered infants.
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Figure 4-9: Differences in microbiota in NPA samples between infants delivered by
caesarean section and vaginally delivered infants.

A= Differences at phylum level. B= Differences at genus level, top 10 most abundant
genera displayed. Vaginal delivery n= 74, LSCS delivery n=52.

A sensitivity analysis was performed to exclude the effect of multiple sampling and the
potential confounding from later post-natal exposures the analysis. Only the first sample that
was positive from each infant within the first 7 days of life was included leaving 28 infants (10

born by CS and 18 delivered vaginally).
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Figure 4-10: Effect of delivery mode over early colonisation patterns in NPA samples from
preterm infants.

Only samples taken in the first 7 days of life included with only the earliest samples from
each infant included if multiple samples available within the first 7 days. Vaginal deliveries
n= 18, CS deliveries n=10.

Figure 4-10 above shows that with only the first week of life samples, the power to detect
differences was reduced. At phylum level, there was a trend towards increased proportion of
Firmicutes in samples from infants delivered by caesarean section. The significant difference in
Tenericutes remained. At genus level the proportion of Staphylococcus remains significantly

higher in infants born by caesarean section compared to vaginally born infants.

4.10 Effect of antibiotics on nasopharyngeal colonisation

All the recruited preterm infants received antibiotics after birth. It was, therefore, not possible to
compare microbiota profiles from antibiotic-naive and antibiotic-exposed preterm infants. It was
possible to compare samples from infants who were receiving antibiotics and those not on
antibiotics at the time of sample collection. Figure 4-11 demonstrates an increase in the
proportion of Protobacteria in samples taken while infants were not receiving antibiotics. At a
genus level the only significant difference identified was an increase in Escherichia/Shigella in

infants on antibiotics.
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Figure 4-11: Effect of antibiotics on microbiota profiles in NPA samples from preterm

infants at phylum and genus level.

A- Phylum level, B=Genus level, top 10 most abundant genera shown only. On antibiotics

n=51, Off antibiotics n=75.

No differences were identified comparing alpha diversity indices between samples taken on
antibiotics and samples taken off antibiotics. See Figure 4-12 below.
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Figure 4-12: Effect of antibiotics on alpha diversity indices in NPA samples.
On antibiotics n=51, Off antibiotics n=75.
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4.11 Effect of gender on nasopharyngeal colonisation

Male infants made up 65% of recruited participants. More male infants are born preterm than
female infants with males typically making up 55% of preterm births (Zeitlin et al. 2002). Males
are also known to have a worse prognosis than females in terms of survival and
neurodevelopmental outcomes (Kent, Wright, and Abdel-Latif 2011). | analysed the
colonisation patterns comparing NPA samples from male and female infants. Figure 4-13 shows
that male infants had a higher proportion of Proteobacteria than female infants. At genus level,
the Escherichia/Shigella genus was statistically significantly more abundant in males than

females. Male infants could be at higher risk of nasal carriage of this potential pathogen than

females.
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Figure 4-13: Differences in individual phyla and genera comparing samples from male and
female preterm infants

4,12 Effect of probiotics on nasopharyngeal colonisation

During the recruitment phase, one of the recruitment sites routinely prescribed an oral probiotic
product (Infloran) to all preterm infants <32 weeks’ gestational age or birth-weight <1500g for
prevention of NEC. The probiotic contained a mixture of Lactobacillus acidophilus and
Bifidobacterium infantis and was started when the infant tolerated trophic feeds. I analysed the

results for influence of probiotic usage over colonisation patterns.
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Probiotic use was not associated with the chances of successfully sequencing the 16S bacterial
rRNA gene from NPA samples. Analysing just samples from the recruitment centre where
probiotics were used, odds ratio for successful sequencing of bacterial DNA from NPA samples
comparing samples taken on and off probiotics was 0.78 (95% CI = 0.27-2.29, p=0.66).
Probiotics were also not associated with a difference in bacterial load in NPA samples (Figure
4-14).
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Bacterial Load (copies 16S gene/ml
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T T
Mo Probiotic n=75 On Probiotic n=69

Figure 4-14: Bacterial Load in NPA samples taken from UHW site showing the difference
between samples taken when infant receiving oral probiotic preparation compared to when
not receiving oral probiotic.

Samples with undetectable bacterial load given a bacterial load of 1 to enable plotting on
logarithmic scale. Wilcoxon test p=0.44.

Only 7 of the 126 (5.6%) samples successfully sequenced were taken from an infant receiving
oral probiotic. Comparing the relative abundance of the identified bacteria within the samples
show that when not on probiotics bacteria from genera known to have pathogenic organisms are
present in greater proportions (Figure 4-15). Esherichia/Shigella, Serratia and
Enterobacteriacae_unclassifed are statistically significantly more abundant when not on

probiotics.
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Figure 4-15: Comparing the relative abundance of bacteria at phylum and genus level
between NPA samples from preterm infants collect on and off oral probiotic.

4.13 Effect of location on nasopharyngeal colonisation

A significant effect comparing locations between the two recruiting was previously shown for
TA samples (Section 3.12). Therefore, | compared the microbiota profiles obtained from NPA
samples between the two recruiting centres. There was no significant difference between the
two sites in the number of samples from infants born by caesarean section or vaginal deliveries
(p=0.46), day of life that samples were collected on (p=0.97), or the number of samples taken
on antibiotics (p=0.63) for samples where sequencing data was available. Samples were,

however, more likely to sequence successfully from NBT than UHW (p<0.001).

Figure 4-16A demonstrates the difference between microbiota profiles as a whole between the
two centres. A PERMANOVA analysis comparing the centroids of from the two sites shows
R2=0.03, p=0.005. A Multivariate homogeneity of groups dispersions test shows this difference

is not explained by difference dispersion patterns around the centroid (p=0.103).

Figure 4-16B and Figure 4-16C show the difference between the two sites was mainly in the
proportion of Firmicutes, of which Staphylococcus was significantly different. Serratia was also

present in significantly larger proportions in NPA samples taken at NBT.
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Figure 4-16: Effect of recruitment centre on microbiota of NPA samples from preterm infants

A= NMDS plot comparing two recruitment sites ordinated using Bray-Curtis Dissimilarity index, Stress = 0.22. B= Difference in mean proportions of individual
Phyla between recruitment centres. C= Difference in mean proportions of most abundant 10 genera between recruitment centres. NBT=North Bristol Trust
(n=112), UHW = University Hospital of Wales, (n=14).
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4.14 Discussion

This study sought to identify early colonisation of the nasopharynx in preterm infants. Preterm
infants from two centres were successfully recruited and serial sampling undertaken. One
weakness of the study is the lack of data from a control group. Eight term infants who were on
the postnatal ward were recruited to provide a control group. The lack of successful sequencing
any samples from these infants has resulted in an inability to compare the results from preterm
infants directly with healthy term infants.

The large proportion of samples where sequencing was unsuccessful limits the power of the
study to identify differences between groups, however the number of samples negative for
bacterial DNA may be important evidence of delayed colonisation in preterm infants. The
exposure of the nasopharynx to the external environment and the ability of other studies to
sequence successfully from the nasopharynx of term infants from samples taken within 5
minutes of life (Dominguez-Bello et al. 2010) suggested that colonisation may have been easier
to detect from NPA rather than TA and BAL samples. This study mainly looked at preterm
infants nursed in incubators which may have limited exposure to environmental organisms. The
effect of antibiotics, the potential for DNA extraction yielding sub-optimal amounts of DNA
and the challenges of working with low biomass samples have already been discussed with
regard to TA and BAL samples. The fact that many samples were negative for bacterial DNA,

particularly early in life supports the notion of colonisation of infants occurring postnatally.

Due to the fact that 22 preterm infants had no NPA samples that amplified successfully for 16
bacterial rRNA sequencing and serial sampling had been performed on all preterm infants, it
was necessary to include more than one sample per infant when available in the analysis. The
sensitivity analysis performed on samples from day 1-7 where only one sample from each infant

was included did not fundamentally change the results.

Low biomass microbiome studies are susceptible to contamination from bacterial DNA within
PCR reagents and from the DNA extraction process. These results are unlikely to represent
contamination due to the difference between read numbers between samples and negative
controls. The increased proportion of Firmicutes, namely Staphylococci, in infants born by
caesarean section corroborates other studies and indicates these sequencing results are a genuine

finding.

Over time there was a clear change in the microbiota profiles identified. The proportion of
Firmicutes (of the Staphylococcus genus) decreased over time and the proportion of
Proteobacteria increased over time. This shows a progression of the nasopharyngeal
microbiome during the first month of life in preterm infants. A steady increase in richness
during the first month of life was also evidence of maturation of the microbiome and the

acquisition of new organisms. Evenness did not change over time. Therefore, on average NPA
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samples acquired more OTU’s over time but remained dominated by a single OTU throughout
the first month of life. It may be the case, as with TA and BAL samples, that organisms from
respiratory infections have been detected. No cytokine data is available to support or refute this.

The changes in diversity over time would however suggest that colonisation is being detected.

Antibiotic exposure is a significant issue for preterm infants with concerns over changes to early
bacterial colonisation (Jacquot et al. 2011), increasing the risk of NEC (C. Cotten et al. 2009),
increased risk of invasive candidiasis (C. Cotten et al. 2006) and concerns regarding antibiotic
resistance (Tzialla et al. 2012). Antibiotic use had a significant effect in reducing bacterial
colonisation within the nasopharynx to below the threshold for detection in this study. No
changes in evenness or richness were seen comparing samples taken with infants receiving
antibiotics and those not receiving antibiotics suggesting that there is a general suppressive
effect of antibiotics rather than antibiotics suppressing certain organisms and not others. The
genus and phylum data comparing the effect of antibiotics are interesting. Antibiotics appeared
to suppress Proteobacteria but were associated with an increase in Escherichia/Shigella (of the
Proteobacteria genus). This could be explained by over proliferation by Escherichia/Shigella
organisms due to antibiotic resistance. Alternatively, antibiotics may have been prescribed to
treat infection with Escherichia/Shigella organisms, thus were detected. Due to a large number
of different antibiotics and combinations of antibiotics used for recruited infants, it is not

possible to analyse the effect of individual antibiotic treatments.

The difference in microbiota profiles between recruitment centres showed similarities to that
identified between recruitment centres from TA samples (Section 3.12). The PERMANOVA
showed a significant difference between the two centroids on the NMDS plot but the R? value of
0.03 showed only a small proportion of the variance is explained by the model. The fact that
significantly more samples were sequence-able from NBT compared to UHW may be as a result
of sampling techniques at the two centres or may represent differences in colonisation between
the two recruitment sites. The number of samples from UHW (n=14) was far too small to draw

firm conclusions.

It is difficult to explain the differences between male and female infants based on environmental
exposures on the neonatal unit. Both are nursed in identical incubators and cared for using the
same nursing staff and unit policies. A higher proportion of the boys recruited were born by
caesarean section (37% of males, 26% of females) with Escherichia/Shigella more likely to be
colonised during a vaginal delivery than a caesarean section delivery. Alternatively, boys may

be susceptible to colonisation by the potentially pathogens in the Escherichia/Shigella genus.

It is difficult to interpret the effect of probiotics on NPA colonisation due to the small number of
samples successfully sequenced from infants receiving probiotics. There was however a
statistically significant difference between samples taken from infants on probiotics and those
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taken when not receiving probiotics. Location is a clear confounding factor as only one of the
sites was using probiotics, and clear evidence that location influenced colonisation has been
shown in Section 4.12. It may be that the effect of probiotics is to suppress the growth of
Escherichia/Shigella, Serratia and Enterobacteriaceae. It maybe however that the small number
of samples successfully sequenced while on probiotics is a consequence of the probiotics

suppressing bacterial load to below the level of detection.

4.14.1 Strengths and weaknesses

The study is the first to study the nasopharyngeal microbiota in extreme preterm infants during
the first month of life. A total of 539 NPA samples were taken from 55 preterm infants making
this the largest study of the preterm respiratory microbiota. Serial sampling has shown changes
in bacterial load and a maturation of the microbiota during the first 4 weeks of life. Using NPA
samples to study respiratory bacterial colonisation does not require the presence of an ET tube

to collect the sample. This has allowed samples from infants following extubation to be

included, something which was not possible from the BAL and TA samples.

A potential weakness is the number of samples with no detectable bacterial DNA, but this may
also be an important finding showing delayed acquisition of the nasopharyngeal microbiota in
preterm infants. The failure to amplify bacterial DNA from a term control group has precluded

comparing the results from preterm infants with healthy term infants.

4.15 Conclusion

The aims of this chapter were to analyse serial samples from the upper airways of preterm
infants and a term control group and identify the pattern of bacterial colonisation specifically
looking for the influence of delivery mode, antibiotics, probiotics and recruitment centre. A

further aim was to analyse bacterial load changes in upper airways of preterm infants over time.

The nasopharyngeal microbiome in preterm infants demonstrated a clear change over the first
28 days of life with an increasing proportion of Proteobacteria and a decreasing proportion of
Firmicutes. A trend of decreasing Firmicutes and increasing Proteobacteria over time has
previously been described in healthy term infants (Bosch et al. 2016), however this the first time

the finding has been replicated in extreme preterm infants.

The exposures of antibiotics and the complex influences of preterm birth, invasive ventilation
and other deviations from “normality” associated with extreme prematurity have not influenced
the microbiota to prevent this colonisation pattern. Delivery mode has also been shown to
influence nasopharyngeal colonisation for the first time in preterm infants with greater

Firmicutes in infants delivered by caesarean section.
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Studies of healthy term infants have suggested an association between early upper respiratory
tract colonisation patterns and risk of future respiratory pathology (Teo et al. 2015; Vissing,
Chawes, and Bisgaard 2013; Bisgaard et al. 2007). This study is not designed to identify such
effects but the potential implications for neonatologists to encourage healthy respiratory
microbiome development through judicious use of antibiotics and promoting breast feeding
cannot be ignored. The role of probiotics is not proven, with this study showing that respiratory
pathogens may be suppressed by oral probiotics. Further study is warranted on the role of
probiotics in respiratory colonisation, long term respiratory health and whether delivering

probiotics directly to the lungs would have any benefit.
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5 Comparing the Upper and Lower Airway Microbiota in
Preterm Infants

5.1 Introduction

Studies comparing the microbiota within the upper and lower respiratory tract have shown
conflicting results. Some have identified similarities between colonisation of the different
anatomical sites, but most have concluded that there are important differences and that using
samples from the upper respiratory tract to identify pathogens in the lungs is not reliable
(Ahmed et al. 2018; Boutin et al. 2015). No study has compared the upper and lower respiratory
tract colonisation in preterm infants. I, therefore, analysed my data for differences between the
TA, BAL and NPA samples.

5.2 Aims
1. To compare bacterial community structure between NPA, TA and BAL samples from

preterm infants

2. To compare total bacterial load between NPA, TA and BAL samples from preterm

infants

3. To compare measures of alpha diversity between NPA, TA and BAL samples from

preterm infants

4. To compare concordance of the dominant organism identified from individual samples

from the upper and lower respiratory tract taken within 24 hours from the same infant

5.3 Methodology of combining data from different samples
Combining the datasets of the different respiratory samples was undertaken jointly between
myself and Dr Emma Mitchell as this was done also incorporating 16S rRNA sequencing data
from stool samples from the same infants which Dr Emma Mitchell was analysing for a PhD
project. She was interested the gut-lung axis while | was interested in comparing the different

sites within the respiratory tract.

NPA, BAL and TA samples were analysed on different sequencing runs with separate data
processing using the same Mothur pipeline. OTUs from each sample type were, therefore, not
directly comparable due to the method of deriving OTUs based the differences between
sequences within the dataset. Combining the sequence data at OTU level was, therefore, not
possible. To allow accurate comparisons between the sequencing data of each sample type
rarefication to 1000 reads per sample was performed prior to pooling the sample data. The

sample read data were then combined at genus level for the top 100 OTUs in each dataset by
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combining any OTUs that were from the same genus within the same sample. This included

>95% of the sequence reads from each dataset.

5.4 Differences in community structure
The majority of samples of all three samples types contained a dominant genus. Community
structure was, therefore, heavily influenced by the identification of the dominant genus. Figure
5-1 below demonstrates the differences in community structure comparing the three sample
types. The overall PERMANOVA analysis comparing the three samples types was statistically
significant (p=0.001). Table 5-1 demonstrates the post hoc analysis of this analysis showing the
p values to be significant for each comparison. The R? value is smallest comparing the TA and
BAL samples, which is unsurprising as they plot closer together on the NMDS chart and both

are samples from the lower airways.
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Figure 5-1: NMDS plot comparing bacterial community structure from 3 different sites
within the respiratory tract.

Samples ordinated using the Bray-Curtis dissimilarity index. Stress = 0.21. PERMANOVA
p=0.001, R2=0.052.
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Table 5-1: Post hoc analysis results from PERMANOVA comparing community structure
between samples from different sites within the respiratory tract of preterm infants.

Comparison R2 value P value Adjusted p value
BAL vs TA 0.041 0.012 0.012

BAL vs NPA 0.071 0.001 0.0015

TA vs NPA 0.055 0.001 0.0015

5.5 Differences in bacterial load
Bacterial load estimation was performed on BAL, TA and NPA samples. Figure 5-2 below
demonstrates the changes over time in average bacterial load of the samples that were
successfully sequenced for the 16S rRNA gene. In days 1-3 of life, each sample type had a very
low average bacteria load. Each sample type had an increase in bacterial load during the first
one to two weeks of life, with the average bacterial dropping by days 21-23 to levels similar to
those on days 1-3. Peak bacterial load was observed at days 4-7 for NPA samples but later at
days 8-14 for TA and BAL samples. BAL samples had consistently the lowest average bacterial
load. NPA samples had a slightly higher average bacterial load on days 1-3, but the highest

average bacterial load on days 8-14 was in the TA samples.

Total Bacterial Load of the Airways in Preterm Infants
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5000000 4
4000000 4

3000000 4 @ BAL Average

Copies of 165 Gene per ml

NPA Average
2000000 - TAF Average
1000000 - /\
/ |
o . I N —
1to3 4t07 8t 14 15to0 21 22t030
Day of Life

Figure 5-2: Comparing average bacterial load over time in NPA, BAL and TA samples that
were successfully amplified for sequencing of the 16S rRNA gene collected from preterm
infants. Error bars indicate standard error.

Day 1-2: BAL n=6, TAF n=1, NPA n=9; Day 4-7: BAL n=12, TAF n=20, NPA n=41; Day 8-
14: BAL n=5, TAF n=9, NPA n=20; Day 15-21 BAL n=4, TAF n=2, NPA n=23; Day 22-30:
BAL n=7, TAF n=15, NPA n=33.
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5.6 Comparing dominance of individual genera between sample
types
The BAL, TA and NPA samples have been shown to contain dominant OTUs. Table 5-2 below
shows the percentage of each sample type that had a single OTU dominating showing the
different levels of dominance of a single OTU. This highlights the extreme dominance of single
OTUs in all the respiratory samples. Over 40% of the BAL and NPA samples had a single OTU
making up >95% of the reads. Slightly less TA samples were dominated by a single OTU at

each threshold.

Table 5-2: Dominance of a single OTU within respiratory samples at different thresholds of
dominance

Dominance of BAL TA NPA
single OTU (% of samples) (% of samples) (% of samples)
>95% 44.1 30.6 43.7
>90% 58.8 46.9 52.4
>80% 64.7 59.2 66.7
>70% 73.5 69.4 76.2
>50% 91.2 91.8 96.8

5.7 Differences in alpha diversity indices

Figure 5-3 shows four different measures of alpha diversity between the different sample types.
Alpha diversity indices were calculated for each sample type individually using the OTU level
data presented in previous chapters not the combined dataset at genus level used Section 5.4.
Each index was calculated three times to show overall differences when all the samples with
available sequencing data were included and comparing diversity within the first week of life
and in the fourth week of life. BAL samples consistently showed higher alpha diversity scores
for richness and NPA samples showed the lowest alpha diversity scores for richness. The
statistically significant differences for richness were all seen within the first 7 days of life. No
differences were identified between the samples for the Shannon or inverse Simpson indices,
both measures of evenness. This is unsurprising as a similar level of dominance of individual

OTUs in each type of sample has been demonstrated.
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Figure 5-3: Comparing alpha diversity indices between samples from different sites within
the respiratory tract of preterm infants.

1% column includes all samples (NPA n=126, TAF n=47, BAL n=34), 2" column only
samples taken within the first 7 days of life (NPA n=51, TAF n=21, BAL n=18), 3" column
only samples from the 4™ week of life (NPA n=39, TAF n=16, BAL n=9). NPA —
Nasopharyngeal Aspirate, TAF - Tracheal Aspirate Fluid, BAL — Bronchoalveolar lavage.
Kruskal-Wallis test used to calculate p values.

5.8 Comparing individual samples
The results presented above suggest that the three anatomical sites sampled in this study were
separate compartments with differences in bacterial colonisation. However, | was also interested
in whether samples from individual infants taken contemporaneously showed concordance
between the upper and lower airways. Successful 16S rRNA gene sequencing from TA and
BAL was samples was associated with an increase in IL-6 and IL-8 suggesting possible
infection, with the most dominant OTU likely the infective organism. | compared TA and NPA

samples from the same infant collected within 24 hours of each other to see if the dominant
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genus identified within each sample was concordant. 22 pairs of samples were identified when
sequencing had been successful from a TA and NPA sample from the same infant taken within
24 hours. Figure 5-4 shows the sample dyads with the bars representing the relative abundance
of the most abundant genus within each sample. In 14 pairs (64%) the most abundant genus is
concordant between the TA and NPA samples. In 8 pairs (36%) the most abundant genus was
discordant. This suggests that there is a degree of similarity between the two anatomical sites,
despite the differences identified in Section 5.4. Similar analysis was attempted comparing BAL
vs NPA samples but only six pairs of samples when sequencing had been successful on both a
BAL and an NPA sample within 24 hours were available which was considered too few to draw

conclusions.

TAF NPA
Bacteroidetes -[ m Bacteroides
S TAF and NPA most
Firmicutes b Enterococcus .
a Staphylococcus b— Predgmmant Genera
Acinetobacter identical
Escherichia/Shigella
Prevotella
Proteobacteria - g pseudomonas
= Raoultella -
Serratia
= Morganella TAF and NPA most
= Mycoplasma — predominant Genera
Tenericutes b Ureaplasma divergent

100 -50 0 50 100

Relative abundance of genus

Figure 5-4: Bar plot comparing abundance of most abundant genus present within TA and
NPA samples taken from the same infant within the 24 hours of each other.
TAF = Tracheal aspirate fluid, NPA = Nasopharyngeal aspirate.

Nine dyads of samples were available for comparison between BAL and TA samples taken from
the same infant within 24 hours. Figure 5-5 below shows that seven dyads had the same most
abundant genus in both TA and BAL sample. Identification of the same genus in samples from
the same infant in two separate samples processed independently, sequenced in different runs on
the MiSeq device, with independent identification of OTUs was evidence for the reliability of

the sequence data in both datasets.
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Figure 5-5: Paired dyads of BAL and TA samples taken within 24 hours from the same infant
showing only top 10 most abundant OTUs. (BAL — Bronchoalveolar lavage, TAF — Tracheal
Aspirate Fluid)

5.9 Discussion

5.9.1 Validity of sequencing data

The data presented comparing individual samples in terms of the dominant genus detected
between NPA and TA samples and between BAL and TA samples provides some evidence for
the validity of the sequencing data. The samples shown were taken within 24 hours of each
other from the same infant but had DNA extracted at different times, sequencing for the 16S
rRNA gene performed on separate sequencing runs on the MiSeq device and had OTU
allocation and identification performed independently. However, on 7/9 (78%) pairs of BAL —
TA samples and 14/22 (64%) pairs of TA — NPA samples the most predominant genus was
identical. This is a validation of the methodology in identifying bacterial genera within the

airways of preterm infants.

The datasets were combined at genus level rather than OTU level. This limits the sensitivity of
the analysis. The decision to combine the data from each sample type at genus level was based
on the pragmatic approach. Each dataset had already demonstrated that identification to species
level was not possible with the length of the 16S rRNA gene that had been sequenced.
Combining the datasets at genus level would lead to an underestimate in differences between the
different sample types as several OTUs may be combined into a single genus, reducing the
diversity and the sensitivity of the NMDS plot to identify differences between samples. The
NMDS plot (Figure 5-1) and associated PERMANOVA analysis did identify differences

between the three sample types despite the weaknesses of using genus abundance data.

5.9.2 Colonisation at different anatomical sites
Each anatomical site demonstrated similar levels of dominance with an individual OTU (see

Section 5.3). NPA samples had consistently the highest percentage of samples with a dominant
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OTU regardless of the threshold of dominance used. This finding was also corroborated in
analysis of alpha diversity analysis between the different samples. Indies of richness were
significantly lower in NPA samples than BAL and TA samples during the first month of life
with the main difference being identified in the first week of life. This unexpected finding
suggests that fewer species of bacteria colonise the NPA tract than the lower airways during the
first week of life in preterm infants. When measures of evenness were compared between the

sample types no significant differences were identified for any of the time periods analysed.

The nasopharynx is located closer to the outside environment than the lower airways and lungs,
with species colonising the lower airways and lungs likely to have gained access to the lungs via
the upper airways, greater richness was expected in the NPA samples compared to the lower
airways samples. All recruited infants were intubated during the first days of life, therefore, air
was not passing through the nasal passages and nasopharynx which may have affected bacterial
colonisation of the nasopharynx. The effect of the ET tube may also have influenced TA and
BAL samples. It has been previously discussed that the positive BAL and TA samples may
reflect an increase in bacterial load associated with infection. The successfully sequenced NPA
samples may also reflect episodes of infection. It may be that the dominance of a single OTU in
the NPA samples is due to greater suppression of other bacterial species in the nasopharynx in
episodes of infection compared to the lower airways and lungs. A recent study of children with
cystic fibrosis showed no difference in any alpha diversity indices between throat swabs and
bronchial brushings (Ahmed et al. 2018), in contrast another study of children with cystic
fibrosis showed much greater richness in nasal swabs compared to sputum samples, used as a

proxy for lower airway colonisation (Boutin et al. 2015).

Figure 5-1 shows the differences in average community structure between NPA, TA and BAL
samples. This demonstrates that TA and BAL samples were more closely related in terms of
community structure with the centroids close together. Statistical analysis using PERMANOVA
showed the differences between each sample type to be significant. It is unsurprising that
bacterial community structure within BAL and TA samples are more closely related to each
other than NPA samples given that both BAL and TA samples are aiming to sample from the
lower airways. The statistical difference between the TA and BAL samples does, however,
indicate that a separate niche has been identified and that BAL samples are not just identifying

organisms colonising the ET tube.

5.9.3 Bacterial load comparisons between nasopharyngeal, bronchoalveolar
lavage and tracheal aspirate samples

Figure 5-2 demonstrates that each sample type shows an increase in average bacterial load over
the first 1-2 weeks of life with average bacterial load then falling to levels seen in days 1-4 of

life. Bacterial load would be affected by the difference in sampling practices between each
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sample. Anecdotally the BAL and TA samples generated greater biomass in terms of volume of
mucous and visible material aspirated than the NPA samples. Despite this during days 1-3 the
NPA samples showed higher bacterial load than the BAL and TA samples. The nose and
nasopharynx are known to be host to an established microbiome in adults and children and are
close to the external environment. Therefore, NPA samples are more likely to be colonised by
micro-organisms entering via the nares than TA and BAL samples. TA and BAL samples
follow a very similar pattern, validating the methodology. TA samples had consistently greater
average bacterial load than BAL samples. This again may reflect the distance from the external
environment of the anatomical sampling area, and is a finding previously described (Charlson et
al. 2011).

The fall in bacterial load seen at day 8-14 in NPA samples and at day 15-21 in BAL and TA
samples is more difficult to explain. As already discussed in previous chapters, the use of
antibiotics does affect bacterial load, but this was not identified as the cause for the bacterial
load of BAL and TA samples to drop after the first week of life. The developing neonatal
immune system may take time to establish the control needed for healthy levels of mucosal
colonisation therefore allowing a peak in bacterial load. There may be an advantage in allowing
greater bacterial colonisation over the early days of life as the infant generates sensitising
exposures to colonising bacteria programming the immune system with T cell and dendritic cell
sensitisation (Torow et al. 2017). Comparing the bacterial load in healthy term infants would be

useful to identify whether or not this phenomenon is pathological or physiological.

5.9.4 Using nasopharyngeal aspirate samples to identify lung pathogens

Many studies have hypothesised that using samples from the upper airway can identify lung
pathogens (Goddard et al. 2012; Prevaes et al. 2017; Stralin et al. 2014). This would be a
clinically useful application of culture independent techniques on upper respiratory tract
samples, preventing the need for invasive lower airway sampling using BAL and ability to
obtain diagnostic samples from non-intubated patients. Published studies show conflicting
results regarding the ability to detect pathogens causing lower respiratory tract infections from
samples from the upper respiratory tract, possibly due to the differences in underlying disease
states and the specific types of samples analysed. The work presented in this chapter suggests
that upper airway samples from preterm infants are unlikely to be a useful proxy for more
invasive sampling. In 14/22 (64%) cases the most abundant genus was identical in NPA and TA
samples taken within 24 hours. Therefore 36% of cases a misleading result may be obtained.
The biggest weakness of this comparison is that it is only at genus level. With many bacterial
species within each genus it is not possible to identify if the same species has been detected.
Species level identification is needed for clinically useful pathogen identification. Samples
included in this analysis were not necessarily taken at the same time, with samples collected

within 24 hours included. This may have affected the concordance between samples as data
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from lower airway samples showed that the colonisation was a dynamic process with the

dominant organism changing regularly in some infants.

There are insufficient numbers of pairs of BAL:NPA or BAL:TA samples collected within the
same 24 hour period to conclude if these samples reliably identify the same organisms. If BAL
and TA samples are reliably identifying the same organisms, then it would need to be
established whether both samples are identifying lung colonisation/infection or whether both are
identifying the organisms colonising the ET tube. The only way to identify lung colonisation
without risking detecting ET tube colonisation would be to use sampling from open lungs —
something that would not be justified ethically. More acceptable would be a study targeting
preterm infants with suspected ventilator associated infection to compare culture independent

sequencing results from NPA and BAL or TA samples collected contemporaneously.

5.9.5 Strengths and weaknesses

This chapter has combined the results from the previous two chapters, with sequencing results
available from a total of 207 samples. No previous study has compared bacterial colonisation
from different sites in the respiratory tract of preterm infants. The work in this chapter has
demonstrated that the methodology of 16S rRNA gene sequencing is reliable, with very similar
result obtained from the different sites within the respiratory tract from the same baby taken on

the same day.

The main weakness of this work is the combining of the data from each sample type at genus
level rather than at OTU level. The effect of the methodology used would be reduce any
differences between the sample types as several OTUs may have been combined into a single

genus.

A further weakness is the fact that BAL samples were only collected from one recruitment
centre and TA and NPA samples were collected from two recruitment centres. Analysis of both
the TA and NPA samples showed a significant effect of location of bacterial community
structure. Comparing these samples to BAL samples from only one location may induce a

confounding effect of location into the analysis.

Despite the identified weaknesses this analysis shows important differences between the
different sample types which are important for gaining an understanding of bacterial

colonisation of the respiratory tract.

5.10 Conclusions
In this chapter | aimed to compare the data from TA, BAL and NPA samples with regard to

bacterial load, bacterial community structure and alpha diversity measurements.
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Comparing the nasopharyngeal bacterial community structure to that lower in the respiratory
tract showed evidence of the NPA, TA and BAL samples identifying different bacterial
communities, with the TA and BAL bacterial communities being more closely linked than the
NPA bacterial communities. This is the first study in preterm infants to be able to compare BAL

samples with samples taken more proximally within the respiratory tract.

The bacterial load with NPA, BAL and TA samples showed clear patterns of peaking within the
first two weeks then returning to lower levels. Bacterial load within NPA samples peaked earlier
than the samples from the lower respiratory tract. Further work is needed to understand why this
happens and if this is a physiological process seen in all infants, or if it is a phenomenon limited

to preterm infants.

Alpha diversity indices showed NPA samples contained the lowest measures of richness in the

first week of life, however there was no difference in evenness comparisons at any time point.

The work in this chapter also aimed to identify if sequencing the 16S rRNA gene from NPA
samples would be a useful diagnostic test in cases of lower respiratory tract infection. Using
paired samples this study suggests that NPA samples detect the same dominant genus as TA
samples in 64% of cases, too low a value to be clinically useful. Studies capable of pathogen
identification at a species level with contemporaneous sampling are required before clinically
useful information can be obtained from next generation sequencing data of this type. Timely
workflows could however shorten the time taken to get results using culture-independent

techniques compared to culture-based pathogen identification.
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6 Investigating Extracellular ASC as a Potential Mechanism of
the Effect of the Microbiota Over Innate Immunity

6.1 Introduction

The bacterial communities colonising the human body are known to have a complex interaction
with the host (Geuking et al. 2014; Belkaid and Hand 2014). Sections 3.10 and 3.20
demonstrated that early bacterial colonisation of the lower respiratory tract was associated with
a pro-inflammatory response with higher levels of IL-8 and IL-6 present in BAL and TA
samples when bacterial DNA was detected. The innate immune system is involved in sensing
the presence of bacterial antigens through a series of PRRs including TLRs and NOD like
receptors (Wiersinga et al. 2014). The innate immune system responding to pulmonary
microbes may therefore contribute to pulmonary inflammation leading to CLD. Strict controls
of the resulting immune response may allow communities of bacteria to survive in symbiosis
with the host without activating the host immune response inappropriately. | therefore
undertook further work to study one aspect of the innate immune system to understand how the

inflammation generated by bacterial colonisation may be propagated through the lung.

Inflammasomes are intracellular macromolecular complexes assembled within cells in response
to a perceived threat (Latz 2010). Inflammasome activation of the immune system was first
identified via the activation of cytokines IL-1p and I1L-18 (Martinon, Burns, and Tschopp 2002).
These cytokines are released from the cell and act as cell signalling molecules to activate other
immune cells and generate a response to the threat. The work of Franklin et al and Baroja-Mazo
et al suggest that components of the inflammasome propagate an immune response
extracellularly when released from the cell following cell death by pyroptosis (Baroja-Mazo et
al. 2014; Franklin et al. 2014).

Franklin and colleagues demonstrated that ASC specks retain extracellular activity, being able
to activate extracellular caspase-1. Also demonstrated was the ability of neighbouring cells to
phagocytose extracellular ASC specks resulting in NLRP3 activation within the cell. In addition
phagocytosed ASC specks were shown to aggregate cytosolic ASC, acting in a prion like way to
propagate the immune response within the host cell (Franklin et al. 2014). Baroja-Mazo’s paper
looked at inflammasome release from a cell and demonstrated oligomeric structures containing
ASC were released from mouse bone-marrow-derived macrophages within five minutes of
stimulating the inflammasome. The supernatants from activated macrophages demonstrated
increased ability to activate caspase suggesting that ASC remained active after being released

from the cells (Baroja-Mazo et al. 2014).
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Franklin et al attempted to identify the presence of ASC specks and oligomers in the BAL fluid
from adults with COPD, pneumonia and pulmonary hypertension as well as healthy donors.
BAL fluid from patients with COPD and pneumonia contained extracellular preassembled ASC
specks, while BAL from patients with pulmonary hypertension and from healthy donors did not
contain ASC specks (Franklin et al. 2014).

Activation of inflammasomes within the lungs of a preterm mouse model of CLD was
demonstrated by Liao et al. NLRP3 deficient mice were shown to be protected from the harmful
effects of hyperoxia with improved alveolarization and less caspase activation than wild type
mice. NLRP3 deficient mice also showed less neutrophilic cellular infiltration to the lungs and
reduced IL-1p and IL-18 production than wild type mice. Similar results were obtained by
pharmacological blocking of NLRP3 activation with glyburide. Using a baboon model of
prematurity the IL-1pB:1L-1ra ratio in tracheal fluid was significantly increased in the preterm
birth group compared to the term birth group. In human subjects the IL-1B:IL-1ra ratio in
tracheal aspirates was higher in preterm infants who developed CLD than those who did not
develop CLD. Inflammasome activation was then inferred to be greater in the those infants
developing CLD (Liao et al. 2015). A further study in mice identified an up regulation in gene
expression of NLRP3 and ASC detecting higher mRNA levels in animals ventilated with high
tidal volumes compared to standard lower tidal volumes. NLRP3 inflammasome deficiency

partially protected mice from ventilator associated lung injury (Kuipers et al. 2012).

IL-1pB, produced by the activated NLRP3 inflammasome from the inactive pro-IL-1p form, has
been shown to be present on day 1 of life within tracheal aspirate samples of preterm infants
exposed to chorioamionitis (Cayabyab et al. 2003). IL-1 was found in higher concentration in
bronchoalveolar lavage samples from infants who developed CLD than infants who did not (S.
Kotecha, Wilson, et al. 1996). These studies indirectly identify inflammasome activation within
the lungs of preterm infants and add to the evidence of a role for inflammasome activation in the

pathogenesis of CLD.
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6.2 Aims
1. To attempt to identify the presence of inflammasome components within BAL fluid

from preterm infants

2. To examine the pro-inflammatory potential of ASC in neonatal BAL fluid from preterm

infants
3. To produce ASC recombinantly for use in cell stimulation experiments

4. To determine the mechanism of action of the pro-inflammatory effect of extracellular
ASC on respiratory epithelial cells in culture

6.3 Identifying inflammasome components within BAL supernatant
Previous work has demonstrated the presence of IL-8, IL-6, IL-1B and other pro-inflammatory
cytokines within BAL fluid from preterm infants. BAL fluid from preterm infants has been used
to study the inflammatory activity within the lungs extensively (Davies et al. 2010; S. Kotecha,
Wilson, et al. 1996; Bagchi et al. 1994). | investigated BAL from preterm infants for the
presence of ASC and inflammasome components. BAL samples from a historical cohort of
patients collected by Dr P Davies and Dr N Maxwell were used with permission of Prof S
Kotecha. Ethical approval for the storage and further testing was in place for these samples.
Four samples were selected for testing using Western blot analysis. Samples were chosen based
on results from previous work of IL-8 concentration, measured using the same ELISA assay
described in Section 2.11.2, within the sample. This was used as a measure of inflammatory
activity within the sample. Two samples were chosen due to the high IL-8 concentration and

two samples with low IL-8 concentration.

Table 6-1: BAL samples selected for Western blotting to determine the presence of
extracellular ASC within the supernatant of BAL fluid from preterm infants.

Sample | IL-8 Concentration (pg/ml) Inflammatory Activity
35.7 1520 Low
32.1 1138 Low
19.7 230599 High
35.9 56812 High
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Figure 6-1: Western blot image demonstrating the detection of extracellular ASC in
the supernatant of BAL fluid from preterm infants.

Note that the samples considered to have a strong pro-inflammatory profile (high
IL-8) were the samples where ASC was detected with a prominent between 20-30
kDa.

Equal volumes (20 pL) of BAL supernatant was used in the Western blot. Also run as positive
control was lysate from a cell stimulation experiment which had undergone inflammasome
activation using nigericin, a potent activator of NLRP3 (Mariathasan et al. 2006). Primary
antibody used — mouse monoclonal 1gG, secondary antibody — monoclonal rabbit anti mouse

HRP. The result of the western blot is shown in Figure 6-1.

This image demonstrates a clear band at the appropriate molecular weight for ASC in the
positive control and in the two samples chosen for their high inflammatory activity. This
experiment demonstrated that extracellular ASC was detectable in BAL supernatants obtained
from preterm infants. The detection of ASC only in the two samples with high IL-8
concentrations, therefore the samples with presumed greater inflammatory activity, suggested
that inflammasome components could be used as biomarkers for inflammatory activity and

possibly to predict the chance of infants developing CLD.

6.4 ASC and inflammasome components in BAL fluid over time

To further investigate the role of extracellular ASC and the inflammasome in CLD a series of
Western blot experiments were performed probing for ASC, NLRP3 and caspase-1p10 using
BAL samples from infants collected by Dr P Davies and Dr N Maxwell from previous cohort
studies. | compared preterm infants who developed CLD, preterm infants who did not develop
CLD and term infants ventilated for abdominal surgery, with normal lungs. | selected days 1, 2,

and 7 of age for testing due to the known influence of inflammation in early life over CLD
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outcomes (S. Kotecha, Wilson, et al. 1996; S. Kotecha et al. 1995; C. L. Bose, Dammann, and
Laughon 2008).

For each day of life tested, 20 uL of BAL supernatant was used in each Western blot. The
protein concentrations of these samples had previously been measured using a microBCA kit by
Dr P Davies. The IL-8 concentration was also previously measured by Dr P Davies using a
Duoset ELIZA methodology.

The antibodies used for each target molecule in the Western blot are shown in Section 2.12.2.
Examples of the images obtained from Western blots from these experiments are shown below

in Figure 6-2.
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Figure 6-2: Example Western blot images using antibodies targeted to inflammasome
components in BAL fluid from preterm infants.

The first lane in each image is the ladder, samples run in random order in each gel. A-
Probing for NLRP3 using BAL samples from day 1 of life. B - Probing for ASC using BAL
samples from day 7 of life. C - Probing for caspase-1p10 using BAL samples from day 2 of
life.
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Western blot images demonstrate the presence and absence of the target molecule within the
BAL fluid. The relative density of the bands detected on the same exposure can be used to semi-
quantify the concentration of the target molecules relative to the other samples tested in
arbitrary units. To do this densitometry analysis the Image J programme was used. The film

obtained by Western blotting was scanned in using a digital computer scanner.

Densitometry data was used to compare the density of bands between infants who developed
CLD and infants who did not develop CLD. Comparisons were made between preterm and term

infants. Samples from day 1, 2 and 7 were compared between infants.

The Western blots were run with equal volume loading of each BAL sample, uncorrected for
protein concentration. A difference was witnessed between the protein concentrations in
samples from day 1 of life of the preterm and term groups that approached statistical
significance (see Figure 6-3). For this reason, both the raw densitometry values and the values
corrected for protein concentration (obtained by dividing the raw value by the protein
concentration in pg/mL) are given.

4000
I

3000

Protein Concentration (ng/ml)
2000
1

1000

1
R

I I
Preterm Term

P=0.08

Figure 6-3: Total protein concentration of BAL supernatant samples from day 1 used in
Western blotting
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Figure 6-4: Box-plots of densitometry data obtained from Western blotting of BAL
supernatants for inflammasome components by outcome group. All samples taken on day 1 of
life.

P values calculated using the Kruskal-Wallis rank sum test.
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Figure 6-4 above demonstrates that of the three inflammasome components tested caspase-1p10
and ASC showed a statistically significant difference between the outcome groups. The effect

for ASC was not maintained when densitometry scores were corrected for protein concentration.

A consistent pattern was noted that for each inflammasome component that the results the
median values of the CLD and RDS were very similar with the term group appearing to differ.
No significant differences were detected between the RDS and CLD groups with any of the
probed for inflammasome components on any day. This would suggest that in the first week of
life extracellularly detectable NLRP3 inflammasome components are not useful as a biomarker
for predicting CLD. The data for subsequent days is displayed only comparing preterm and term
infants. Protein corrected values have been used due to the difference between the protein
concentrations identified on the samples from day one of life between term and preterm infants.

Due to the similarity of the results obtained between preterm infants with RDS and those who
went on to develop CLD in all the inflammasome components probed for across each day
tested, the results were re-analysed comparing just two groups preterm and term infants (Figure
6-5). This demonstrated significantly greater differences between the amount of ASC and
caspase-1p10 in the lungs of term infants compared to preterm infants using raw densitometry
values. When comparing the two groups using protein corrected values only caspase-1p10
maintains significance, with ASC just above the threshold of significance (p=0.06). Given that
caspase-1p10 was largely undetectable in the preterm infants correcting for protein
concentration would not have a meaningful effect if the caspase-1p10 was below the limits of
detection due to low total protein load. The small numbers involved in this experiment make

interpretation difficult.

Caspase-1p10 is released from cells during pyroptosis. Higher levels of caspase-1p10 in BAL
fluid collected on day 1 may indicate increased inflammatory activity within the lungs of term
infants compared to preterm infants on the first day of life. Other studies have shown higher
levels of pro-inflammatory markers in BAL samples from preterm infants than term infants (S.
Kotecha, Wilson, et al. 1996; Davies et al. 2010) during the first week of life.
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Figure 6-5: Densitometry data from Western blots of inflammasome components comparing
preterm and term infants. BAL samples taken on day 1 of life.
p values calculated using the Wilcoxon signed rank test.
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Figure 6-6: Protein adjusted densitometry scores obtained from Western blotting for
inflammasome components on supernatant of BAL samples obtained from day 2 and 7 of life.
P values calculated using the Wilcoxon signed rank test.
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The results obtained from the day two samples (Figure 6-6) indicate no differences between the
concentration of any of the inflammasome components between preterm and term infants. The
day 7 results are difficult to interpret due to the presence of only two infants in the term group.
There is a difference between the groups with higher levels of ASC in the preterm infants but
higher levels of caspase-1p10 in the term infants. It would be expected that all the
inflammasome components probed for would show the same trend if NLRP3 activation was
occurring which is suggested by the detection of NLRP3. Inflammation within the lungs of
preterm infants peaks between days 7-10 as seen in my data from IL-6 and 1L-8 concentrations
from the BAL and TA samples (Section 3.28) and in previous published work (S. Kotecha,
Wilson, et al. 1996; Beeton et al. 2011). Greater densitometry scores may then be expected in
the preterm group at day 7 if inflammasome mediated inflammation is contributing to
pulmonary inflammation in preterm infants. However, term infants continuing to receive
ventilation at day 7 may have developed respiratory pathology by this stage due to the

complications of ongoing ventilation.

This work has demonstrated that inflammasome components, specifically ASC, are detected in

the cell-free supernatant of BAL fluid from preterm infants.

6.5 ASC in BAL fluid has pro-inflammatory stimulatory properties
To further investigate the role of ASC as an extracellular signalling molecule in CLD,
experiments were designed to use BAL supernatant to stimulate cells in culture. Comparing the
effect of BAL fluid depleted of ASC by immunoprecipitation with complete BAL fluid the

actions of ASC can be identified.

6.6 The pro-inflammatory potential of neonatal bronchoalveolar
lavage supernatant on respiratory epithelial cells in culture
The A549 cell line has been widely used to as an in-vitro model of alveolar epithelial cells
(Zhihong Zhang et al. 2005; Somborac-Bacura et al. 2018). The BEAS-2B cell line is
commonly used as an in vitro model of bronchial epithelial cells (Peeters et al. 2013; C. E.
Stewart et al. 2012). These cell lines were cultured and proliferated as described in Section
2.13.1. A preliminary experiment was performed using pooled BAL fluid from preterm infants
to stimulate cells in culture to determine the cytokine response generated by the cells. Pooled
BAL was obtained by selecting four samples from preterm infants. Day one and two samples
were excluded due to the failure to detect ASC in the earliest samples as documented above.
Samples with many aliquots were chosen to allow the experiment to be repeated using the

identical samples.

204



Chapter 6: Investigating extracellular ASC as a potential mechanism of the effect of the
microbiota over innate immunity

This experiment was performed in duplicate and repeated to on separate occasions three times.
The cytokine concentration of the supernatant following overnight incubation comparing

stimulated and unstimulated cells is shown in Figure 6-7 below.
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Figure 6-7: Cytokine concentration in supernatant of cultured A549 cells and BEAS-2B cells
following stimulation overnight with pooled BAL fluid compared with unstimulated controls.

Cell stimulations performed in serum free media. Cytokine concentrations measured using a

cytometric bead array. P value calculated using Wilcoxon Signed rank test.

This demonstrates a basal level of 1L-6, IL-8 and I1L12 production by unstimulated cells in both
cell lines. Following stimulation with BAL fluid the secretion of IL-6 and IL-8 markedly
increased with IL-1p also produced by both cell lines. A low level of IL-10 was detected
following stimulation of the A549 cell line only. Samples from preterm infants lungs are known
to contain many factors including LPS and cytokines (Lohmann et al. 2014; Beeton et al. 2011)
capable of inducing a pro-inflammatory response in this cell model. The difference between the
concentrations of cytokines between the stimulated and unstimulated is unlikely to represent
just the addition of this cytokine as each well received the equivalent of 20 pL of BAL, which
was diluted in serum free media to give a total volume of 400 pL. The hundred times increase in
cytokine concentration cannot be explained by the addition of the cytokine already in the BAL

and represents the induction of cytokine production by the cells.
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6.7 The effect of immunoprecipitation of ASC from BAL in cell

stimulation experiments
ASC was immunoprecipitated from BAL using the procedure detailed in Section 2.14, and the

success of the immunoprecipitation was confirmed using Western blot analysis detecting ASC
in the immunoprecipitant. Representative images of these results are shown below in Figure 6-8.
Cell stimulations were performed in serum-free media incubating the cells with the BAL fluid

overnight. Unstimulated cells incubated in serum-free media only were used as a negative

control.

The results are shown below in Figure 6-9. Depleting the samples of ASC resulted in lower IL-6
and IL-8 concentrations in the supernatant of the A549 cells. The BEAS-2B cells showed
significantly lower IL-6 concentration following stimulation with ASC depleted BAL compared

to neat BAL. This is suggesting that ASC is contributing to the IL-6 and IL-8 secretion from the

cultured respiratory epithelial cells.
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Figure 6-8: Representative image of Western-blot to confirm success of immunoprecipitation

from pooled BAL fluid from preterm infants.
The presence of a band at 21kDA in the immunoprecipitated but not in the pre-clear samples

suggests the ASC has been successfully depleted from the pooled BAL samples.
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Figure 6-9: Cytokine concentrations in supernatant of cells stimulated with neat BAL and
ASC depleted BAL.

Cytokine concentrations expressed as a ratio of cytokine concentration in cells stimulated
with neat BAL after subtracting the concentration of cytokine in unstimulated cells. Error
bars represent SE of the ratios. P values calculated using Wilcoxon signed rank test. *
p<0.05, **p<0.01.
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6.8 Producing recombinant ASC

To confirm the role of ASC in the production of IL-6 and IL-8 recombinant ASC (rASC) was
produced and added to the BAL fluid in cell stimulation experiments. A plasmid containing the
gene for ASC was kindly donated by Prof K Fitzgerald, University of Massachusetts Medical
School. The plasmid was supplied within a frozen culture of E. coli bacteria. Details of the
process by which the organism was grown and the ASC protein purified by immune-affinity
chromatography is described in Section 2.16. Success of rASC purification was confirmed using
SDS-PAGE to visualise a band of protein at the correct molecular weight and Western blot
analysis to demonstrate specific and ASC antibody binding at the same molecular weight.

Images taken from these analyses are shown below in Figure 6-10.
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Figure 6-10: SDS-PAGE gel and Western blot image of purified rASC.

To test the bioactivity of the purified recombinant ASC, an experiment was designed to use
different concentrations of the recombinant ASC to stimulate A549 and BEAS-2B cells. Each
concentration was tested in duplicate in each cell line and the experiment repeated 3 times
independently. The concentration of pro-inflammatory cytokines in the supernatant of the media
following the cell stimulation was analysed using a cytometric bead array kit measuring IL-6,
IL-8, IL-10, IL-12, IL-1B and TNF.

Figure 6-11 and Figure 6-12 below demonstrate the concentration of each cytokine in the

supernatant following overnight stimulation in each cell line.
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Figure 6-11: Cytokine concentrations in supernatant of BEAS-2B cells stimulated with varying concentrations of recombinant ASC
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Figure 6-12: Cytokine concentrations in supernatant of A549 cells stimulated with varying concentrations of recombinant ASC.
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Increasing the final concentration of ASC added to the cells, resulted in a dose-dependant
increase in production of IL-6 and IL-8. There was relationship between ASC stimulation and
IL-12 production. No I1L-10, TNF or IL-1B were produced by either cell line in response to
ASC stimulation even at the highest dose. The bioactivity pattern of the recombinant ASC is
consistent with the cell stimulation experiments suggesting that ASC is capable of inducing
cells to secrete IL-6 and 1L-8 but not IL-1B, TNF, or IL-12. This suggests that the most likely
mechanism of action of extracellular ASC is activating the NF-kB pathway resulting in IL-6 and

IL-8 production.

6.8.1 Thiobarbiturate assay to exclude LPS contamination of rASC

To exclude contamination by LPS as being responsible for the induction of 1L-6 and IL-8 in the
previous experiments, the concentration of LPS within the rASC solution was calculated using a
thiobarbiturate assay as described in Section 2.15.4. A standard curve from 0.25ug/ml to

1.5ug/ml of LPS from E. coli was produced. This can be seen below in Figure 6-13.

A further dilution of 25ng/ml of LPS was prepared but this was below the limit of detection of
the assay. The rASC was tested in duplicate. Both samples demonstrated lower absorbance than
the blank indicating that LPS was not detectable in the solution.

Standard Curve Generated from Thiobarbiturate
Assay for LPS Concentration

0.0501
0.0457
0.040+
0.0357
0.030+

Absorbance

0.0257

0.020 T . .
0.0 0.5 1.0 1.5 2.0

LPS concentration (ug/ml)

Figure 6-13: Standard curve generated from known concentrations of E. coli LPS in the
thiobarbituate assay.
R? value = 0.98.
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6.9 Cell stimulation using ASC depleted BAL with rASC
To confirm the role of ASC in the production of IL-6 and IL-8 rASC was re-added to ASC
depleted BAL fluid. A549 and BEAS-2B cells were stimulated overnight under 4 conditions:

1. Negative control — serum free media only

2. BAL fluid (neat)

3. BAL fluid depleted for ASC

4. ASC depleted BAL fluid, replete with rASC at a concentration of 15 pug/mL

Ab549 cells were tested in triplicate in three independent experiments, and the BEAS-2B cells
were tested in four independent experiments. In analysing the results the average concentration
value of each cytokine obtained from the negative control wells was subtracted from the average
of the cytokine concentration from each of the stimulation wells. To permit comparisons
between the experiments, the values of the cytokines from the neat BAL wells were set at 1 and
the other wells were expressed as decimal fractions of this value. The results of these

experiments are shown in Figure 6-14 below.
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Figure 6-14: Cytokine concentrations in supernatants from BEAS-2B and A549 cells
stimulated with BAL fluid.

The cytokine concentration of unstimulated cells was subtracted from the cytokine
concentrations obtained from stimulated cells and expressed as a ratio of the cytokine
concentration of the cells stimulated with neat BAL fluid. Error bars represent the SE of the
ratios.*p<0.05.

This figure demonstrates reduced IL-6 and 1L-8 secretion in cells stimulated by ASC depleted
BAL fluid compared cells stimulated by undepleted BAL fluid. It also demonstrates that adding
rASC to the BAL fluid results in an increase of IL-6 and IL-8 secretion compared to stimulation
by ASC depleted BAL to levels similar to stimulation by un-depleted BAL especially in the
BEAS-2B cells. IL-1f, IL-12, IL-10 and TNF were unaffected by the different stimulation

conditions.
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6.10 Attempts to characterise the mechanism of ASC induced cytokine
stimulation
The cell stimulation experiments consistently demonstrated that ASC stimulated I1L-6 and IL-8
secretion from A549 cells, as demonstrated by the reduction in cytokine secretion following
ASC depletion of BAL fluid and the effect of rASC. IL-8 and IL-6 are most likely produced
following induction of the NF-xB pathway leading to increased transcription of mMRNA coding
for IL-6 and IL-8. I hypothesised that ASC was binding a cell surface receptor, and triggering
activation of the NF-«xB pathway. | sought to further elucidate the mechanism of this action by
blocking potential receptors which ASC could be binding to and activating the NF-kB pathway.
The receptors known to activate the NF-xB pathway include, TLRs, IL-1B receptor, T-cell
receptor, B-cell receptor, TNF receptor 1 and CDA40. | decided to target TLR2 and TLR4 as cell
surface TLRs most likely to bind ASC. I set out to knock down the TLR2 and TLR4 expression
and stimulate knockdown and wild type cells with ASC and analyse differences in cytokine

secretion.

Specific inhibitory RNA (siRNA) molecules are produced from plasmids in transfected cells
preventing the translation of RNA from the nucleus into protein. | used commercially available
plasmids for siRNA directed at TLR2 and TLR4 to attempt to knock down expression of these
receptors in A549 and BEAS-2B cells. The procedure for producing the plasmid in E. coli,
purification and transfection of the plasmid into A549 and BEAS-2B cells is given in Section
2.16. Transformation and propagation of the TLR2 and TLR4 knockdown plasmids within E.
coli was successful and plasmids were purified using a phenol-chlorophorm DNA extraction
technique. Successful purification of the plasmids was shown by agarose gel electrophoresis

(see Figure 6-15 below).
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Figure 6-15: Gel electrophoresis of purified DNA plasmids for the production of siRNA of
TLR2 and TLRA4.

Ethidium Bromide staining visualised under UV light. Molecular weight of each plasmid =
3591bp.

Western blot of equal protein concentrations from cell lysates of transfected and wild type cells
were used to determine success of transfection and knocking down of the relevant TLR. Despite
attempting multiple transfection conditions using lipofectamine 2000 | was unable to
successfully knockdown TLR2 or TLR4 expression. Western blotting images demonstrated no
difference in bands between transfected and wild type cells in the A549 cells when probing for
TLR2 and TLR4 (Figure 6-16). All attempts to transfect BEAS-2B cells resulted in cell death
for all cells during the transfection process despite altering the time cells were incubated in

Optimem reduced serum media.
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Figure 6-16: Western blot images of lysates of A549 cells following attempted knockdown of
TLR 2 and 4.

A- Probing for TLR2. B- Probing for TLR4. WT = Wild type cells. TLR2" = cells attempted to
knockdown TLR2. TLR4 = cells attempted to knockdown TLRA4. Lysates loaded equalised for
protein concentration. Images show bands of similar density to WT cells at correct molecular
weight for TLR 2 and 4 in lanes containing lysates of cells attempting to knock down
production of the targeted proteins. This demonstrates the failure of the knockdown process.

6.11 Discussion

6.11.1 Inflammasome components as a biomarker for CLD within the lungs of
preterm infants

The data from Western blotting for inflammasome components within BAL supernatant
suggests that components of the NLRP3 inflammasome are poor biomarkers for CLD as no
differences were detected between the CLD and RDS groups. The Western blots used to
generate the presented data were run using equal sample volume loading of wells. Using equal
sample volumes and equal sample protein have been previously published using neonatal BAL
samples (Davies et al. 2010). Total protein concentration of samples may vary with volume of
lung lining fluid returned, a factor difficult to control for. Most Western blots are loaded with
equal amounts of protein. However, protein concentration has been shown to be a poor indicator
of lung lining fluid concentration in BAL samples due to protein leak in inflammatory disorders
(Watts and Bruce 1995). The ERS guidelines for BAL in children (de Blic et al. 2000) suggest
not correcting concentration values for protein (or other measures of lung lining fluid such as
urea) partly because protein concentration within the lungs of preterm infants is affected by
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CLD disease severity and episodes of sepsis (Watts and Bruce 1995). The presented data for
day 1 demonstrated the difference between correcting for protein concentration and not doing
s0. The protein corrected results were used in this study as the pattern of results (with higher
amounts of ASC and caspase-1p10 detected in the term infants) is likely to be explained by the

increased protein concentration and not by a biological difference.

Previous work has found an important role for NLRP3 inflammasome activation in the
development of CLD in preterm infants (Liao et al. 2015). The results of the Western blots for
components of the NLRP3 inflammasome show no difference between the infants with and
without CLD. Inflammasome activation is an intracellular process with release of
inflammasome components only occurring after cell death. My study utilised cell free
supernatant from BAL samples centrifuged prior to freezing. Any inflammasome components
detected within these samples, therefore, originated from the infant’s extracellular lung lining
fluid and must then come from cells already dead and lysed prior to sample centrifugation. As
the samples were transported and processed immediately it can be inferred that the detected

inflammasome components are from cells already dead when the sample was collected.

Many studies have demonstrated an exaggerated and disorganised inflammatory response in the
lungs of preterm infants who develop CLD. It is also known that greater numbers of neutrophils
are present during the first week of life in the lungs of infants who go on to have CLD compared
to those who do not get CLD (S. Kotecha et al. 2003). Therefore, it might be expected that more
inflammasome components would be released from the greater numbers of white blood cells in
the lungs of infants in the CLD group. It has been shown, however, that neutrophils of infants
with CLD survive longer than infants who develop RDS (S. Kotecha et al. 2003), which may
explain why no difference was witnessed between the two groups. Preterm infants are also
known to have increased protease activity within the lungs compared to term infants. This may
result in increased degradation of extracellular inflammasome components contributing to the
results. Extracellular ASC has been shown to be phagocytosed by white blood cells so
extracellular lung lining fluid may not accurately reflect the level of inflammasome activation if
it is internalised within cells. Liao et al used whole lung samples from mice models to identify
inflammasome components therefore detecting intracellular inflammasome activation, only

using BAL samples to identify IL-1p and its receptor antagonist (Liao et al. 2015).

The data for Day 1 shows a higher concentration of ASC and caspase-1p10 in the samples from
term infants than preterm infants (Figure 6-5). The effect narrowly loses statistical significance
for ASC when corrected for protein concentration, however given the small numbers in this
study, this is still suggestive of a difference between the two groups. Given the limitations

previously discussed of using the inflammasome components as biomarkers of inflammation, it
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remains unexpected to have higher levels of ASC and caspase-1p10 in the term infants group,
suggesting increased inflammatory activity in the term over the preterm infants. TLR and
NLRP3 mediated responses have been shown to affected by gestational age using cord
monocytes obtained from preterm infants (Sharma et al. 2014; 2015). Delayed expression and
activation of inflammasome proteins due to reduced expression within the lungs of preterm
infants could explain the lower detection of inflammasome components. The caspase-1p10
result could also be explained by the protein concentration of most preterm sample being too
low to detect caspase-1p10, a fact that would not be corrected by the adjustment for protein
concentration, however, the pattern of higher ASC and capsase-1 levels together would be
expected in a genuine effect suggesting the caspase-1p10 result is likely to be genuine. NLRP3
levels would be expected to mirror those of ASC and caspase-1 following NLRP3
inflammasome activation, however many other inflammasomes utilise ASC and caspase-1 (Lu
et al. 2014). Activation of these inflammasomes could result in higher extracellular ASC and
caspase-1 levels without a rise in NLRP3. Another explanation for the lower concentrations of
ASC and caspase-1p10 in preterm compared to term BAL fluid could be due to consumption of
these components within preterm lungs. Greater protease activity could degrade these products

more quickly in preterm infants.

Overall the results of Western blotting for inflammasome components have shown that this
methodology does not provide a good biomarker for CLD in preterm infants. The presence of
inflammasome component within BAL samples from ventilated preterm and term infants
corroborates the evidence of previous studies that inflammasomes are activated within the lungs
of ventilated preterm infants (Cayabyab et al. 2003; Liao et al. 2015). However, the role of
NLRP3 in CLD disease pathophysiology as identified by Liao et al could not be corroborated by

my results.

6.11.2 Producing rASC

Recombinant proteins may differ from naturally occurring proteins in post-transciptional
modifications. My recombinantly produced ASC lacked glycosylation and protein folding can
be different in prokaryotic cells compared to eukaryotic cells (Overton 2014). My methodology,
however, resulted in protein production at the correct molecular weight that bound anti-ASC
antibody on Western blot. The bio-activity of the rASC was that expected from the experiments
depleting ASC from BAL samples. The data, therefore, suggests that the protein that | purified

was rASC which retained biological activity despite recombinant production.

6.11.3 Cell Stimulations

The cell stimulation experiments consistently demonstrated the effect of extracellular ASC

causing an increase in IL-6 and IL-8 secretion. This result was surprising as published works
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suggest that extracellular ASC acts as a prion like molecule and induces inflammasome
formation when phagocytosed. This should result in the secretion of IL-1p, with an insignificant
change in IL-6 and IL-8 concentration. The previous studies did not publish any data for IL-6
and IL-8 and it is unclear whether these cytokines were tested for in their experiments (Baroja-
Mazo et al. 2014; Franklin et al. 2014; Franklin, Latz, and Schmidt 2018). | observed a pattern
of cytokine induction inconsistent with extracellular ASC causing intracellular inflammasome
activation, with no change in IL-1p secretion. An increase in IL-6 and 1L-8 is suggestive of

induction of the NF-KB pathway.

Activation of the NF-kB pathway results in the first of the two signals required for
inflammasome activation. The lack of IL-1p secretion in response to ASC stimulation in my
data suggests the second signal for inflammasome activation was not activated during cell
stimulations. A549 and BEAS-2B cells have been shown to have the potential to undergo
inflammasome activation (Y Wang et al. 2016; Peeters et al. 2013); however, the different cell
lines used in the different studies may explain the difference in effect with the majority of
studies using macrophage cell lines to study inflammasome activation and the effects of
extracellular ASC.

Lung lining fluid from preterm infants is known to contain pro-inflammatory cytokines
(Schneibel et al. 2013), LPS (Lohmann et al. 2014) and other compounds capable of inducing a
pro-inflammatory effect. It is possible that the immunoprecipitation process co-precipitated
other unintended constituents of BAL fluid. The reduction in IL-6 and IL-8 concentration
following stimulation with ASC depleted BAL to was to levels of only around 10% of the IL-6
and IL-8 concentrations when stimulated with un-depleted BAL. This marked decrease is a
larger effect than was expected given the multiple constituents of BAL known to induce IL-6
and IL-8 secretion, raising the possibility that other mechanisms of 1L-6 and IL-8 secretion may
have been affected by the immunoprecipitation process. Other pro-inflammatory components of
BAL should still be inducing the NF-xB pathway despite ASC depletion. Each time ASC was
immunoprecipitated from BAL fluid the success of the ASC depletion was confirmed by
Western blotting of the immunoprecipitated prior to cell stimulation, but other co-precipitants

were not specifically investigated.

ASC is known to form macromolecular complexes as part of inflammasomes and ASC specks
(Kuri et al. 2017). It is not fully understood what happens to such complexes following cell
death and release of these complexes extracellularly. Other compounds bound to ASC as part of
macromolecular complexes are likely to be removed alongside ASC during
immunoprecipitation. This could cause the reduction in IL-6 and IL-8 secretion seen following

immunoprecipitation for ASC. The addition of rASC to immunodepleted BAL addressed this
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issue. The pattern of cytokines induced by rASC was the same as the pattern of cytokines

depleted by ASC immunoprecipitation suggesting the same molecule is involved.

The thiobarbiturate assay was used to ensure the rASC was not contaminated with LPS. From
my work it is impossible to exclude contamination of rASC with LPS below detection levels of

the thiobarbiturate assay.

Recently published work has demonstrated that ASC is susceptible to degradation through
freeze-thaw cycles (Ulke-Lemée et al. 2018). It is likely that the rASC would also be suscepticle
to similar degradation. After purification the rASC used in this work was divided into 20 pL
aliquots and a new aliquot used for each stimulation experiment. The risk of degradation of
rASC affecting the experiments is therefore minimal.

When designing the cell stimulations involving rASC it was impossible to know what
physiological concentrations of extracellular ASC exist in the lung, or in BAL fluid to attempt
to reproduce such conditions. The concentration chosen was based on the dose-response
experiments and comparing the cytokine concentrations of 1L-6 and IL-8 achieved with those

achieved from BAL stimulation.

I have demonstrated a consistent pattern of extracellular ASC stimulating IL-6 and 1L-8
production, a phenomenon previously not described, which was repeatable in two respiratory
cell lines. Both IL-6 and IL-8 are powerful chemoattractants for neutrophils. It is possible that
ASC signalling may play an important role in CLD development if by activating IL-6 and IL-8
production, ASC is contributing to the influx of neutrophils. ASC therefore may be a useful
therapeutic target for preventing CLD and other pulmonary diseases associated with

inflammation such as COPD.

6.11.4 Role of TLRs

Unfortunately attempts to further investigate the mechanism of action of ASC inducing IL-6 and
IL-8 secretion were unsuccessful. A549 cells are known to express TLR2 and TLR4 (Guillot et
al. 2004; Zhihong Zhang et al. 2005) and have been used in previous published studies
involving transfection of plasmid DNA (Marcos-Vadillo and Garcia-Sanchez 2016). Successful
knockdown of cell surface TLR receptors would have allowed me to investigate further the
method of activation of ASC on the A549 cells. Potential transfection inhibitors (e.g.

antibiotics) were removed and cells were at optimum densities during attempted transfections.
The modifications made to the protocol to try to overcome the difficulties of achieving
successful transfection were changing the final lipofectamine/DNA concentrations, changing the
length of time the cells were incubated with the lipofectamine/DNA complexes and changing

proportions of lipofectamine to DNA ratio used to produce the lipofectamine/DNA complexes.
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The cells repeatedly did not grow and began to decline in number and appearance once the
selection antibiotic (Zeocin) was added to the media. The failure of the experiment was
demonstrated by the cell’s reaction to the addition of the selection antibiotic. This suggested that
the cells were not resistant to Zeocin, implying they had not taken up or were not translating the
plasmid. The failure of the transfection may be down to the protocol using volumes of extracted
plasmid DNA rather than specific concentrations of plasmid DNA. The failure to quantify the
DNA concentration of the plasmid DNA may have resulted in an inappropriate concentration of
DNA being used despite varying the volume of plasmid DNA used to adjust the concentration.
Other explanations could be that the plasmid DNA contained a high level of endotoxin which
was harmful to the cells, however the phenol-chlorophorm DNA extraction was chosen
specifically for the purity of the DNA obtained and to minimise carry over of contaminants such
as LPS. Another possibility would be the if the passage number of the cells was excessively
high, however following the initial difficulties cells from early stocks were revived to overcome
this issue, but problems with the transfection failure persisted. Cells were always incubated in
Optimem reduced serum media during the transfection process as per standard practice in our
laboratory with all cell lines. Possibly the viability of cells was affected by the reduced serum
concentration affecting the transfection efficiency.

6.11.5 Direction of further work

This study has identified a potentially important pathway warranting further investigation.
Further work to verify my results would benefit from placing rASC through a step of endotoxin
removal to reduce the chance of any low concentrations of LPS from affecting the results.
Identification of the mechanism by which ASC induces IL-6 and IL-8 is an important next
stage. Refining the TLR knockdown experiments that | was unable to complete to obtain
successful knock down of TLR2 and TLR4 and observing the effect of this on cytokine
secretion by respiratory epithelial cells would useful. Alternative approaches would be the use
of function blocking antibodies to TLRs or using CRISPR (clusters of regularly interspaced

short palindromic repeats) to edit the genes for TLR2 and TLR4 making them non-functioning.

A new technique has been published for measuring ASC concentration in biological samples
(Ulke-Lemée et al. 2018). Using similar techniques to measure ASC concentration in BAL fluid
or serum of preterm infants and comparing the results from infants with and without CLD

would provide more evidence to the biological relevance of extracellular ASC.

Further experiments targeting other components in the NF-xB pathway would be needed to

confirm this pathway was involved.
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Imaging studies using fluorescently labelled ASC and fluorescently labelled TLRs would allow
visualisation of co-location of ASC and a specific TLR if a TLR was implicated in binding

extracellular ASC from the previous experiments.

6.12 Conclusion

The work in this chapter adds to the literature regarding the role of extracellular ASC in preterm
infants. Previous studies have highlighted an important role for the NLRP3 inflammasome in
CLD development (Liao et al. 2015). | aimed to demonstrate the pro-inflammatory potential of
ASC in neonatal BAL fluid from preterm infants if inflammasome components could be
detected in BAL fluid from preterm infants. | have shown that components of the
inflammasome are detectable within BAL fluid from preterm and term ventilated infants,
supporting the suggestion that inflammasome activation is occurring in the lungs of ventilated

infants.

| did not detect increased levels of inflammasome components in BAL from infants who
developed CLD however this should not contradict the work of Lieu et al, for the reasons given

in Section 6.11.3, given the extracellular nature of BAL fluid.

Published work has shown that extracellular ASC retains pro-inflammatory potential when
released from cells (Baroja-Mazo et al. 2014; Franklin et al. 2014). | aimed to examine the pro-
inflammatory potential of ASC in neonatal BAL fluid from preterm infants. | have
demonstrated that ASC present in BAL fluid from preterm infants has the potential to induce
inflammatory effects in cells via IL-6 and IL-8. The effect of ASC inducing IL-6 and IL-8
secretion has been consistently found both by depleting ASC from BAL and using rASC to
stimulate two respiratory epithelial cell lines in culture. The pattern of cytokine secretion

induced by ASC is a new finding, not previously reported.

| aimed to determine the mechanism of action of the pro-inflammatory effect of extracellular
ASC on respiratory epithelial cells in culture. | was unable to implicate the NF-xB pathway due
to time constraints, but this would be an important next step in understanding how extracellular
ASC is inducing a pro-inflammatory reaction in respiratory epithelial cells. Production of IL-6
and IL-8 is suggestive of activation of the NF-kB, likely via cell surface or cytoplasmic

receptors.

IL-6 and IL-8 concentration were associated with a positive bacterial load in BAL and TA
samples from preterm lungs of infants (Chapter 3 and Chapter 4). Previously the rises in NF-kB
induced cytokines has been explained by TLR activation in response to bacterial infection. My
work suggests that extracellular release of ASC may contribute to production of IL-6 and 1L-8

within the lungs.
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IL-6 and IL-8 are powerful neutrophil chemoattractants. Neutrophil chemotaxis into the lungs of
preterm infants is known to be associated with CLD. The role of extracellular ASC that | have
identified in causing IL-6 and I1L-8 secretion from respiratory epithelial cells is a potential
therapeutic target for preventing CLD in preterm infants. Further work is necessary to
understand the mechanism of this effect before targeted therapeutic interventions can be
developed. Further investigation is also warranted to identify whether ASC has a similar pro-

inflammatory effect in other pathological states beyond the neonatal period.
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7 General Discussion

7.1 Introduction

This thesis has addressed important questions regarding early bacterial colonisation of preterm
infants at risk of CLD, describing colonisation patterns and identifying associated
immunological responses to bacterial colonisation of the airways. Chapter 3 analysed samples
from the lower respiratory tract (TA) and lungs (BAL) demonstrating that the early bacterial
colonisation of these mucosal surfaces is an infective, dysbiotic process in intubated preterm
infants. Chapter 4 focused on upper airway bacterial colonisation of preterm infants showing
changes over time and associations with mode of delivery that had previously not been
demonstrated in preterm infants. Comparisons between bacterial colonisation between the 3
anatomical sites were made in Chapter 5. The final results chapter examined the role of
extracellular ASC within BAL fluid from preterm infants looking at a potential mechanism by
which the early bacterial colonisation of the airways may influence neonatal immunology and

potentially the risk of developing CLD.

Bacterial colonisation of the lungs of healthy individuals, a concept once considered non-
existent, is now well recognised and accepted (Sze, Hogg, and Sin 2014; Twigg et al. 2013).
The introduction of culture independent techniques has transformed understanding of the
complexity and variety of bacterial communities colonising many anatomical niches of human

hosts.

Despite advances in obstetric and neonatal care preterm birth remains a significant issue and
rates of CLD of prematurity remain static (Stoll et al. 2015). The results presented in this thesis
focus on infants at risk of CLD due to their gestation at birth and need for mechanical
ventilation. The very high rate of CLD in preterm infants recruited to this study is reflective of
modern neonatal practice, only ventilating the most unwell and most extreme preterm infants.
Infants needed to be ventilated at the time of recruitment to meet the inclusion criteria, resulting
in exclusion of those preterm infants managed on non-invasive ventilation and those only
briefly intubated. The interventions as part of this study are unlikely to have affected outcomes
of recruited infants as previous work has shown BAL sampling, the only extra procedure
undertaken by infants to be safe (B. Morrow and Argent 2001; Vyas et al. 2002) and the rate of
moderate or severe CLD was higher in the NBT collection site (94.3%), where BAL samples
were not taken, than the UHW collection site (65%).

7.2 Early bacterial colonisation of the respiratory tract of preterm
infants
This is the first study to longitudinally examine the upper and lower respiratory tract bacterial

colonisation in preterm infants. Low bacterial load was detected in NPA, BAL and TA samples
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throughout the first month of life, with the lowest bacterial load detected in days 1-3 of life. The
literature contains conflicting reports on whether bacterial colonisation occurs in-utero
(DiGiulio et al. 2008; Collado et al. 2016; Perez-Mufioz et al. 2017). While the work in thesis
does not address this issue directly, the data does not support evidence of widespread in-utero
colonisation, given the low bacterial loads in the first few days of life, showing a rising trend
after birth.

Sequencing was not possible on 78% of all samples from Cardiff and Bristol due to low
bacterial loads. This is suggesting that colonisation respiratory tract is at very low levels in
preterm infants or that respiratory colonisation may be delayed in preterm infants. Detection of
bacterial DNA in BAL and TA samples of recruited infants was associated with a significantly
higher concentrations of the pro-inflammatory cytokines IL-6 and IL-8. Peaks of IL-6 and IL-8
concentration in BAL samples from intubated preterm infants in the first few weeks of life are
well recognised (S. Kotecha, Wilson, et al. 1996; Beeton et al. 2011; S. Kotecha et al. 1995),
with one study suggesting the presence of predominant organisms associated with these peaks
(Beeton et al. 2011). The data from this thesis corroborates this previous work but builds on this
showing the changes over time in bacterial load associated with changes in IL-6 and IL-8
concentration. The association of bacterial load and specific dominant OTUs in BAL and TA
samples with peaks in IL-6 and IL-8 concentration is suggestive of an infective process within
the lungs of preterm infants in the first weeks of life. This is an example of probable dysbiosis
in the airways and lungs of preterm infants, with this pattern of early bacterial colonisation

likely to influence the later development of CLD.

This study does not answer the question of whether this infective dysbiotic process is a
pathological state specific to ventilated preterm infants or whether it is witnessed in healthy
term infants. A small number of BAL and TA samples were collected from ventilated term
infants with no underlying lung disease (ventilated for abdominal surgery), however, no
samples were successfully sequenced for bacterial DNA, suggesting low bacterial loads in
normal term infants. Other studies have also identified the presence of dominant OTUs within
respiratory samples from ventilated preterm infants (Lal et al. 2016; Mourani et al. 2011;
Lohmann et al. 2014). My work is the first to present this data in combination with associated
inflammatory cytokine profiles. It is possible that the lungs of healthy infants undergo an
inflammatory reaction to early colonisation with dominant organisms. The only way to
investigate this would be with invasive sampling from healthy term infants. Local innate
immune response to early bacterial colonisation have been identified in well term infants as
potentially being responsible for the benign skin lesions of erythema toxicum witnessed in many
apparently healthy infants (Marchini et al. 2005). It is possible that the results of this study

indicate a similar process occurring in the lungs of preterm infants. More likely, however, is that
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bacterial colonisation is inducing a harmful inflammatory response which may contribute to
CLD development (S. Kotecha, Wilson, et al. 1996; Davies, Maxwell, and Kotecha 2006).

Antibiotics may therefore have a role to play in reducing the risk of CLD development. The
evidence presented in Chapter 3 and Chapter 4 showed that NPA, BAL and TA samples were
less likely be successfully sequenced for bacterial DNA when the infant was receiving
antibiotics. This suggests that antibiotics are effective at suppressing bacterial colonisation of
the lungs in preterm infants and may, therefore, prevent CLD. Previous evidence suggests
however that antibiotic use is associated with increased risk of CLD (Cantey et al. 2016), but it
is likely the sickest infants receive more antibiotics. Current practice is to attempt to reduce
antibiotic use in preterm infants due to the risk of NEC, effects on microbiota acquisition and
concerns over emerging bacterial resistance to antibiotics (Goel et al. 2019). These results
suggest that antibiotics in preterm infants may have a beneficial effect of reducing lung
inflammation by suppressing bacterial load. All the preterm infants recruited to this study
received antibiotics after birth which may have affected airway and lung colonisation.
Concentrations of 1L-6 and IL-8 peaked associated with detection of bacterial DNA during
antibiotic therapy suggesting organisms not treated with first line antibiotics were responsible.
Antibiotic resistance and organisms outside the spectrum of action of these antibiotics may be
the cause of these episodes.

Reverse causality must be considered — that an increase in pro-inflammatory activity creates an
environment allowing a bloom in bacteria. This is, however, unlikely due to the release of
proteases into the lungs associated with the inflammatory response (Davies et al. 2010) and the

fact that the innate immune system is designed primarily to destroy invading microorganisms.

Consistent with some other studies of the neonatal respiratory microbiome, the early respiratory
colonisation of the upper and lower respiratory tract was dominated by Proteobacteria and
Firmicutes (Lal et al. 2016; Lohmann et al. 2014; Wagner et al. 2017). Greater than 90% of
NPA, BAL and TA samples were dominated by a single OTU (>50% of reads from single
OTU). This is also consistent with the previously published works on neonatal respiratory
colonisation of preterm infants which found the same dominant phyla in TA samples from
preterm infants (Lal et al. 2016; Lohmann et al. 2014; Wagner et al. 2017).

Previous studies have described a difference in early bacterial colonisation of the gut between
vaginally delivered and caesarean section delivered term infants (Rutayisire et al. 2016; Shao et
al. 2019). My work was able to replicate this in preterm infants in both the upper and lower
respiratory tract an increase in Staphylococcus was seen in caesarean section delivered infants.
Vaginally delivered infants had a greater proportion of Mycoplasma and Acinetobacter in TA
samples and of Serratia in NPA samples. These findings would be consistent with respiratory
microbiota acquisition at birth being influenced by early exposure to either maternal vaginal
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flora or skin organisms depending on the mode of delivery. The BAL samples showed no

differences with delivery mode. This is likely to be the effect of a smaller sample size.

The longitudinal nature of this study enabled changes over time to be studied. The proportion of
Firmicutes and Proteobacteria in the lower airways samples remained stable over the first month
of life, however a progression from Firmicutes dominated profiles to more Proteobacteria
dominated profiles was seen in NPA samples. This transition has previously been witnessed in
the nasopharynx of term infants (Bosch et al. 2017) but this is the first time this has been

witnessed in preterm infants.

NPA and TA samples were collected from two recruitment centres with statistically significant
differences identified in average community structure between the two sites. Comparing the
differences between the two sites showed differences which could not fully be explained by an
outbreak of Acinetobacter Baumannii at one centre. This suggest that the environment, staffing
and postnatal exposures on a neonatal unit are important in microbiota establishment. The
evidence from the gut microbiota demonstrates influences of colonisation patterns over multiple
diseases throughout the life course (Moran and Shanahan 2014; J. Kelly et al. 2016; W. Chen et
al. 2012). Neonatologists and neonatal nurses, therefore, have a responsibility to help establish a
“healthy microbiome” in preterm infants, which may include a healthy respiratory microbiome.
The optimal microbiota is assumed to be that obtained through vaginal delivery, skin to skin
contact with the mother and exclusive breast feeding without exposure to antibiotics. Most
preterm infants do not have this pattern of early life experiences. With regard to the respiratory
microbiome there is limited evidence that the early colonisation may impact CLD (Lal et al.
2016; Lohmann et al. 2014; Pammi et al. 2018; Wagner et al. 2017) and some evidence of early
colonisation with known respiratory pathogens in the upper respiratory tract of healthy term
infants can affect long term respiratory health (Biesbroek, Tsivtsivadze, et al. 2014). The role of
oral probiotics in establishing an optimum gut microbiota with clinical affects in preterm infants
is controversial (Costeloe et al. 2015). My work suggests that further work to assess the role of
oral probiotics on the respiratory colonisation is warranted as potential respiratory pathogens
were detected in smaller proportions in infants taking probiotics compared to those not on
probiotics. A mechanism for a potential effect is possible through dendritic cell antigen
presentation. Probiotics lead to dendritic cells producing the regulatory cytokines IL-10 and IL-
12 affecting the T-helper cell population. Increased pathogen clearance from modified T-helper

cells responses may then reduces carriage of respiratory pathogens (Forsythe 2011).

Comparing the BAL, TA and NPA samples types collected from preterm infants suggests that
each sample type is detecting separate bacterial populations. Significant differences were
detected in the community structure of the samples from each anatomical site as shown by the
PERMANOVA analysis. Work in children and adult patients has also found differences
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between the upper and lower airway microbiota (Bassis et al. 2014; Marsh et al. 2016) and

between different sites within explanted lungs (Erb-Downward et al. 2011).

Alpha diversity indices showed no differences between the three sites in measures of evenness,
showing the level of dominance of the most abundant OTU was similar in each location.
Measures of richness did, however, show differences with NPA samples showing surprisingly
overall lower numbers of OTUs per sample than samples from the lower airways. One reason
for this may be the presence of an oral, un-cuffed ET tube separating the upper and lower
airways. The ET tube colonisation may increase the number of OTUs detected on samples
collected via the ET tube. The ET tube also results in no air flow through the nasopharynx
during respiration, which may affect the number of organisms colonising the nasopharynx.
Lower airway colonisation is thought to occur mainly through micro aspiration based on work
in adults (Bassis et al. 2015). An ET tube may inhibit this process thus affecting colonisation of

the lower airways.

7.3 Microbiota and innate immunity

Data from Chapter 3 demonstrated a relationship between bacterial colonisation and an innate
immune response. A rise in IL-6 and IL-8 concentrations within BAL and TA samples was
associated with successful amplification of the bacterial 16S rRNA gene. IL-6 and IL-8 are
powerful neutrophil chemoattractants responsible for the influx of neutrophils to the lungs in the
first week of life (Munshi et al. 1997; S. Kotecha et al. 1995). In Chapter 6, | presented data
from my study of one branch of the innate immune system focusing on extracellular ASC.
Formation of inflammasomes requires the adaptor molecule ASC. Following pyroptosis, ASC is
released and there is evidence that it can act as a cell signalling molecule to propagate the
immune response (Baroja-Mazo et al. 2014; Franklin et al. 2014). | was able to detect
extracellular ASC within the cell free supernatant of neonatal BAL samples; this has not

previously been reported.

Further work didn’t find differences between inflammasome components in BAL supernatant
comparing infants with RDS that resolved and infants who went on to develop CLD. When
samples taken on day 1 of life from preterm and term infants were compared higher
concentration of the inflammasome components ASC and Caspase 1p10 were detected BAL
supernatant from term infants. This finding may indicate a delay in maturation of the preterm
innate immune system which is known to occur with other aspects of the preterm innate

immune system (Zasada et al. 2014).

Further work looking at the functional effects of extracellular ASC in BAL fluid suggested that
ASC induces IL-6 and IL-8 secretion from respiratory epithelial cells in culture, a finding that
was verified using recombinantly produced ASC. Previous work suggests that extracellular

ASC acts by inflammasome activation and should induce IL-1p secretion from cells (Franklin et
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al. 2014), so my findings are very interesting. Rises in IL-6 and 1L-8 concentration were
associated with detectable bacterial DNA in BAL and TA samples. IL-6 and IL-8 are released in
response to NF-«xB activation within alveolar and airway epithelial cells. Bacterial products
including LPS are powerful activators of this pathway via cell surface receptors TLR2 and
TLR4 (Qureshi et al. 1999). IL-6 and IL-8 concentrations from BAL fluid in the first week of
life from preterm infants are predictive of the chance of developing CLD (S. Kotecha, Wilson,
et al. 1996; S. Kotecha et al. 1995). Strategies to minimise the inflammatory response in the
lungs of preterm infants are used to reduce the risk of infants developing CLD. Extracellular
ASC is, therefore, potentially a therapeutic target for reducing the propagation of inflammation
within the lungs of preterm infants especially as intervention would be at a higher level in the
NF-«xB pathway than is currently possible with corticosteroids.

7.4 Strengths and weaknesses

There are a number of strengths to this work. This is the first study to undertake serial sampling
of the respiratory microbiota in preterm infants. This has allowed characterisation of the
microbiota of ventilated preterm infants over time demonstrating peaks and troughs of bacterial
load and the dynamic changes seen in the dominant organism in the airways of some infants.
The study design has also enabled comparison of inflammatory profiles of preterm infants with
bacterial load and with dominance of the microbiota by specific lung pathogens.

Corroboration between the dominant organism identified between the BAL and TA samples
taken within 24 hours, but processed independently and sequenced on different runs suggests

that the sequencing results are genuine.

There are some weaknesses. The clinical study recruited only intubated preterm infants, thus a
select group were studied. The proportion of infants who went to develop CLD was, therefore,
high and precluded being able to compare differences between infants who developed CLD
compared to infants who did not develop CLD. The numbers of infants eligible for recruitment
were also smaller than anticipated which has limited the power of the study to detect subtle
changes in microbiota profiles. The contamination issues of samples from Newcastle prevented

comparison with a third geographical location.

A large proportion of each sample type did not have detectable bacterial DNA. This is an
important finding suggesting establishing the respiratory microbiota in preterm infants takes
time. The potential reasons for the high rate of negative samples were discussed in detail in
Chapter 3. This may represent true sterile samples or possibly the methodology used was not
sensitive to detect the low levels of bacterial colonisation in the respiratory tract of preterm
infants. Other studies using BAL samples have also had large proportions of samples unable to
detect bacterial DNA. A recent study in children with CF was able to obtain sequence data for

66% of BAL samples from CF children but only 27% of BAL samples from disease controls
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(Zemanick et al. 2017). The low rate of samples being positive for bacterial DNA has limited
the power of the work in this thesis. The longitudinal nature of the study was designed to show
how bacterial colonisation patterns change over time. The weakness of this is that some of the
analysis and patterns contain different numbers of samples from each infant which may

introduce a bias of repeated measures.

The threshold of DNA concentration postamplification for BAL samples to be considered have
amplified successfully had to be lowered due to difficulty amplifying bacterial DNA. The result
of this was lower DNA concentrations being put through for sequencing resulting in lower
quality assurance scores for the sequencing run. Larger numbers of ambiguous bases had to be
included for these samples in the bioinformatics processing. Despite this the OTUs could still be

identified to genus level.

The work looking at extracellular ASC used BAL supernatant that had been stored for several
years prior to analysis. These samples were those remaining from previous work on preterm
infants, the number of samples available, particularly beyond the first two days of life limited
the ability to interpret the results. Time constraints meant that | was unable to complete the ASC

work and repeat the TLR knockdown experiments as planned.

7.5 Suggestions for further research

The work presented in this thesis has shown the peaks in inflammatory cytokines present in
BAL fluid from preterm infants continue in modern cohorts of patients and are associated with
episodic peaks in bacterial load in BAL samples. Modulation of this inflammatory response has
been tried with corticosteroids associated with a significant burden of side effects. Other
immunomodulatory drugs show potential with azithromycin an attractive prospect.
Azithromycin would also have the benefit of antibiotic effect against some of the bacteria
associated with the peaks in cytokines such as Ureaplasma and Mycoplasma species. This work
is already underway by our group in the AZTEC trial that has started recruiting (ISRCTN-
11650227 2019).

Further work to understand whether the concept of a “healthy microbiota” applies to respiratory
colonisation in preterm infants would aid clinicians in creating an environment to support
optimum colonisation. Strict adherence to antibiotic policies, encouraging skin to skin contact
with parents and breast feeding are all potential methods of influencing respiratory colonisation

with the aim of optimising long-term respiratory health.

Single organism specific PCRs are more sensitive than 16S rRNA sequencing for detecting
specific organisms (Blaschke et al. 2013). Using the existing samples and doing specific PCRs
for individual organisms including Ureaplasma species may validate my findings and test the

sensitivity of the 16S rRNA sequencing to detect specific organisms.
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Using DNA based studies to identify bacteria colonising the airways is complicated by the
possibility of detecting non-viable organisms. Further studies should consider using RNA based
technologies from respiratory samples in preterm infants. This would have the advantage of
identifying viable bacteria residing in the airways. Transcriptomic studies from respiratory
samples in preterm infants would shed further light on host-microbiome interactions in the
lungs, and may also help understand the transcriptional profile of the preterm lung in infants

developing CLD.

Metagenomic studies, where the whole genome of microorganisms are sequenced may provide
more information on microbiota influences over the host. The only study that has attempted to
analyse metagenomic data in from preterm airways utilised an assumed metagenomic profile
based on organisms detected using 16S rRNA gene sequencing rather than conducting a

metagenomic library from sequence data (Lal et al. 2018).

One weakness the work presented in this thesis is the lack of a control group of infants with
healthy lungs or a significant number of infants without CLD to act as a comparison group. To
fully understand the impact of early colonisation on CLD of prematurity then a control of
healthy term infants and comparison group of infants without CLD would be needed. An
international study comparing colonisation patterns in different climates would allow

comparisons between units in different countries to look at geographical effects.

A clear difference was seen between the bacterial communities at the two recruitment centres. It
is likely the different environments and the exposure to different staff may cause this however
further work could seek to identify the source of the respiratory microbiota by pairing samples
from the mother, environmental samples, and those from the clinical staff. Identification to
strain level would be required for this. Identifying if the differences in clinical management,
such as giving probiotics, have any significant effect on the airway microbiota would help shape
future policies directed at enhancing the chances of optimum colonisation by microorganisms in

the airways and lungs of preterm infants.

Further work building on the results in Chapter 6 would need to explore the mechanism behind
extracellular ASC inducing IL-6 and IL-8 secretion. This could be done by refining the TLR
knockdown experiments that | was unable to successfully complete. Alternative approaches
could be to use function blocking antibodies to TLRs or using CRISPR to deactivate TLR
encoding genes to identify if TLR activation is the mechanism of activation of the NF-kB
pathway. Further knockdowns and or blocking antibody experiments of components further in
the pathway would be needed to confirm the mechanism of action. Imaging studies using
fluorescent light microscopy labelling extracellular ASC and staining for TLRs would provide

further evidence of TLR binding.
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If the suspected mechanism of action of extracellular ASC is confirmed, then the potential for a
therapeutic intervention targeting extracellular ASC could then be explored to limit the
inflammatory response within the lungs witnessed in infants at risk of developing CLD. Other
applications for such a therapeutic intervention would include cryopyrin associated periodic
syndrome, known to be associated with abnormal NLRP3 inflammasome activation and
excessive IL-1p secretion (Haverkamp et al. 2014) and other inflammatory lung diseases where
extracellular ASC has been shown to be involved in a pro-inflammatory response such as
COPD (Franklin et al. 2014).
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7.6 Summary of main findings

Despite limitations | have made a number of important observations.

234

Bacterial colonisation of the lower airways and lungs in preterm infants occurs as an
infective process with peaks of pro-inflammatory cytokines IL-6 and IL-8 associated

with detectable bacterial load.

Antibiotics play and important role in suppressing bacterial colonisation within the

airways and lungs of preterm infants.

Bacterial Colonisation of the nasopharynx is affected by delivery mode in preterm
infants, similarly to how previous studies have described the effect on term infants.

Bacterial colonisation patterns change over time in the nasopharynx of preterm infants

with decreasing proportion of Firmicutes and increasing proportion of Proteobacteria.

NPA, BAL and TA sample from distinct niche’s with differences in community

structure.

Extracellular ASC is present in neonatal BAL fluid and remains biologically active

extracellularly

Extracellular ASC from preterm BAL fluid induces IL-6 and IL-8 secretion on in-vitro

testing of respiratory epithelial cells in culture

Recombinant ASC has the same effect of inducing I1L-6 and IL-8 secretion of

respiratory epithelial cells in culture.
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9 Appendix
9.1 Appendix 1: Ethical approval for sample collection

Part of the research infrastructure for Wales funded by the National Institute for Social Care and Health Research, Welsh Government,
Vi rhan o seilwaith ymehwil Cymru a ariannir gan y Sefydliad Cenedlaetho! ar gyfer Ymehwil Gofal Cymdeithasol ac fechyd, Liywoedraeth Cymru

Wales Research Ethics Committee 2

z 6" Floor Churchill House
_ 17 Churchill Way
~ CE10 2TW

Gwaizgae:zgg Eﬁfi@rch Telephone : 02920 376823
vrnehwil Service E-mail : carl.phillips@wales.nhs.uk

Website : www.nres.nhs.uk

1 August 2014

Prof Sailesh Kotecha
Department of Child Health
Cardiff University

University Hospital of Wales
CF14 4XwW

Dear Prof Kotecha

Study title: The microbiome of the neonatal lung and its role in
chronic lung disease of prematurity

REC reference: 14/WA/0190

Protocol number: SPON 1330-14

IRAS project iD: 151514

Thank you for your letter of the 24 July 2014, responding to the Committee’s request for
further information on the above research and for submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chair.

We pian to publish your research summary wording for the above study on the HRA
website, together with your contact details. Publication will be no earlier than three months
from the date of this opinion letter.

Should you wish to provide a substitute contact point, require further information, or wish to
make a request to postpone publication, please contact the REC Manager, Mr Carl Phillips,
carl.phillips@wales.nhs. uk.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the
above research on the basis described in the application form, protocol and supporting
documentation [as revised], subject to the conditions specified below.,

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of the
study.

® Management permission or approval must be obtained from each host organisation
prior to the start of the study at the site concerned.

. Management permission ("R&D approval") should be sought from all NHS
organisations involved in the study in accordance with NHS research governance
arrangements.

1
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e Guidance on applying for NHS permission for research is available in the integrated
Research Application System or at http://www.rdforum.nhs uk.

e Where a NHS organisation’s role in the study is limited te identifying and referring
potential participants to research sites ("participant identification centre"), guidance
should be sought from the R&D office on the information it requires to give permission
for this activity.

. For non-NHS sites, site management permission should be obtained in accordance
with the procedures of the relevant host organisation.

- Sponsors are not required to notify the Committee of approvals from host
organisations

Registration of Clinical Trials

All clinical trials {defined as the first four categories on the IRAS filter page) must be
registered on a publically accessible database within 6 weeks of recruitment of the first
participant (for medical device studies, within the timeline determined by the current
registration and publication {rees).

There is no requirement to separately notify the REC but you should do so at the earliest
opportunity e.g when submitting an amendment. We will audit the registration details as part
of the annual progress reporting process.

To ensure transparency in research, we strongly recommend that all research is registered
but for non clinical trials this is not currently mandatory.

If a sponsor wishes to contest the need for registration they should contact Catherine Bleweft
(catherineblewett@nhs.net), the HRA dees not, however, expect exceptions to be made.
Guidance on where to register is provided within IRAS.

It is the responsibility of the sponsor to ensure that afl the conditions are complied
with before the start of the study or its initiation at a particular site (as applicable).

Ethical review of research sites

NHS sites

The favourable opinion applies to all NHS sites taking part in the study, subject to
management permission being obtained from the NHS/HSC R&D office prior to the start of
the study (see "Conditions of the favourable opinion" below).

Approved documents

The final list of documents reviewed and approved by the Committee is as follows:

Docume rsic )
Evidence of Sponsor insurance or indemnity (non NHS 28 July 2014
Sponsors only)
IRAS Checklist XML [{Checklist_04062014] 04 June 2014
Letter from sponsor {spoensors letter] 1 23 May 2014
Participant information sheet (PIS) [For Parents/Guardians - |2 05 July 2014
Postnatal Ward Babies]
Participant information sheet (P18) [inc Consent Form for 3 24 July 2014
Parents/Guardians - Postnatal Ward Babies]
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Participant information sheet (PIS) [For Parents/Guardians - |2 05 July 2014
Babies admitted to the NeoNatal Unit]

Participant information sheet (PIS) [inc Consent Form for 3 24 July 2014
Parents/Guardians - Babies admitted to the NeoNatal Ward]

REC Application Form [REC_Form_040682014] 23 May 2014
Referee's report or other scientific critique report [Scientific |1 23 May 2014
Review]

Research protocol or project proposal 2 05 July 2014
Research profocol or project proposal 3 24 July 2014
Response to Request for Further Information 08 July 2014
Response to Request for Further Information 24 July 2014
Summary CV for Chief Investigator (Cl) [S Kotecha ] 1 14 May 2014
Summary CV for student [ J Gallagher] 1 01 May 2014
Summary CV for supervisor (student research) [S Kotecha] |1 14 May 2014

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees and complies fully with the Standard Operating Procedures for
Research Ethics Commiittees in the UK.

After ethical review

Reporting reguirements

The attached document “After ethical review — guidance for researchers” gives detajled
guidance on reporting requirements for studies with a favourable opinion, including:

Notifying substantial amendments

Adding new sites and investigators
Notification of sericus breaches of the protocol
Progress and safety reports

Notifying the end of the study

The HRA website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

User Feedback

The Health Research Authority is continually striving to provide a high quality service to all
applicants and sponsors.

You are invited to give your view of the service you have received and the application
procedure. If you wish te make your views known please use the feedback form available on
the HRA website: hitp:/iwww.hra.nhs uk/about-the-hra/governance/quality-assurance/

HRA Training

We are pleased to welcome researchers and R&D staff at our training days — see details at
http://Aww. hra.nhs. uk/hra-training/

| 14IWA/0190 Please quote this number on all correspondence i
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With the Committee’s best wishes for the success of this project.

=

Dr 1 Doull Y

Chair, Wales Research Ethics Committee 2
Email;carl phillips@wales.nhs.uk

Yours sincerely

Enclosures:  “After ethical review ~ guidance for researchers” [SL-AR2]

Copied:- Prof S Kotecha, kotechas@cardiff.ac.uk

Dr D Galiacher, drgallacher@gmail.com

R&D office Cardiff University, , resgov@cardiff.ac.uk

R&D office Cardiff&Vale UHB, CAV research.development@wales.nhs.uk

L ee Hathaway@wales nhs.uk
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9.2 Appendix 2: Parent information sheet and consent form - Cardiff

N H S Cardiff and Vale Bwrdd lechyd Prifysgol
University Health Board Caerdydd a’r Fro
GlGaG University Hospital of Wales

Ysbyty Athrofaol Cymru

CARDIFF

UNIVERSITY Heath Park, Parc Y Mynydd Bychan,
Cardiff, Caerdydd,
CF14 4XW CF14 4XW
PRIFYSGOL Phone (029) 2074 7747 Ffon (029) 2074 7747

CAERDY@ Fax (029) 2074 3838 Ffacs (029) 2074 3838

Information sheet for Parents/Guardians — Postnatal Ward Babies
Principal Investigator: Prof Sailesh Kotecha, Consultant Neonatologist.

1. Study Title
The microbiome of the neonatal lung and its effect on chronic lung disease of prematurity

2. Invitation

You are being invited to take part in a research study. Before you decide it is important for you to
understand why the research is being done and what it will involve. Please take time to read the
following information carefully and discuss it with others if you wish. Ask us if there is anything that
is not clear or if you would like more information. Please take time to decide whether or not you
wish to take part.

Thank you for reading this leaflet.

3. What is the purpose of the study?

Chronic Lung Disease of prematurity (CLD), which is also often called BPD (for bronchopulmonary
dysplasia), is a common disease of premature babies. Babies with CLD require oxygen for prolonged
periods and are sometimes discharged home on oxygen. Our research is trying to understand why
some babies develop CLD.

Until the past few years, it was thought that the lungs of healthy babies (and adults) were sterile, i.e.
contained no bacteria. New techniques, however, have shown that there are low levels of bacteria in
all people’s lungs (known as the microbiome of the lung). It is not known when babies acquire these
bacteria, or what type of bacteria are present in healthy baby’s lungs. Our research seeks learn more
about the acquisition of this bacteria.

It is becoming clear that these bacteria may play a part in many lung diseases. Our research will also
look into the role these bacteria may have in the development of chronic lung disease of
prematurity.

4. Why have | been chosen?
We would like to invite 3 groups of babies to join the study:

Study group: Babies who have been born prematurely (At or before 32 weeks gestation) and require
the assistance of a breathing machine to support their breathing
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Control group of ventilated babies: Babies who have been born at term (i.e. at or after 37 weeks
gestation) and who need help with a breathing machine to support breathing for non-respiratory
reasons) commonly if they undergo surgery)

Control group of babies on the postnatal wards: Babies born at term without any complications.
Only the nasal passage samples will be collected.

We would like to invite you to join the study because your baby has been delivered at or after 37
weeks gestation and is well on the postnatal wards.

5. Does my baby have to take part?

It is up to you to decide whether or not to consent for your baby to take part. If you do allow your
baby to take part in the study, you will be given this information sheet to keep and be asked to sign a
consent form. Even if you do decide to consent to your baby taking part, you are still free to
withdraw your baby at any time without giving any reasons. A decision to withdraw at any time, or a
decision not to take part, will not affect the care that your baby will receive.

6. What will happen to my baby if we take part?

For babies who are well and on the postnatal ward, we would like to collect samples of the fluid and
mucous in the nasal passages, to act as a marker of what may be happening in the lungs. This would
involve inserting a thin suction tube into both nostrils and suctioning any secretions that are present.
These secretions will be analysed for any bacteria. We would like to suction the nasal passages daily
during the first week of life, or for as long as you and your baby remain on the postnatal ward,
whichever is sooner.

We would also like to collect daily stool samples from your baby’s dirty nappy while he/she is in
hospital.

7. Will this affect my baby’s treatment?
The medical care of your baby will not be affected by this study. The information from this study will
not be used to diagnose or treat your baby.

8. What will happen to the samples collected?
The samples will be transferred to our laboratories at Cardiff University. We shall analyse the fluid
from the nasal passages and the stool in a number of ways:

1) We will use molecular biological techniques to identify any bacterial DNA present in the
samples to identify what species of bacteria are present

2) We will measure markers of inflammation in the samples to help us identify if the bacteria are
causing infection.

3) We will look for molecules that many germs may produce (metabolites) in the samples to see
if blood tests can be used to identify any bacteria.

We shall analyse the samples in our laboratories at Cardiff University but some analyses may be
conducted by commercial companies or other university laboratories which have expertise to analyse
the samples. The samples will have a code and will not have any information about the baby.

The baby’s DNA will be extracted alongside the bacterial DNA but it will not be used further in this
study. With your permission any remaining samples, including lung fluid, stool, blood and DNA (baby
and bacterial), may be stored for future research into chronic lung disease of prematurity. The samples
will be anonymised before use in future studies and may be accessed by researchers in the UK and
abroad, the research may include genetic (e.g. DNA), commercial and animal research. You may
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withdraw your consent for the storage and future use of your baby’s samples at any point. If you do
withdraw your consent your baby’s samples will not be used in any subsequent studies and will be
destroyed according to locally approved practices. Any samples already distributed for use in research
prior to the withdrawal of consent will continue to be used in that study and any samples remaining
at the end of the study will be destroyed.

9. Is there any benefit to taking part in this study?

There will be no benefit to you or your baby from taking part in this study. The information from this
study will not be used to diagnose or treat your baby. The study should improve our understanding
the role of germs play in the development of lung disease in premature babies.

10. What are the risks of taking part?

Suctioning of the nasal passages is a procedure regularly performed on babies on the neonatal unit
and babies admitted to paediatric wards. The procedure only takes 20 — 30 seconds and is only mildly
uncomfortable for the babies.

11. What if something goes wrong?

If your baby is harmed by taking part in this research project, there are no special compensation
arrangements. If your baby is harmed due to someone’s negligence, then you may have grounds for
a legal action but you may have to pay for it. Regardless of this, if you wish to complain, or have any
concerns about any aspect of the way you or your baby have been approached or treated during the
course of this study, the normal National Health Service complaints mechanisms should be available
to you.

12. Will my baby’s taking part be kept confidential?

All information which is collected about your baby during the course of the research will be kept
strictly confidential. We will assign a number to each baby and use this to label the samples obtained
for the study.

13. What will happen to the results of the study?

We will publish the results in reputable medical journals and present the data at scientific and
medical meetings. Your baby’s name and details will NOT be revealed at any stage. Please let us
know if you would like a copy of the report.

14. Who is paying for the study?
The study is being funded by departmental funds.

15. Who had reviewed the study?
This study has been reviewed by the Wales Research Ethics Committee 2 and also by the Cardiff and
Vale University Health Board.

16. Who can | contact for further information?
You may contact Dr David Gallacher or Professor Sailesh Kotecha by asking one of the staff on the
neonatal unit or by telephoning 029 20743375 or by mail to: gallacherdj@cardiff.ac.uk .

Professor Sailesh Kotecha, Neonatal Unit, Heath Hospital, Heath Park, Cardiff CF14 4XN.
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Thank you for taking time to read this information leaflet at this time. Please do not hesitate to ask
Dr David Gallacher or Professor Sailesh Kotecha if you would like to discuss anything further.

Dr David Gallacher Professor Sailesh Kotecha

Clinical Research Fellow Consultant in Neonatal Medicine
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Patient Identification Number for this study: Patient Sticker

PARENT/GUARDIAN CONSENT FORM

Project Title: The Microbiome of the Neonatal Lung and its Effect on Chronic Lung Disease of Prematurity
Principle Investigators: Professor Sailesh Kotecha, Consultant Neonatologist

Contact Details: Neonatal Unit, 029 20 74 3375

This form should be read in conjunction with the Patient Information Leaflet (postnatal ward

babies), version 4 dated 28" July 2016.
Please initial relevant boxes

1. | confirm that | have read and understand the information sheet dated 28™ July 2016
(version 4 — post natal ward babies) for the above study and have had the opportunity to
ask questions.

2. l understand that my and my baby’s participation is voluntary and that | am free to
withdraw at any time, without giving any reason, without my or my baby’s medical care or
legal rights being affected.

3. l understand that sections of any of my baby’s medical notes may be looked at by the
research individuals | give permission for these individuals to have access to my baby’s
records.

4. | agree for my baby to take part in the above study.

5. l understand that samples of my baby’s nasal fluid and stool will be collected for this
study. | understand that my baby’s DNA will be extracted alongside the bacterial DNA but
will not be used in this study.

6. | give permission for any remaining samples (including my baby’s DNA) to be used in future for
chronic lung disease of prematurity research in the UK and abroad, which may include genetic (e.g.
DNA), commercial or animal research. | understand | am free to withdraw my consent to future
research at any point and that all samples will be destroyed as detailed in the information sheet.

Yes No
Name of Parent/Guardian Date Signature
Name of Person taking consent Date Signature
(if different from researcher)
Researcher Date Signature

1 for patient; 1 for researcher; 1 to be kept with hospital notes
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9.3 Appendix 3: Parent information sheet and consent form - Bristol

Information sheet for Parents/Guardians — Babies admitted to the neonatal unit

CARDIFF

UNIVERSITY

PRIFYSGOL

CARDYD

Principal Investigator: Dr R Wach, Consultant Neonatologist.

1. Study Title
The microbiome of the neonatal lung and its effect on chronic lung disease of prematurity

2. Invitation

You are being invited to take part in a research study being led by Cardiff University. Before you
decide it is important for you to understand why the research is being done and what it will involve.
Please take time to read the following information carefully and discuss it with others if you wish.
Ask us if there is anything that is not clear or if you would like more information. Please take time to
decide whether or not you wish to take part.

Thank you for reading this leaflet.

3. What is the purpose of the study?

Chronic Lung Disease of prematurity (CLD), which is also often called BPD (for bronchopulmonary
dysplasia), is a common disease of premature babies. Babies with CLD require oxygen for prolonged
periods and are sometimes discharged home on oxygen. Our research is trying to understand why
some babies develop CLD.

Until the past few years, it was thought that the lungs of healthy babies (and adults) were sterile, i.e.
contained no bacteria. New techniques, however, have shown that there are low levels of bacteria in
all people’s lungs (known as the microbiome of the lung). It is not known when babies acquire these
bacteria, or what type of bacteria are present in healthy baby’s lungs. Our research seeks learn more
about the acquisition of this bacteria.

It is becoming clear that these bacteria may play a part in many lung diseases. Our research will also
look into the role these bacteria may have in the development of chronic lung disease of
prematurity.

4. Why have | been chosen?
We would like to invite 3 groups of babies to join the study:

Study group: Babies who have been born prematurely (At or before 32 weeks gestation) and require
the assistance of a breathing machine to support their breathing

Control group of ventilated babies: Babies who have been born at term (i.e. at or after 37 weeks
gestation) and who need help with a breathing machine to support breathing for non-respiratory
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reasons) commonly if they undergo surgery)

We would like to invite you to join the study because your baby was born at 32 weeks gestation or
less and needs a breathing machine to help his/her breathing OR your baby was born at or after 37
weeks gestation and requires a breathing machine to help his/her breathing

5. Does my baby have to take part?

It is up to you to decide whether or not to consent for your baby to take part. If you do allow your
baby to take part in the study, you will be given this information sheet to keep and be asked to sign a
consent form. Even if you do decide to consent to your baby taking part, you are still free to
withdraw your baby at any time without giving any reasons. A decision to withdraw at any time, or a
decision not to take part, will not affect the care that your baby will receive.

6. What will happen to my baby if we take part?

Airway Fluid Samples

We would like to obtain airway fluid from your baby. All babies who are on a breathing machine
regularly have the breathing tube sucked out to clear the secretions to prevent the tube from blocking.
The secretions sucked out are usually thrown away. We would use these secretions for our study.

Samples will be taken only when the nurse or doctor caring for your baby feels the baby needs
suctioning. There are no extra risks associated with collecting the secretions.

Nasal Fluid Samples
Babies on the neonatal unit often have the secretions from their nose suctioned out. When the nursing
staff do this suctioning we would like to use the sample for our study.

We would like to collect nose fluid samples daily during the first week of life and then twice weekly
until 4 weeks of age, while the baby remains on the neonatal unit, but only when it is being performed
by the nursing staff as needed by the baby. Once the breathing tube is removed we would continue
to samples from the nose.

Stool Samples

There is some evidence that the bacteria in the gut can influence the lung bacteria or microbiome. We
would therefore like to analyse stool samples from your baby. We would aim to collect the first stool
sample and one sample per week for the first month, or until your baby is discharged from the
neonatal unit, whichever is sooner.

7. Will this affect my baby’s treatment?
The medical care of your baby will not be affected by this study. The information from this study will
not be used to diagnose or treat your baby.

8. Is there any benefit to taking part in this study?

There will be no benefit to you or your baby from taking part in this study. The information from this
study will not be used to diagnose or treat your baby. The study should improve our understanding
the role of germs play in the development of lung disease in premature babies.

9. What will happen to the samples collected?
The samples will be transferred to our laboratories at Cardiff University. We shall analyse the fluid
from the airways in a number of ways:

4) We will use molecular biological techniques to identify any bacterial DNA present in the fluid
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to identify what species of bacteria are present

5) We will measure markers of inflammation in the fluid to help us identify if the bacteria are
causing infection.

6) We will look for molecules that many germs may produce (metabolites) in the lung fluid and
blood to see if blood tests can be used to identify any bacteria.

We shall analyse the samples in our laboratories at Cardiff University but some analyses may be
conducted by commercial companies or other university laboratories which have expertise to analyse
the samples. The samples will have a code and will not have any information about the baby.

The baby’s DNA will be extracted alongside the bacterial DNA but it will not be used further in this
study. With your permission any remaining samples, including DNA (baby and bacterial), may be
stored for future research into chronic lung disease of prematurity. The samples will be anonymised
before use in future studies and may be accessed by researchers in the UK and abroad, the research
may include genetic (e.g. DNA), commercial and animal research. You may withdraw your consent for
the storage and future use of your baby’s samples at any point. If you do withdraw your consent your
baby’s samples will not be used in any subsequent studies and will be destroyed according to locally
approved practices. Any samples already distributed for use in research prior to the withdrawal of
consent will continue to be used in that study and any samples remaining at the end of the study will
be destroyed.

10. What are the risks of taking part?

Babies who receive mechanical ventilation are monitored closely for their heart rate and oxygen
levels. The risks are the same as those of routine suctioning that the baby may have. Sometimes the
babies may need extra oxygen, typically 5 — 10%, for 5 — 10 minutes and sometimes especially when
the suction tube is placed the heart rate may drop for a few seconds (usually less than 30 seconds).
We would monitor the baby throughout the procedure and stop it if the baby becomes unwell in any
way.

11. What if something goes wrong?

If your baby is harmed by taking part in this research project, there are no special compensation
arrangements. If your baby is harmed due to someone’s negligence, then you may have grounds for
a legal action but you may have to pay for it. Regardless of this, if you wish to complain, or have any
concerns about any aspect of the way you or your baby have been approached or treated during the
course of this study, the normal National Health Service complaints mechanisms should be available
to you.

12. Will my baby’s taking part be kept confidential?

All information which is collected about your baby during the course of the research will be kept
strictly confidential. We will assign a number to each baby and use this to label the samples obtained
for the study.

13. What will happen to the results of the study?

We will publish the results in reputable medical journals and present the data at scientific and
medical meetings. Your baby’s name and details will NOT be revealed at any stage. Please let us
know if you would like a copy of the report.

14. Who is paying for the study?
The study is being funded by departmental funds.
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15. Who had reviewed the study?
This study has been reviewed by the Wales Research Ethics Committee 2 and also by the North
Bristol NHS Trust Research and Development committee.

16. Who can | contact for further information?

You may contact Dr Richard Wach by asking one of the staff on the neonatal unit, by telephone 0117
414 6800 or by email Richard.wach@nbt.nhs.uk . Alternatively, please contact Dr David Gallacher by
email gallacherdj@cardiff.ac.uk or telephone 029 20 74 3375.

Thank you for taking time to read this information leaflet at this time. Please do not hesitate to ask
Dr David Gallacher or Dr Richard Wach if you would like to discuss anything further.

Dr David Gallacher Dr Richard Wach Professor Sailesh Kotecha

Clinical Research Fellow Consultant Neonatologist Consultant in Neonatal Medicine
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Patient Identification Number for this study: Patient Sticker

PARENT/GUARDIAN CONSENT FORM

Project Title: The Microbiome of the Neonatal Lung and its Effect on Chronic Lung Disease of Prematurity

Principle Investigators: Dr R Wach, Consultant Neonatologist

Contact Details: Neonatal Unit, 0117 414 6800

This form should be read in conjunction with the Patient Information Leaflet (Neonatal Unit

Patients), version no 4(Bristol) dated 4" March 2015. Please initial relevant boxes

1. | confirm that | have read and understand the information sheet dated 4" March 2015
(version 4- babies admitted to the neonatal unit) for the above study and have had the
opportunity to ask questions.

2. l understand that my and my baby’s participation is voluntary and that | am free to
withdraw at any time, without giving any reason, without my or my baby’s medical care
or legal rights being affected.

3. l understand that sections of any of my baby’s medical notes and data collected during
the study, may be looked at by individuals from Cardiff University, from regulatory
authorities or from the NHS Trust, where it is relevant to my taking part in this research. |
give permission for these individuals to have access to my records.

4. | agree for my baby to take part in the above study.

5. I understand that samples of my baby’s airway fluid will be collected for this study. |
understand that my baby’s DNA will be extracted alongside the bacterial DNA but will not
be used in this study.

6. | give permission for any remaining samples (including my baby’s DNA) to be used in future for
chronic lung disease of prematurity research in the UK and abroad, which may include genetic (e.g.
DNA), commercial or animal research. | understand | am free to withdraw my consent to future
research at any point and that all samples will be destroyed as detailed in the information sheet.

Yes No
Name of Parent/Guardian Date Signature
Name of Person taking consent Date Signature
(if different from researcher)
Researcher Date Signature

1 for patient; 1 for researcher; 1 to be kept with hospital notes
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9.4 Appendix 4: Sequences of primers used in 16 bacterial RNA gene

sequencing

SA501 AATGATACGGCGACCACCGAGATCTACACATCGTACGTATGGTAATTGGCCTACGGGNGGCWGCAG
SA502 AATGATACGGCGACCACCGAGATCTACACACTATCTGTATGGTAATTGGCCTACGGGNGGCWGCAG
SA503 AATGATACGGCGACCACCGAGATCTACACTAGCGAGTTATGGTAATTGGCCTACGGGNGGCWGCAG
SA504 AATGATACGGCGACCACCGAGATCTACACCTGCGTGTTATGGTAATTGGCCTACGGGNGGCWGCAG
SA505 AATGATACGGCGACCACCGAGATCTACACTCATCGAGTATGGTAATTGGCCTACGGGNGGCWGCAG
SA506 AATGATACGGCGACCACCGAGATCTACACCGTGAGTGTATGGTAATTGGCCTACGGGNGGCWGCAG
SA507 AATGATACGGCGACCACCGAGATCTACACGGATATCTTATGGTAATTGGCCTACGGGNGGCWGCAG
SA508 AATGATACGGCGACCACCGAGATCTACACGACACCGTTATGGTAATTGGCCTACGGGNGGCWGCAG
SB501 AATGATACGGCGACCACCGAGATCTACACCTACTATATATGGTAATTGGCCTACGGGAGGCWGCAG
SB502 AATGATACGGCGACCACCGAGATCTACACCGTTACTATATGGTAATTGGCCTACGGGAGGCWGCAG
SB503 AATGATACGGCGACCACCGAGATCTACACAGAGTCACTATGGTAATTGGCCTACGGGAGGCWGCAG
SB504 AATGATACGGCGACCACCGAGATCTACACTACGAGACTATGGTAATTGGCCTACGGGAGGCWGCAG
SB505 AATGATACGGCGACCACCGAGATCTACACACGTCTCGTATGGTAATTGGCCTACGGGAGGCWGCAG
SB506 AATGATACGGCGACCACCGAGATCTACACTCGACGAGTATGGTAATTGGCCTACGGGAGGCWGCAG
SB507 AATGATACGGCGACCACCGAGATCTACACGATCGTGTTATGGTAATTGGCCTACGGGAGGCWGCAG
SB508 AATGATACGGCGACCACCGAGATCTACACGTCAGATATATGGTAATTGGCCTACGGGAGGCWGCAG
SA701 CAAGCAGAAGACGGCATACGAGATAACTCTCGAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA702 CAAGCAGAAGACGGCATACGAGATACTATGTCAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA703 CAAGCAGAAGACGGCATACGAGATAGTAGCGTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA704 CAAGCAGAAGACGGCATACGAGATCAGTGAGTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA705 CAAGCAGAAGACGGCATACGAGATCGTACTCAAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA706 CAAGCAGAAGACGGCATACGAGATCTACGCAGAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA707 CAAGCAGAAGACGGCATACGAGATGGAGACTAAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA708 CAAGCAGAAGACGGCATACGAGATGTCGCTCGAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA709 CAAGCAGAAGACGGCATACGAGATGTCGTAGTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA710 CAAGCAGAAGACGGCATACGAGATTAGCAGACAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA711 CAAGCAGAAGACGGCATACGAGATTCATAGACAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
SA712 CAAGCAGAAGACGGCATACGAGATTCGCTATAAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
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9.5 Appendix 5: Syntax for Mothur v1.39.5

Where XXX.txt = name of stability file, YYY = max length of sequence to include and ZZZ =
number of reads required to rarefy to even depth.

module load mothur/1.39.5

mothur

make.contigs(file=XXX.txt, processors=10)
summary.seqs(fasta=XXX.trim.contigs.fasta, processors=10)

screen.seqs(fasta=XXX.trim.contigs.fasta, group=dest2.contigs.groups,
summary=XXX.trim.contigs.summary, maxambig=0, maxlength=YYY, processors=10)

count.groups(group=XXX.contigs.good.groups)
unique.seqs(fasta=XXX.trim.contigs.good.fasta)
count.segs(name=XXX.trim.contigs.good.names, group=XXX.contigs.good.groups)

align.seqs(fasta=XXX.trim.contigs.good.unique.fasta, reference=silva.bacteria.fasta,
processors=10)

summary.seqs(fasta=XXX.trim.contigs.good.unique.align,
count=XXX.trim.contigs.good.count_table, processors=10)

screen.segs(fasta=XXX.trim.contigs.good.unique.align,
count=XXX.trim.contigs.good.count_table,
summary=XXX.trim.contigs.good.unique.summary, start=6428, end=23444, maxhomop=6)

count.groups(count=XXX.trim.contigs.good.good.count_table)
filter.seqs(fasta=XXX.trim.contigs.good.unique.good.align, vertical=T, trump=.)

unique.seqs(fasta=XXX.trim.contigs.good.unique.good.filter.fasta,
count=XXX.trim.contigs.good.good.count_table)

pre.cluster(fasta=XXX.trim.contigs.good.unique.good.filter.unique.fasta,
count=XXX.trim.contigs.good.unique.good.filter.count_table, diffs=2, processors=10)

chimera.vsearch(fasta=XXX.trim.contigs.good.unique.good.filter.unique.precluster.fasta,
count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.count_table,
dereplicate=t)

remove.seqs(fasta=XXX.trim.contigs.good.unique.good.filter.unique.precluster.fasta,
accnos=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.accnos

)

split.abund(fasta=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.fasta,
count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.pick.cou
nt_table, cutoff=1)

count.groups(count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vs
earch.pick.abund.count_table)
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classify.seqs(fasta=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.f
asta,
count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.pick.abu
nd.count_table, reference=trainsetl4_032015.rdp.fasta,
taxonomy=trainset14_032015.rdp.tax, cutoff=80, method=wang, processors=10)

remove.lineage(fasta=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abu
nd.fasta,
count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.pick.abu
nd.count_table,
taxonomy=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.rdp.wan
g.taxonomy, taxon=Chloroplast-Mitochondria-unknown-Archaea-Eukaryota)

cluster.split(fasta=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.pi
ck.fasta,
count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.pick.abu
nd.pick.count_table,
taxonomy=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.rdp.wan
g.pick.taxonomy, splitmethod=classify, taxlevel=4, cutoff=0.03, processors=10)

make.shared(list=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.pi
ck.opti_mcc.unique_list.list,
count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.pick.abu
nd.pick.count_table, label=0.03)

classify.otu(list=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.pick
.opti_mcc.unique_list.list,
count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.pick.abu
nd.pick.count_table,
taxonomy=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.rdp.wan
g.pick.taxonomy, label=0.03)

count.groups(count=XXX.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vs
earch.pick.abund.pick.count_table)

sub.sample(shared=XXX.trim.contigs.good.unique.good.filter.unique.precluster.pick.abund.
pick.opti_mcc.unique_list.shared, size=2ZZ2)

#Rename the files

dist.segs(fasta=XXX.final.fasta, output=It, processors=10)
quit

# Use FastTree to generate phylogenetic tree:

fasttree -gtr -nt dest2.final.fasta > dest2.final.tre
#Reload Mothur:

collect.single(shared=XXX.final.subsample.shared, calc=chao-invsimpson-shannon-
npshannon, freq=dest2)

summary.single(calc=nseqs-sobs-chao-ace-invsimpson-npshannon-coverage-shannon)
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unifrac.weighted(tree=XXX.final.tre, name=XXX.final.names, group=XXX.final.groups,
distance=square, processors=10, random=F, subsample=7777)

get.oturep(fasta=XXX.final.fasta,
count=xx.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vsearch.pick.abun
d.pick.count_table, list=XXX.final.list, label=0.03, method=abundance)
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9.6 Appendix 6: Rscript for use in R-Studio with R v3.4.2
setwd("H:/My Documents/Data/Sequencing/TAF/FINAL ANALYSIS")

library(phyloseq)
library(vegan)
library(ggplot2)

data<-import_mothur(mothur_shared_file="TAF_formatted.txt')

tax = import_mothur(mothur_constaxonomy_file='"TAF_Dec_2018 vl.taxonomy')
map<-import_giime_sample_data('TAF_Metadata_Dec2018 v1.txt')
tree<-read_tree('RepOTU.final.tre')

merge<-merge_phyloseq(data,map,tax)

colnames(tax_table(merge))
colnames(tax_table(merge))=c("Kingdom","Phylum","Class","Order","Family","Genus")
colSums(otu_table(merge))

merge_rel_rare = transform_sample_counts(merge, function(x) 100 * x/sum(x))
phylumonly <- tax_glom(merge_rel_rare, taxrank='Phylum')

otus <- otu_table(phylumonly)

write.csv(otus, file="TAF_otus-phylum.csv')

genusonly=tax_glom(merge, taxrank="Genus")
genus=otu_table(genusonly)
write.csv(genus, file= "TAF genus abundance.csv")

rare.all.ord <- ordinate(merge, "NMDS", "bray", trymax=1000)

NMDS.rel.ord.figure = plot_ordination(merge, rare.all.ord, type="samples",color='"BabyNo')
NMDS.rel.ord.figure + geom_polygon(aes(colour=BabyNo), fill="#e5e5e5", alpha=0.75)
theme_set(theme_bw())

NMDS.rel.ord.figure.location = plot_ordination(merge, rare.all.ord, type="samples",color='Location’)
NMDS.rel.ord.figure.location

set.seed()

TAF_bray <- phyloseq::distance(merge, method = "bray")
sampledf <- data.frame(sample_data(merge))
adonis(TAF_bray ~ Location, data = sampledf)

beta <- betadisper(TAF_bray, sampledfSLocation)
permutest(beta)

scres=scores(rare.all.ord)
scres <- cbind(as.data.frame(scres), Site = sample_data(merge)SLocation)
cent <- aggregate(cbind(NMDS1, NMDS2) ~ Site, data = scres, FUN = mean)
segs <- merge(scres, setNames(cent, c('Site','oNMDS1','0NMDS2")),

by = 'Site', sort = FALSE)
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ggplot(scres, aes(x = NMDS1, y = NMDS2, colour = Site)) +
geom_segment(data = segs,
mapping = aes(xend = oNMDS1, yend = oNMDS2)) + # spiders
geom_point(data = cent, size = 5) + # centroids
geom_point() + # sample scores
coord_fixed()

AcinNeg = subset_samples(merge, BabyNo!=10)

alpha=estimate_richness(mergeMinusNC)
median(alpha$Observed)

guantile(alphaSObserved)
boxplot(alphaSObserved~sample_data(mergeMinusNC)SAntiB)

Data= read.table("xxx.txt", header=TRUE)

library(beeswarm)

beeswarm(IL8~Sequencing_Pos,pch=16, pwcol = Location, log=TRUE, ylab="IL8 Concentration
(pg/ml)",main="1L8 Concentration in TA samples by Sequencing Result", labels =c("Negative",
"Positive"), xlab="Sequencing Result")

legend("bottomright", legend = c("NBT", "UHW"), title = "Location", pch = 16, col = 1:2)
bxplot(IL8 ~ Sequencing_Pos, add = TRUE)

wilcox.test(IL8~Sequencing_Pos)

library("vegan")

x=read.table(file.choose(), header=TRUE) #opens

mat=data.matrix(x)

x = cor(mat,method= 'spearman’)

head(x)

# reads in env data as csv file with headers
env=read.table(file.choose(), header=TRUE)
factors=envSDOL_Group

head(factors)
factors

TF = abs(min(as.numeric(x))) < max(as.numeric(x))

if(TF){ x[x == 1] = -max(as.numeric(x)) } else { x[x == 1] = -min(as.numeric(x))}
pairwise.adonis <- function(x,factors, sim.method, p.adjust.m)

{
library(vegan)

co = as.matrix(combn(unique(factors),2))

pairs = ¢()

F.Model =c()

R2 =¢()
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p.value =c()
for(elem in 1:ncol(co){
ad = adonis(x[factors %in% c(as.character(co[1,elem]),as.character(co[2,elem])),] ~
factors[factors %in% c(as.character(co[1,elem]),as.character(co[2,elem]))] , method
=sim.method);
pairs = c(pairs,paste(co[1,elem],'vs',co[2,elem]));
F.Model =c(F.Model,ad$aov.tab[1,4]);
R2 = c¢(R2,adSaov.tab[1,5]);
p.value = c(p.value,adSaov.tab[1,6])
}
p.adjusted = p.adjust(p.value,method=p.adjust.m)
pairw.res = data.frame(pairs,F.Model,R2,p.value,p.adjusted)
return(pairw.res)
}
PW.Adonis=pairwise.adonis(x,factors,sim.method="bray",p.adjust.m = "fdr")
PW.Adonis
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