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Thesis Overview

Extreme preterm infants are at risk of developing chronic tisease 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 fir&8 days of life (Nasopharyngeal aspirates (NPA), tracheal aspirates
(TA) and bronchoalveolar lavages (BAL)). Sequencing the bacterial 16S rRNA gene identified
bacteria within the samples.-f.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 m@tan. 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 prograsion from Firmicutes to Proteobacteria dominated profiles over time. Tracheal aspirate
samples showed evidence of an infectious process or dysbiosis associated with bacterial
colonisation, with higher concentrations oféLand IL-8 in samples successfykbequenced.

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 differenaeteiiab

community structure suggesting that these are separate bacterial niches.

Also presented is work analysing the effect of extracellygaptosisassociated spedke

protein containing a caspase activation donfatBC), a protein involved in thaitiation and
propagation of the innate immune response. ASC was demonstrated to be present and bioactive
in BAL supernatant from preterm infants. ASC inducedland IL-8 secretion in cell culture

models and is a potential therapeutic target for prévg@LD in preterm infants.
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Chapter 1: Introduction

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 mhic

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 imsyaten

activation and signalling, particularly with reference to Jikk 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 potentiahamgsm of innate immune system
signalling.

1.2 Prematurity

Preterm birth is classified as delivery befo
cause of perinatal morbidity and mortality in developed couni@efdenberg et al. 2008 he

rate of preterm birth in England and Wales is 7(BdRO-PERISTAT 2010) The rate of

preterm birth showed a rising trend et1980s and 90s in many counti&sldenberg et al.

2008; Gray et al. 2007possibly in part due to a higher rate of multiple pregnancy as a result of

increased rates ofwitro fertilisation and earlier delivery for maternal reasons.

I nfants born at | ess than 2&xtrenelgpreedm Dhésege st a
Infants have the highest rates of complicati@ssteloe et al. 2012Preterm 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 bronchopul monary dyspl asi
we eks 6 (pPwlbetah ROiL0p Lkaughon et al. 2008)fants with CLD face lifelong

morbidity. Such infants are more likely to lmadmitted to hospital with respiratory symptoms
(Greenough 2012have raised pulmonary pressures throughout inféegn, Edwards, and

Kotecha D13), and display impaired lung function into adulthqdtbrthway et al. 1990; S. J.

Kotecha et al. 2013CLD affeced infants experience a poorer neurodevelopmental outcome

compared to infants without CL{Jeng et al. 2008)
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CLD was first described in 1967 as advances in neonatal medicine resulted in preterm born

children survivingNorthway, Rosan, and Porter 196€) D is defined as a requirement for

oxygen supplementation in a preterm infant at 28
age. The traditional CLD definition of the need for oxygen supplementation at 28 days of age

was challenged by Shennareet . Oxygen requirement at 36 weeksd c
was proposed as an alternative definition for G8Bbennan et al. 1988y his 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 In&itand 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
define CLD severitfAlan Jobe ad Bancalari 2001)The disease severity classification

defining criteria are shown below irable1-1.

Table1-1: The 2001 consensus definition of CLD providing a classification for disease
severity(Alan Jobe and Bancalari 2001)

Gestational Age FoH 2SS1aqQ BoH 2SS1aq
Time pointof assessment oc ©SS1 a4Q 35S &> 28days but <56 days
discharge home, whichever postnatal age or discharge

comes first home, whichever comes
Treatment with oxygen >21% for at least 28 days plus:
Mild CLD Breathing room air at 36 Breathing room air by 56

$SS1aqQ 3ASadil ( daysof ager discharge,
discharge, whichever comes whichever comes first
first

Moderate CLD Need for >30% oxygen at 3¢ Need for >30% oxygen at 5¢
$SS1aqQ 3ASadl ( daysof age postnatal age o
discharge, whichever comes discharge, whichever comes
first

Severe CLD Need for >30% oxygen Need for >30% oxygen
and/or positive pressure, at and/or positive pressure, at
oc 6SS71aQ 3S:z56daysofage ordischarge
discharge, whichever comes whichever comes first
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 definitiondgptitential 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

2
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dependency, an oxygen reduction test, performeshoh 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 phg€aslson 2009as shown irFigure1-1.

1.3.2.1 Embryonic.
We e k g gestdtional age. Lurdevelopment 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

We e k d&gestional age. The bronchopulmonary branithideer 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
2 § S 426 gestational age. Respiratory bronchioles form from budding of the branches

already e@veloped. Capillaries become closely associated with the walls of developing vessels.

1.3.2.4 Saccular
We e k s3b gedtétional age. Alveoli begin to branch off respiratory bronchioles. The

epithelial lining cells of the alveoli begin to differentiate into spé@al adapted cells (type 1

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

1.3.2.5 Alveolar
We e k s4d gestétional age. Exponential increase in the respiratory surface area of the lung
due to rapidly increasing numbers ofedli present. Alveolar development continues after birth

until around 2 years of age.
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Embryonic Pseudoglandular Canalicular Saccular Alveolar
™
:.“; s
—] ‘-r"_h:-..
1\_""k_,-'—""
0 7 waak 17 woeks 2T weaks 15 woeks 2 yaars
Trachea Terminal bronchiles | » Respiratory Gas exchange Septation
bronchioli
Right and left main |« Pulmenary artery Aleolar ducts Alvecli Mubtiplication of
bronchi vains alvecli
Segmental bronchi Primitive alveali

Alveolar capillary
barrier

Figure 1-1: Stages of normal lung developme(itiodromiti 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 ecedsed alveolarisation, leading to
reduced surface area for gas exchgihggthway, Rosan, and Porter 1963)nce the

introduction of antenatal steroids, surfactant, new ventilation strategies and improved nutrition
for preterm infants, there is a widely held belief that the pathoplogsiaf the disease has
changed and the ter m 6 ndnsellaCGréebough arsd Almarc2006e accept e
A Jobe 2006)Histologically specimens of new CLD infants showslébrosis, less

heterogeneity of lung disease and larger, fewer alveoli than old CLD ijfdarsJobe 1999)
During this evolution, the overall incidence of CLD has remained stable. Infants born at earlier
gestations & now surviving routinely. CLD is almost exclusively now seen in infants born at

|l ess than 30 weeksd gestation. Previously such pr

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 pudtyalnfants born at 23
weeksd gestational a g #3%wih/56% df infants havingdsevere e of CL D o

4
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diseaséTrembath and Laughon 2012) cantrastt hos e born at 28 weeksd

incidence of CLDwas 23% with only 8% of infants with seveatiseas€Trembath and

Laughon 2012)Alveolar development does not beginilttite 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 developfdgD as compared to female§the same
gestation(C. Bose et al. 2009)

1.3.4.2 Intrauterine growtlrestriction
A heterogeneous number of maternal and fetal conditions such-eslangpsia, maternal

smoking and congenital infecti@nd can cause infants to be born small for gestational age. In
preterm infants <28 weeksd6 gestation, small
than appropriately grown infan€. Bose et al. 2009)

1.3.4.3 Chorioamnionitis

Chorioamnionitis is the leading cause of preterm Ki@bldenberg, Hauth, and Andrews 2000)
Foetusedn-uteroare able to mount an inflammatory response to chorioamnifiditicht et al.
2011) Injection of endotoxin to the amniotic fluid dieep, to induce chorioamnionitis in the
womb, results in lung inflammation, injury and alveolar remodelling in-bem lambs

(Kramer et al. 2002)Antenatal inflammation enhances lung maturation, leading to reduced
rates of respiratory distress syndrome (R@Sameret 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 chorioamniMatis

Marter et al. 2002and mean I8 levels in tracheobronchial fluid in the first months of life are
higher in preterm infants exposed to antenatal infection than those not eiposeeck et al.
2001) Chorioamnionitis results in reduced alveolarisation and may increase the risk of CLD.
Antenatal infection may help mature the premature lung, limephe lung for postnatal injury
(Chakraborty, McGreal, and Kotecha 2010)

Infection with specific organisms is shown todssociated with higher risk of CLD.
Ureaplasmais the most commonly cultured organism from placental samples in
chorioamnionitigSanchez 1993)njectingUreaplasmanto the amniotic fluid of mice induced
an inflammatory response and tissue damage within the lungs of théNaupgnn et al.

2009) Human studies have shown conflicting results attempting to demonstrate a causal link
betweerJreaplasmaspecies and CLQAaltonen et al. 2006; Beeton et al. 2011; Pandey et al.
2007; Honma et al. 200.7A metaanalysis of 39 studies assesding association between

Ureaplasmanfection and CLD Bowed a significant associatifihowe 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
5
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infection is also likely to contribute to the risk of CLD. Sysietylood culture positive sepsis
has been identified in several studies as a risk factor for &libger et al. 2010; Lahra,

Beeby, and Jeffery 2009; Schlapbach et al. 2011i¢ mechanism for sepsis causing CLD could
be due to the systemic immune response affecting lung development or pdol@mgilatory

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 lungsshow 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 detien of bacterial DNA and peak concentrations of-ppftammatory

cytokines suggesting infection rather than colonisation is being de{8setbn et al. 2011)

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

These studies are discussed in more det&kation1.5.6.5

Viral pathogens have also been investigatealmstentialcause of CLDCytomegalovirus is

known to cause a pneumonitis when contragtatteroandhas beenimked to CLD in preterm

infants(Sawyer, Edwards, and Spector 198He presence of adenovirus within the tracheal

aspirates during the first week of life has also been shown to be assoctatddrelioping

CLD in preterm infant¢Couroucli et al. 2000)Subsequent work has, however, ftioted with

these findings. Pr~"sch et al shows that although
cytomegalovirus and adenovirus, these pathogens are not associated wi{RrGidh 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 sa®ilom infants who developed
culture positive respiratory infections are no higher than those obtained from infants with sterile

tracheal aspirate sampl@Sroneck et al. 2001)

1.3.4.5 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 maintairpkmsjcx

and create a tidal volume. The abnormal forces exerted on the lungs result in tissue disruption,
inflammation and oedemn@ttar and Donn 2002; Brew et al. 2018)odern ventilation

strategies have sought to reduce this damage to lung tissue. Adequate positive end expiratory

6
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pressures aim to prevent &eotrauma, lower peak pressu(@snn and Sinha 2006 avoid
barotrauma and volume limited ventilation to prevent volutradtigh frequency oscillated
ventilation has been tried as a strategy to re@lide with disappointingesults(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(@bRhway, Rosan, and Porter 1967)

Animal models have demonstrated exposure to excessive inspired oxygen concentrétens in
neonatal period can alone result in histological changes similar to those dBGhIRos et al.
1975, D 6 A n g iPooduetibn okedctive dxgg8npeciggichtrigger an

inflammatory response in the premature lisithought to be the mechanism by which inspired
oxygen concentration affects risk of Cl{liodromiti 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 Cl{Bhess et al. 2006\ randomised control trial of the
antioxidant Nacetylcysteine administered in the first week of life failed to protect against CLD
(Ahola et al. 2003)Other antioxidants including intratracheal administration of recombinant

superoxide dismutase demonstrate no effect on the rate of @LDavis et al. 1997)

Hypoxia caralsorestrict alveolar devefimentand may contribute to CL[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 preinflammatory mediators such as-Land IL.-6 have bee 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. Theddffec

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
administrationdose and timing of administration of corticosteroids continue to be undertaken
due to the adverse neurodevelopmental effects of these(froge, 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 (Brmwn et al. 1978)PDA results in

increased pulmonary blood flow and pulmonary oedema. Serum levels of pro inflammatory
cytokine TNFU ar e hretegrhiefants with PA than those withd@onzalez et al.

1996) Strategies to close a PDA, both surgical and medical, show conflicting results with
regard to CLD outcomg&night 2001; J. Harris et al. 198%luid overload cahave a similar

effect as a PDA on pulmonary blood flow. Randomised trials of restricted fluid intake also show
conflicting results for improved rates of CL{Ravvadia et al2000; Tammela and Koivisto

1992)

1.3.4.9 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 aéBaldgy

et al. 2006) Two twin studies have indicated that genetic predisposition contributes
significantly to CLD(Bhandari et al. 2006; Lavoie, Pham, and Jang 2@&)didate genes
cading for surfactant proteins and inflammatory pathway constituents have been suggested.
However, a genome wide association study failed to identify any siogleotide

polymorphisms associated with CL(BI. Wang et al. 2013)A polymorphism of VEGF has

been shown to be associateittman increased risk of CLOFujioka et al. 2014)

1.3.5 Lunginflammationin chronic lung disease of prematurity

The inflammatory reaction within the neonatal lung is known to be a mechaniimdanjury
and a predictor oELD. A large body of work exists towards understandirgitifiammatory
mechanisms and cells that are present in the lungs of preterm infants, anpatiethese
factors havén the pathogenesis of CLModifying the inflammatory response has also been

suggested as a possible target for therapeutic agemesvenp CLD.

Roman encyclopaedist Celsus documenteddineclassic features of inflammatidrredness
swelling heat and paifSpencer 1936)hese are now understood to be due to increased blood
flow, raised cellular metabolism, vasodilation, release of solubleéatoesl, extravasation of

fluid and cellular influx(FerrereMili ani et al. 2007)Inflammation is part of the nespecific

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 respoasd 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. Theuinbf 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 Lakshnmusimha 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 CLOFerreira 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 cheradtractants in the CLD infan{&roneck et al. 1994ne of the
most important neutrophil chenattractants is intéeukin 8 (IL-8) (also known as CXGB).

IL-8 concentratiornis significantly higher within the BAL fluidS. Kotecha et al. 1995; Beeton

et al. 2011pnd tracheal aspiratésiunshi et al. 1997pf preterm infants who develop CLD
compared to those infants with RDS that resolves. Within the tracheal aspirate thélLri8e in
concentration precedes the influx of neutropgsinshi et al. 1997)L-8 levels in serum are
also predictive of death or CLD in the first few days of life with higher levels associated with
adverse outconsgAmbalavanan et al. 2009)

IL-8 is produced from a 99 amirazid precursor. Several active forms of8lare produced

within humans, each differing by the number of amino acids at the amino terminal. Cells of the
immune system secrete-Bz,, while thelonger and less potent{8;7is secreted by nen

immune cells. Within the preterm lung the shorter isoforms predominate, despite evidence that
the longer form is found within the circulationtefm infantgMaheshwari et al. 2009)
Development of CLD is assocéat with a larger proportion of the short isofof@hakraborty et

al. 2014)

IL-8 levels show peaks and troughs within the BAL fluid of preterm infants. Peaks3adiri
associated with the presence of the bacterial ribosomal ribonucleic acid (rRNA) gene,
suggesing a bacterial infective cause. The presence of these peaks icolhcentration is

associated with later development of C{lBeeton et al. 2011)

IL-6 is a further pranflammatory cytokines expressed within the lungs of preterm infants who
develop CLD. Concentrations of#.in BAL fluid from intubated preterm infants are highest at
10 days of agéS. Kotecha, Wilson, et al. 199@ut also an early pkdas been observed at day
3 of life in tracheal aspirate fluidMunshi et al. 1997)The preinflammatory cytokines It1 b

and TNFU are also raised within t h-sflainmatoys of
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 cherattractints that are raised within the lungs of preterm infants
who develop CLD include the cgiement 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 mf&awho will recover; however,

it is persistently raised in those who will develop C{yden et al. 1984)

Neonatal neutrophils survive longer than those of adults due to reduced ap@R{@sis.

Ahmed, and Lakshminrusimha 2008; S. Kotecha et al. 20@8)trophil cell death is mediated

via the Fas receptor (FasR). Neohatutrophils have reduced expression of FasR compared to
adult neutrophil§Hanna et al. 2005)his may prolong the contribution of the neutrophil to the
inflammatory pocess. 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 CLOS. Kotecha et al. 2003farly preterm delivery is associated with higher

number of macrophages, but a lower proportion of macrophages displaying-an anti
inflammatory pheatype. The more mature and differentiated macrophage expressing
CD14/CD36 or CD17/HLADR are considered to be involved in the resolution of inflammation
and exert an antnflammatory effect. These cells are present in higher proportions in infants

who donot have CLD compared to those that develop @Riince et al. 2014Macrophages

activity in regulating and resolving inflammation in the preterm lung is impaired in those with
CLD.

Lymphocytes are the primary cells of the adaptive immunesysictivation 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 playtle 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 whowent on to have CLD compared to those who did/Batlabh et al. 2003)Both
studies identified a role for activatedc€lls. CD62L is expressed by inature inactive T cells
(Smalley and Ley 2005CD54 is as adhesion molecule expressed on activ@idcer 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 CL[Ballabh et al. 2003)Tururen et al showed increased CD54

expression on CD4 and CD8 cells from infants who went on to have(Qlnen 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 torbsis(Magnan et al. 1996Many studies report an

association between growth factors and developing Jle.transforming growth factor

(TGF) family is most studied. TGB i s i nv ol v e dranchingseengnitheat i ng t
embryonic, pseudglandular and canalicular phases of lung dgwalent(Bartram and Speer

2004)

TGFb is present at significantly higher concentrations intttwanchoalveolar lavage and

tracheal aspiratedld of infants who develop CLD compared to those with RBXotecha,

Wangoo, et al. 1996; Jénsson et al. 2008y els peak in the third week of lifeecart et al.

20000 TGFb may i nfluence the pathogenesis of CLD
several waysln mice, increased TFR6 1 expr essi on within anche | uncg
monocyte infiltration(Sureshbabu et al. 201®)lacrophages are known to have an important

role in wound healing. Lymphocyte inflammatory responses are reduced bf {R&ok et al.

1986; Kehrl et al. 198@Nnd an excess of T k nown t o empuwnsooatyfibrosin s eve
(Sime et al. 1998)n a mouse model of CLD inducing T&F e x pr e sapopmticcelled t o
death in type 2 pneumocytes, impaired alveddios and waassociated 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 ofgtie lun
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 mogl#kkula et al. 2000)he role of VEGF in

CLD was first suspected following the finding that VEGF secretion is decreased by neonatal
hypoxia(Maniscalco et al. 1997YEGF treatment has been shown to improve lung structure in
animal models of CL¥Kunig et al. 2005)Evidence in humans suggests that infants who die

from CLD have significantly lower levels ofBGF expression in lung tissue compared to

infants who die from nomnespiratory causg8hatt 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 natlated to developing CLDYang et al. 2015)Many

11



Chapter 1: Introduction

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

Pumonary 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 haanshort
long-term implications for preterm infants affecting ttyeof 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 Themicrobiome

1.4.1 Introduction

The microbiome refers to all the microorganisms, specifically theimrges, and the organisms
interactions with the particular context or environment inhaljidatchesi 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 virudesierberg and McCray 20QIhe term
microbiota is now used to specifically refer to the organisms themgéhaeshesi and Ravel

2015) The extent of the variety in the composition of the micrablpEtween individuals and
between anatomical sites has been realised since the introduction of culture independent
techniquegThe Human Microbiome Project Consortium 2012; Costello et al. 200@)

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 spdeseherichia Colis shown below in
Tablel-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 Thel6S ribosome

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

measured and identified Bvedberg ung (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 containieglitS subunit. The typical

bacterial 16S rRNA gene contains around 1500 nucleotiteann, Ludwig, and Schleifer

1995) The gene is divided into 9 hypervariable regions-¥A) which demonstrate differences
between bacterial species and genera, flanked by conserved regions which are nearly identical in
all bacterial specie@€hakravorty et al. 2007Figurel-2 below demonstrates the secondary

structure of the 16S ribosomal RNA following transcription.
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Figure 1-2: Secondary Structure of the 16S rRNA of E. coli demonstngtihe 9
hypervariable regions (bold typefacéyarza 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 ebkses

methodology. These techniques were designed to identify individual path@gker than
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bacterial communities. Uncultivatable and slow growing species are difficult to culture in vitro.
Estimates of bacterial populations using culibased techniques inevitably fail to detect
uncultivatable organisms despite using multiple $ypegrowth media to maximise the number
of species identifiable. An estimated-80% of bacteria many not be detected by culture based
techniquegSuau et al. 1999PCR 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 moleq8e&ahl et al. 1984)The ribosomal gene was initially

targeted as the ribosome is an integral component of the prokaryotic cell, making it a good
candidae to be well preserved throughout the phylogenic(ttdégen and Woese 1993Jhe

slow rate of change over time allows comparison of distantly related spafese and Fox

1977) Evolutionary theory states that all bacteria evolved from a common ancestor. 16S rRNA
gene analysis shows evidence for this with the idiffee 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 beehnosvn to be representative of bacterial phylogeny using many

bacterial gene€Snel, Bork, and Huynen 1999)

1.4.4 DNA sequencing

Sanger et al published a method @fjisencing DNA in 1977 using chain terminating dideoxy
nucleotidegSanger, Nicklen, and Coulson 197%anger squencing, as it came to be known,
was the gold standard for DNA sequencing for many y@ae&inn and Gut 2013)

Incorporating a dideoxy nucleotide during a PCR reaction prevents further elongation of the
DNA strand. Using gel electrophoresis or capillary searddNA 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
sequencingRothberg et al. 2011; Shendure et al. 2005; Ronaghi, Uhlén, and Nyrén NGE3)
allows the up scaling of sequencing with reducee tsrales of sample processing and high
throughput. The sequenciixy-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 théubrescent signal generated. A restoration step removed the
fluorescent tag and allows further extension to the DNA stfludzey, Evans, and Lieber

2015) Figure1-3 below demonstrates the steps involved in both &aagd sequencidgy

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

In both methodologies, a polymerase copies template moledyléscorporating 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 alonedving a restoration step that converts bases to

the undyed and extendable for(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 OTdJsisecies or gup of speciedefined by

DNA sequence datdhe 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 resultvimtually clonal genomes being classified as different
organismgMorgan and Huttenhower 201Z3iven thisthe definition of difference between
sequences to classify differing species is usually arbitrarily set betw&#(Rei et al. 2010;
Stackebrandt and Ebers 2006)

Using the 16S rRNA gene for species analysis amdtification 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 tha(PEVet al. 2010possibly leadingo 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 chisegieences are

recognised as a unique organism despite attempt to identify and remove chimeric sequences
during bioinformatic data processifigaas et al. 2011 opy number of the 16S rRNA gene is
known to show wide variation betweefllk copies per organis(Klappenbach et al. 2001At
genera and family lel, the copy number variability is very wide; however, within species the

copy number is largely conservedv Dt r ovs kT 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 aatgtsynthetase, in theory oweme the

issue of multiple copy numbéBantos and Ochman 200Zhe rpoB gae has been

demonstrated to give equal or improved phylogenic resolution than the 16&gspeet al.

2007) The 16S rRNA gene renma the most commonly used molecular marker for OTU

identification due to the large body of work anediepth sequence data existing for this gene.

1.4.6 Microbiota identification workflow

Studies to identify the microbiota from any environment using sequenicihg ©6S rRNA

gene follow a similar workflow summarisedkigure1-4 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 obteterial 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. Statistesitand 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 sequenclmggsed studies (e.g. 16S rRNA geaho et
al. 2015)
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1.4.7 Microbiome statistical analysis

Comparing bacterial communitiestiveen 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 microbiologicalHiagheset 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 consiierelative 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 asthgtrsity. The most commonly used
mathematical meau r e slivecsity aré 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 tlsegeciater uncertainty

(Shannon 1948)Applying this index to microbiology results in quantifying the uncertainty of
identification of an individual sequence taken at random from the daltaseexpressed
mathematically withp; as the proportion of organisrhelonging to theth 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
quantify diversity of species within ample by quantifying the chance that 2 organisms picked
at random will be of the same spedisnpson 1949)Mathematically it is calculated by the
following formula, wherep; is the proportion of organisms belongingheith 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/a). Simpsonds | ndex entfulsmdes madanplee t o

and has been regarded as a measure of "dominance concen(Hitidr®73).
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The Chaol index is an estimate of richness based on the assumption that some species have not
been identifiedn each sampléChao 1984)The index uses the number of organisms counted

only once or twée 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 importaatdipdiv

exists with the rarely occurring species. The formula for calculation of the Chaol index is

below, where &s= number of species observed in the samples, n=number of samples being
considered, = number of singletons and#number of species witlwo observed individuals

in the sample:

éf'm.m =S, + n-] Ir;_
h n |2F,

The BrayCurtisdissimilarityi ndex i s most ¢ o mdiversity(Brayarsded t o defi ne
Curtis 1957)
S+ 8, —-2C;
BCy= 200
8;+5;

Where Sand Sare the number of species in populations i and j, grid e total number of
species at the location with the fewest spe@esa diversityindices 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, todideced as spanning a short
evolutionary distancéMorgan and Huttenhower 2012)

1.4.8 Microbiome and disease

Dysbiosis is defined e imbalance in the microbes present in a particular niche due to a
change in conditiongredisposing to diseagRogers et al. 2015Yhe 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&rd shows considerable differences across geographical regions
(Yatsunenko et al. 2012Jhe gut microbiome has been shown to be disordered in terms of
species diversity and relative abundance in many disease states including inflammatory bowel
diseasdCenit et al. 2014)obesity(Moran and Shanahan 201a¥)d conditions such as

rheumatoid arthritis and mental health conditiGhKelly et al. 2016yvhich affect sites

anatomically distant from the gut.
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Some authors now argue that the concept of dysbiosis is flawed. Dgsbipsies 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 ahilyisis, but this is hot necessarily bad.

For the term dysbiosis to be useful, differences in the microbiota need to be shown to predict or
improve diseasdOlesen and Alm 2016; Shanahan and Hill 2019)

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

Short chain fatty acids (SCFA) are have been studied as metabolites poteotiafiyas

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 integriPeng et al. 2007nd can affect the immunesponse by
influencing T-cell cytokine productioriBird et al. 1998jnd neutrophil chemotaxis and
function(Vinolo, Hatanaka, et al. 2009; Vinolo, Rodrigues, et al. 200@may have a

systemic role in influencing host metabolism to affect disease §tat€hen 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 commonuesherapy foClostridiumDifficile 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. e 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 Thehumangut microbiota in preterm infants

The healthy adlt gut microbiome is known to contain a diverse and variable humber 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 beendanalyse
Culture independent studies of healthy term infants have shown that species of the
Actinobacteria phylum, mainiBifidobacterium dominate the stool microbiome from 1 week of
age(Barrett et al. 2013)

Many factors have been shown to influence the pattern of neguataicroorganism

colonisation. Infantborn byelectivecaesarean sectidrave stool colonisatiowith organisms
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found on maternal skioompared to vaginally delivered infarfi3ominguezBello et al. 2010;
Adlerberth et al. 2006}-urther studis show a delayicolonisation witte. coli and
BacteroidegAdlerberth et al. 2006 nd lower levels oBifidobacteriumspecies in infants born
by caesarean secti¢Biasucci et al. 2010Differencesin thestool microbiota between infants
born by caesarean section and those born vaginally can beveset 12 monthef age, with
lower levels oBacteroidesn the caesarean gro@faddlerberth et al. 2007However 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 ignificent 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 madof delivery over shaping gut colonisation of infants up to
six months of agéRutayisire et al. 2016)

C. difficile, Bacteroides, Enterococci, Enterobacteriacem@dEnterobactelaremore common

in bottlefed infants, whileStaphylococcandBifidobacteium are more numerous in breastfed
infants, however results are not consistent between stifdiésrberth and Wold 2009;

Westerbeek et al. 2006; John Penders et al. 2B0@piotic exposure in the perinatal period in
term infants results in slow@&ifidobacteriumcolonisation and an overgrowth Bhterococci
Difference in stool colonisation between antibiotic free and antibiotic exposed infants were still
detectable at one month of a@naka et al. 2009Marked differese 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 speciesah those from deveped nationgAdlerberth 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 sd&uraai strains

in infant stools have been traced to originate from the matgubenicrobiota(up to 50% of
strains), other infants on the same ward, staff caring for infants and environmental sources
(Fryklund et al. 1992; Bettelheim and Lenriding 1976; Adlerberth et al. 1998)actobacilli
andGroup Bstreptococicstrains within neonatal stools have both been matched to those within
the maternal vaginahicrobiotg suggesting this site #ise likely sourcgTsolia et al. 2003;
Matsumiya et al. 2002Parental skin is the likely source $faphylococcuaureusin over 90%

of infants(Lindberg et al. 2004)

1.4.9.1 Acquisition of thgretermgut microbiota

Across many studies, preterm infants show lower levels of colonisatioBiftdbbacterium
species than term infanf$acquot et al. 2011; John Penders et al. 2006; Barrett et al. 2013)
Lactobacillicolonisation is also delayed, withwer levels persisting at 30 days of dlye Hall
et al. 1990)By one week of age Proteobacteria and Firmicutes predoniBatett et al.

2013) Potential pathogens such&scoli andClostridia are more commonly detected in
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preterm than term infan{&dlerberthand 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 asgciated with reduced diversifyacquot et al. 2011)

1.4.9.2 Necrotisingenterocolitis

Necrotisingenterocolitis (NEC) is a devastating bowel disease affecting preterm infants
associated with immune dysregulation, entezatiing and a dysbiosis of gut communifiésJ.
Stewart et al. 2013Many studies have attempted to identify aszdive 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 Fiomsoutek

prior to NEC onset, not seen in healthy cont(blai et al. 2011)The Roteobacteria family
havealso been implicated in NEC beidgtected in high numbers in excised inflamed bowel
sampleqB. Smith et al. 2011and over represented in the stools of NEC patients compared to
controls(Yunwei Wang et al. 2009E. coli, within theProteobacteria phylum, has specifically
been implcated 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 byfwotieer

study. All infants who went on to suffevith NEC displayed a lack ofr@prionibacterium and

had either an early (daytof life) overgrowth of Firmicutes, date (dayl0-16) overgrowth of
Proteobacteria, with 25% afontrols displaying this tren@d. 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 Bieteobacteria phylum frequently implicated.
It is not clear that # change in micrabtais causative for NEC as it may reflect a change in the

milieu of the bowel secondary to a causative influence.

1.4.10Summary

The human body is host to many communities of microorganisms. The gut microbiome is the
most studied and links between colonisapatterns 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 demstrates that the microbiome can influence the health of preterm

infants.

1.5 The respiratory microbiome
1.5.1 Introduction

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

state(Thorpe et al. 1987 Culture-based techniques failed to iddptihe low level carriage of
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bacteria that is now known to inhabit thieways andungs of healthy individual§he

introduction of molecular PCR based techniques has revolutionised this thiBkiclg Young,

and Huffnagle 2012)t is now understood that a wide variety of microorganisms live within the
lungs of healthy individuals and those with pulmonary disease. This communifgrigdeo as

the microbida of the lung.

1.5.2 Healthyadult respiratorymicrobiota

Severaktudies have attempted to characterise the microbiome of healthy adult lungs. The most
commonly occurring phyla detected &acteroides and Firmicutes making up around 80% of
organismsand a smaller proportion &roteobacteriéeErb-Downward et al. 2011; Morris et al.

2013) These phyla dominate most sites in the human host.

The lung microbiome is characterised by atigely lower level of Actinobacteria compared to

the upper respiratory tracte@eragpredominating in the lungs of healthy adults Rrevotella,
Veillonella, StreptococcuendPseudomonaickson, ErbDownward, and Huffnagle 2013)
Comparing bacterial load between the upper and lower respiratory tract has demonstrated a 2 to
4 logio lower biomass in the lund€harlson et al. 2011)

The composition of the gut microbiome has shown wide geographicieaifgatsunenko et al.
2012) however this has not yet besufficiently studied with rgard 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(8tikessmann et al. 2011)

The lung microbiome in adults and older children has been studied mainly using the technique
of bronchoscopic bronchoalveolar lavddeK. Harris et al. 2007; Hogan et al. 2016; Twigg et
al. 2013; Marsket al. 2016)This involves inserting a fibreptic endoscope through the nose or
mouth to access the lower airways and suctioning out instilled saline to wash out thg@ddveoli
Blic et al. 2000) Sputum sample analysis anebbchial brushing are alternativé&schmidlin et

al. 2015; Hogan et al. 2016; J. Zhao et al. 20AR)methods of collecting samples from the
lower airways for microbiome analysase potentially compromised by contaminatignupper
airway organisms. To overcome tfstudies have been performedsangically excised lung
tissue(Erb-Downward et al. 2011; Goddard et al. 20112)e presence of the same organisms
from explanted lung tissue as from BAL samples suggests that thes@Aples accurately
reflect the orgaisms present in the lur@&rb-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 airwByskson, EreDownward, and Huffnagle

2013)

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

performed by Dickson et aCareful 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 lmmisation 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 maspiration being the primary source of
the respiratory microbiota, due to the similarity between the maowuthhee 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 individidtkson et al. 2017)

Microbiome analysis from different niches of skin and different areas of the gut shows marked
variability between anatomical sites of both org@Bsce and Segre 2011; Zhigang Zhang et al.
2014) BAL in infants usually is aimed at sampling the right lower I(eeBlic et al. 2000;

Grigg, Arnon, and Silverman 19923nd in adults often the right middle lobe in research studies
with the lobe sampled in clinically indicated BAL guided by radiological evidence and clinical
feauures(Du Rand et al. 2013Famples taken from multiple sites within explanted lungs of
chronic obstructive pulmonary disease (COPD) patients showed significant difference between
bacterial communities identified within the same I{Bd>-Downward et al. 2011)n contrast,
Charlson et al demonstrated very similar bacterial communities within different lobes of the
lung, all with marked similarity to the oral microbiorf@harlson et al. 2011JPulmonary
tuberculosis is well known to have agilection for upper lobe involvemefoodwin 1983)
Bacterial communities withidifferent 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 organisnPseudomonaaeruginosa displayed different antibiotic resistance patterns
between lobes of the same lufiprth etal. 2015) Anal ysi s of the organi
a difference in single nucleotide polymorphims between colonies in different Tdbss.

suggests that over time, within a cystic fibrosis affected lung?seadomonaaeruginosa

colonising the lungs evolves independently in different lobes of Jumigkence of little mixing

of bacteria between lobes of the lung. BAL samples frdants may therefore not be
representative of communities beyond the right lower ibbacterial 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 lungsand the ethical issues involved in taking invasive samples from well ir{i&iaiser
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 si(Baissis et al. 2015Micro-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 baaé@leeson, Eggli, and Maxwell 1997)

This would suggest that the lower airways could be colonised from bacteria inh#isting
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 nasopremmg®biota and the

oral microbiota(Marsh et al. 2016)

Evidence from cystic fibrosis patients followed up until 21 months of age, saddgbat
species colonising the airway (oropharyngeal samples) are first present in ttiMattanh et al.
2012) This suggests that the airway microbiota may be established froof thatgut, the so
called gutlung 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 2013 dysbiotic change in the lungs is a result of a
change in one of tise 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,
nasoarynx, 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 sitéStearns et al. 2018Jarsh et al. 2016; Domingudello et al. 201Q)

Some studies have used results from throat samples or nasopharyngeal samples as a proxy for
lung bacterial communitig€ox 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 tissueaictetia b
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 tinrtiat swabs does not match

that identified in the explanted lunfSoddard et al. 2012)

The nasal cavity, specifically the middle meatus, of healthy adults was pésithecterial
colonisation in all 28 patients swabbed in one study. The most prevalent and abundant
organisms present wegaphylococcus aureuStaphylococcus epidermidcisd
Propionibacterium acnefRamakrishnan et al. 2013 Chinese undergraduate students the
nasopharyngeal microbiota was dominatedCbyynebacterium, Dolosigranulurand
StaphylococcufLing 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 sggcies diversity, with children having less diversity but three times larger bacterial load
than the adultéStearns 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 adund paediatric chronic lung diseases. Mouse models have also been used to
demonstrate the role of the microbiota in the lungs. Mice raised to be betetmve smaller

lungs and a reducetlimber of mature aboli than bacteria exposed mice, watkeolarisation
returning to normal following exposure ltactobacillusspeciegWostmann 1981Yun et al.

2014) Exposure to microorganisms may therefore play a role in morphological lung
development.

1.5.5.1 Cysticfibrosis

CF is the most common lethal genetically inherited disease in the Wester{w@ddS u |l | i v an
and Freedman 2009%tudies in CF haveevealed 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 bybadade

methods.

Longitudind studies have demonstrated reduced microbial diversity with increasing age and
worsening lung functiofCox et al. 2010; Coburn et al. 2015; Paganin et al. 2015; Zemanick et
al. 2017) In a further decade long study, diversity was maiethin those with less severe

disease progression, compared to those who deterigdatédao et al. 2012An Italian study
comparing lhe 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 lurigriypassibly
suggesting a higher resilience of communities within the lung of stable pgBawts et al.

2016) It is not clear from these studies if the microbiome is influencing the disease course or a

sign of the changingdbitat 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 tiahgraffects the
composition of the microbiome in anatomical sites distant from the airf{Bagdermann et al.
2014; Brotman et al. 2014y he lungs of healthy smokers contain less species diversity than
nonsmokergErb-Downward et al. 2011)t has been suggested that community dysbiosis
could provoke the inflammatory response that is characteristic of GEf@EDownward et al.
2011)
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Viral infection is well established as a cause for exacerbations of GDiEKson, Martinez,

and Huffnagle 2014)Culture independestudies have shown changes within the composition
of the microbiome during an exacerbat{@ickson, Matinez, and Huffnagle 2014; Jubinville
et al. 2018) Introduction of new strains of bacteria, rather than new species, have been

implicated in causing exacerbatiof®ze, Hogg, and Sin 2014)

1.5.5.3 Asthma

Members of the Proteobacteriiphylum (includingHaemophilusandMoraxellaspecies) 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 imdnesaif poorly
controlled asthmatics compared to controls. The diversity positively correlates with degree of
bronchial hyperesponsiveneq$iuang et al. 2011)This could explain Wy 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 neworn infants

1.5.6.1 Antenatal colonisation

Tissierconcluded infant stool colonisation was via breast iffilksier 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 ahtligeroenvironmen{Wassenaar and
Panigrahi 2014)Amniotic fluid is continuous with fluid in the lungs of the foetusitero.

Detection of bacteria in amniotic fluid maydicate 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 c(iGéulio et al. 2010)
Analysis of amniotic fluid, obtained by amniocentesis, from women in preterm labour showed
11.4% had detectable bacterial DNIBiGiulio et al. 2008) The presence of bacteria was
associated with chorioamnionitis which is a risk factor for preterm birth. These studies selected
high rik 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 @sksdo et al. 2016)A

larger study looking for bacterial colonisation of placental tissue detected the presence of
bacteria in all 48 placental samples analygebaard et al. 2014 his 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

28



Chapter 1: Introduction

the placental bacterial communities most similar to the oral bacterial communities of the
mothersg(Aagaard etl. 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 swabatéiaen within the birth canal. A further
study, compared small numbers of placental and fetal membrane samples from vaginal verses
CS deliveries50% (5/10) of term vaginal deliveries were positive for bacterial DINA none

of the term infants born by G&d detectable bacterial DNAones et al. 2009This finding
suggests that contamination mayresponsible for bacteria detected in vaginally delivered

placentas.

Bacterial DNA has also been detected in the first pass of mecdHansen et al. 2015) 66%

of cases using fluoresceintsitu hybridisation. Firspass meconium may be expected to be
sterile if thein-uteroenvironment is sterile. Howevdirst pass meconiuns also subject to
contamination, with samples from this study taken directly from the nappy. Commensal bacteria
have also been detected withimbilical cord blood samples taken following caesarean section
delivery(Jiménez et al. 20057 his finding is more difficult to explain by contamination. An in
depth review of this literature concluded that the evidence for in-otdomisation was weak

due to inadequate use of negative control samples and thegkigti contamination of low
biomass samplg®erezMufioz 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 stompiccuqde Goffau et al. 2019)

In-uterocolonisation of the fetusould conceivably establish an airway and lung microbiota
before birth. The concepf in-uterobacterial colonisation remains controversial but any

bacterial colonisation occurririg-uterowill be of a very low level.

Chorioamnionitis is a major cause of preterm deli@gldenberg, Hauth, and Andrews 2000)
The airways of infantsdrn following intrauterine infection are more likely to be colonised than

infants unaffected by infection.

1.5.6.2 Respiratorycolonisation in theneonatalperiod
If the in-uteroenvironment 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 niiimta 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 netaorn infantgDominguezBello et al. 201Q)suggesting that

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

Preterm mfants 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 énedepiratory tract
within the first week of lifgPayne et al. 2010B5ubsequently, bacterial DNA was detected in all
tracheal aspirate samples taken immediately after intubation at birth from preterm infants
(Lohmann et al. 2014ne study comparing ventilated term and preterm infants showed the
presence of colonising bacteria with the first day of life in all 33 infants tdstédt al. 2016)

In contrast, in a further study of intubated preterm infants, 2 of 10 tracheal aspirate samples
taken at <72 hours of age comail detectable bacterial DNAt 7 days of age all 10 tracheal
aspirates from the same infants contained detectable bacteria{\ddUkani 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.

Ureaplasmaspeciesa possible cause okonatal respiratory infectian preterm infantshave
been detected by molecular methods in tracheal aspirates samples at 24 houcsdiragag
bacterial presence in the airways at this @geterson et al. 1998)reaplasmaspecies are also
implicated in chorioamnionitis and preterm delivery, so this may reflagteroinfection of the

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

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

intubated preterm infants.

1.5.6.3 Theconstituents of thairway microbiota in the neonatal period
The concept of a O6normal é microbiota of a preterm

aspect of prematurity, developing a normal reference standard is challenging. There is very little

which is nor mal regardi ng p tuegs, eagingintibatddant sdé i nadeq
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

infantds airways; hoppesedtepathologicalstaty, siay@iisb Igniiteda | , a's

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 naopharynx 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, Atopobiurar Sneathisspeciesvereidentifiedin sampés from

infants deliveredraginally andorganisms typically found on skin includiggaphylococcus
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species were found in samples from CS hofants(DominguezBello et al. 2010)A
longitudinal study over 6 months demonstrated a similar influence of delivery mode over
nasopharyngealolonisation at birth, but at 1 week of &g@phylococcus aureisdominant in
most infants. By 4 months more stable profiles Withcatarrhalis Corynebacteriunspecies

andDolosigranulumspecieemergedBosch 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
Staphylococcuspeciesn 19 sampts. Of these 17 werdéntified as coagulase negative
StaphylococcudJreaplasmaspecies dominated in 9 samptesm 6 subjeds. Other species that
predominated in a single sample, all betweer214lays of life wer@seudomonaaeruginosa
Enterococcusaecalis andEscherichiacoli. The Shannon diversity index ranged from 0208

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 16ERNA gene wer&taphylococcubaemolyticuandStaphylococcus
epidermidis both coagulse negativé&taphylococc{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 domin&dinetobaatr the most abundant genus

Firmicutes were also dominant in some samllebmann et al. 2014)

Lal et al took tracheal aspiest from ventilated fulterm 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
proportons 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 = 0.4&4dt)(Lal et al. 2016)

The presence of a dominant organism is repeated across several studies suggesting a pioneering
coloniser is established withinglairways; 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 afecting the respiratory colonisation in the neonatal period
The nasopharynx of tedmorn infants share the same initial colonising organisms as skin sites
and the mouth, all demonstrating a significant influence of the delivery m@dootinguez
Bello et al. 201Q)A difference with @livery mode was also seen on day one of life in a
longitudinal study using NPA samples in healthy term inféBtsch et al. 2016 Exposure to
chorioamnionitis was associated with a trend towardsedsimg 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. 2014An 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 bo(ilelnaka et al. 2009Antibiotics induce

significant changes in sputum microbiota of cystic fibrosis pat{@nts. Smith et al. 2014)

The impact of antibiotics on the lung microbiota of preterm infants is unknown, boyvievthe
upper airways of infants under 12 months of age those who had received antibiotics in the
preceding 4 weeks displayed a reduced proportigxloiococcusandCorynebacteriumwith

an increased proportion of potential pathogens includimgmophilus, Streptococcaad
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 @sp from mother to child

desirable colonising bacteria but also to provide oligosaccharides to promote development of a
healthy microbiotgdJost et al. 2015)T'he evidence for an effect of breast feeding on the
nasopharyngeal microbiota is mixed. One stomiyiparing exclusively breast fed and

exclusively fomula fed infants showed detectable changes in the hasopharyngedliota at

6 weeks of agéBiesbroek, Bosch, et al. 2014)

Studies analysing the nasopharyngeal microbiome of healthy infants have demonstrated an
association between bacterial colonisation patternstiétlseason of the ye@vlika et al.

2015) exposure to cigarette smof@reenberg et al. 2006and vaccination statiBiesbroek,
Wang, et al. 2014)

Further vork 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 andlronic 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 inctraal aspirate samples from intubated preterm infants

recruited infants at risk of CLD. All the infants in both studies had an oxygen requirement at 36
weeksd corrected gestational age precluding any
CLD as is ofen the case in longitudinal studies of preterm inf@vtsurani 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 06 .deva@laped CLDn At thexpoiat 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. 2014No correlation wth cytokines or inflammatory profiles was found
questioning 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 thactobacills genus aréess abundant in the early
airway microbiome of infants who later develdopD. Tracheal aspirate samples were taken
within the first six hours of life from preterm infants at risk of CLD. Fixéremely preterm
infantswho went on to develop @ from this study had serial samples taken to follow changes
in the microbiota over time. A consgst dysbiotic change was identified with a decrease in
Firmicutesand increase in abundanceRybteobacteriaver timein these infantéLal et al.

2016) This is in direct contrast to the work of Lohmann et al who showed the opposite patterns
of colonisationassociated 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 sectiamalysis 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 sevee CLD had a higher turnover, were colonised with &aphylococcuspecies

in the first days of life and had higher initial relative abundandéredplasmaWagner et al.

2017)

A recent systematic review assessing the influence of the respiratory microbiota over CLD
included the 6 studies listed aboveeTiaview 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 establigRathmi et al. 2018)

Other studies have used cultdrased 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 tparerthe bacterial species

cultured from infants with mild/moderate CLD to those with severe CLD. Severe CLD was
defined as >30% inspired oxygen concentratio

organisms identified onl€orynebacteriunspecis showed significant difference between the 2
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groups withCorynebacteriunspecies associated with severe Qlubamura et al. 2016)This

study did not attempt to cultutéreaplasmaspecies from the samples.

An American study also using retrospective data from tracheal aspirate cultures collected for

clinical reasonsa@mpared the presence of Graragative rods and Grapositive cocci with

respiratory outcome@ramper et al. 2016)hose infants who had evidence of Graegative

rods prior to 36 weeksd gestational age were at
those without Gramrmegative rod psitive cultures. Grarpositive 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 cdilaged techniques and the focus on
pathogenicbogani s ms . Using -gegapsveucbhdasd m&yamask t he
specific species on the developing lung.

Indirect evidence for a potential relationship between the respiratory microbiome and CLD
exists from a retrospective cohort analysinglaatic use during the first 2 weeks of life in very
low birth weight (VLBW) infants. Everpdditional day of empiric antibiotic therapy was
associateavith an increased ristif CLD and was also related to CLD seve(iBantey et al.

2016) The authors attempted to covitfor disease severity at birth using CRIBcores,

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 étween 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 neonathinpayibe

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 control$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

understad if early colonisation is associated with pulmonary inflammation.

1.5.7 Hostmicrobiomeinteractions

1.5.7.1 Hostinfluence over microbiome communities

The immune system is designed to attack and destroy potential threats including bacteria but
recognise host moleculaignatures. 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 asferizsign

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 proliferatiod protect the host include

secretion of mucus from Goblet celldooper, Littman, and Macpherson 2052 seagtion of
specific IgAs by dendritic cells and secretiorledefensindy small intestinal Paneth cells
(Salzman et al. 2003)

The lungs and airways are far less studied than the gut regardinmibostiome 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 bl@ells indicating their presence
within the airways and alveoli of healthy individuéigalbi et al. 2007)Respiratory epithelial

cells are capable of secreting molecules with antimicrobial effects to limit bacterial survival in
the lungs and airway3hese molecules include the complement syslkactofarin,

antimicrobial pepdes, lysozymesecretoy leukoprotease inhibitor and surfactant protefs
and-D (Bals and Hiemstra 2004; Mackay et al. 2018js unclear, if such proteins are

produced only during periods of infection or are involved in regulatinghibebiota.

1.5.7.2 Microbiome influences on host immunity

Small intestinal isolated lymphoid follicles do not develop in gea mice(Hooper, Littman,

and Macpherson 2012¥louse models for various diseases are known to be dependent on
colonisation by microorganisms. Germ free mice have diminished disease in arthritis and
autoimmune encephalitis modé€ls.-J. Wu et al. 2010; Y. K. Lee et &011) In contrast, the

risk of ovalbumininduced 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 adultho@lszak et al. 2012Exposure to micrarganisms in

mice is important in developing appropriate immune responses especially during the neonatal
period. The artificial gernfree status and the use of mice makes it difficult to assume any

clinically significant effect in humans.

Some human studiehave demonstrated notable results in the area of microlhiogte

i nt er a c earlyoprogrammim@hedry states that early life adverse exposures can
determine disese susceptibility in later liféWilliams and Drake 2015 he nost welkknown
example of this is the Barker hypothesis that low birth weight, reflecting poor intrauterine
nutrition, results in a higher risk of cardiovascidad endocrinelisease in later lif@Barker
1986) This approach has been adapted to look at the influence of the early neonatal
colonizationover later diseasénfants wth hypopharyngeal colonisation wigh pneumoniae,
H. influenzae, or M. catarrhali@etected by culturedt 1 month of age are more likety
develop bronchiolitis and pneumonia by the age of 3 y&é4ssing, Chawes, and Bisgaard
2013)and develomsthmaby 5 yearghan those not colonis€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. 2007This highlights the importance of early airway colonisation and

demonstrates that there may be a window of opportunity for intervention in the creation of a
6healthy®é microbiome to promote | ong term health.
effect are nofully understood buthe study demonstrated tHehelper cé type induced by

colonisation variedM. catarrhalisandH. influenzagnduced a mixed T helper cell respe.

No effect ofS.pneumoniaavas observe@Fglsgaard et al. 2013y inducing a mixed T helper

cell response, the Thl responses needed for irtrkrdbacteribdestruction may be impaired,

potentially leathg to chronic inflammatiofFglsgaard et al. 20L3jurther work showed

differences in systemic inflammatory profiles in infants colonised with respiratory pathogens in

the first 6 months of lif¢§RahmanrFink et al. 2018)

Several studies indicate that childhood atopy, a frequent precursor to asthmaffected by

the early colonisation patterns of the gut. Finding high levels abli or C. dfficile is

associated with increased risk of atg@yenders et al. 2006; Kalliomaial. 2001) The lack

of Lactobacillusor Bifidobacteriumin neonatal faecal samples also increases the risk of atopy
(Sjogren et al. 2009)t seems that anomalous airway and gut microbiome colonisationirearly
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 infarstisd studied metabolomic signatures within
the sameamplegLal 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 tts paper requires many assumptions and further work with directly sequenced

profiles are likely to be more accurate.

1.5.8 Summary

Cultureindependent techniques have repeatedly demonstrated that the lungs are not a sterile
environment. The environmental cotiolils 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 typicabrgspirat
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 investigatectgatia 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 Visgj et aland HBsgaardet aldemonstrates the

importance of microbiota research usimeyborn infants

1.6 Theinnateimmunesystem

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 immersystem. The adaptive immune system utilises B and T lymphocytes
to mount a response to an invading pathqg@enderman, Buurman, and Daha 201)is

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 organisnfBuchmann 2014)

The innate immune system is found in almostrallticellularorganisms. It reacts more quickly
than the adaptive immune system to pathogeescomingthe physical barrier of skin and

mucosal surfaces.

1.6.2 Patternrecognitionreceptors of thennateimmunesystem

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
recognisedy PRR are known as pathogassociated 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 tinfextious tisse

damage such as traunRRRs can belassified into five main groups, namélyll-like

receptors (TLRs), nucleotide binding and oligomerization domain (NiR®)eceptors

(NLRs), retinoic acidnducible gend like receptors, abseim-melanomdike reeptors and €

type lectingBarbé, Douglas, and Saleh 2014)

1.6.2.1 Toll-likereceptors

In 1996 Toll was demonstrated to be critical in resisting fungal infectidmarophila

(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 regmse(Medzhitov, Prestoiidurlburt, and Janeway 1997Animal models
usingmice wereused 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 ther@gative
bacterial cell wall constitue.PS, 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 tramaembrane proteinsith a common structure. The extracellular
domain contains horseshoehaed kucinerich repeat domain responsible for ligand
recognition. The intracellular domain is similar to that of thd. lteceptor (known as the
Toll/IL -1 receptor (TIR)) and is involved in signal transfer. The irarel extracellular

domains are linked single transmembrane doméitcClure and Massari 2014)

Figurel-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.
diacyl triacyl
lipopeptides lipopeptides flagellin LPS
=
TLR1 TLR2 TLR5 TLR4
TLRE E TLR2

endosome

dsRNA

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 theeceptor 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 ssRNA recognition. TLR5 recognizes flagellii.Rs 1,2,4,5 and 6 are located
on the cel surface, TLRs 3,7 and 9 are located intracellularly within the membrane of the
endosomédTakeda and Akira 2005)

1.6.2.1.1 TLRs1,2and6
TLR2 has been demonstrated to recognise a range of microbial derived molecules. These
include lipoproteins from Gramegative bacteri@liprantis et al. 1999)peptidoglycan and

lipoteichoic acid from Granpositive bacterigSchwandner et al. 89), lipoarabinomannan
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from mycobacterigMeans et al. 1999nd zymosan from fungUnderhill et al. 1999)TLR2
operates in combination with other member of the TLR family to discriminate between
microbial components. TLR2 and TLR6 immunoprecipitate together suggestingiegbhy
interaction between the molecul@zinsky et al. 2000)The ceoperation between TLR2 and
TLR6 allows differentiation between triacyl and diacyl lipopeptid¢€eFakeuchi et al. 2001)
TLR1 has also been shown to functionally associate with TLR2 in identifying triacyl

lipopeptidasegOsamu Takeuchi et al. 2002)

1.6.2.1.2 TLR3
TLR3 bindsdoublestrandedRNA (Alexopoulou et al. 20013llowing thehost to respond to

viruses that incorporate double stranded RNA into their replication cycle.

1.6.2.1.3 TLR4

TLR4 was initially described as recognising LPS from Greegative bacterial cell walls
(Qureshi et al. 1999Jt has subseauntly been revealed that LPS alone does not activate TLR4,
but must first form a complex with LPS binding protein, present in s€fakeda, 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 priashi et al.

2000)

1.6.2.1.4 TLR5

Flagella are found on bacteria acting as propellers to help move bacteria and aid in the
attachment of bacteria to host céll@keda, Kaisho, and Akira 2003)LR5 recognises
flagellin, a component of bacterial flage(ldayashi et al. 2001)I'LR5 has been shown to be

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

1.6.2.1.5 TLRs7,8and 9

TLR7, TLR8 and TLR9 are all located within the endosomilefcell. They are highly
conserved in terms of structure and function, all being activated by nucleic acids. TLR7 and
TLRS8 are activated by single stranded RNA from viral pathogens, identified due the high
guanosine or uridine content, with different Vspecies activating TLR7 and(Beil et al.

2004) TLR9 binds to nmethylated Cp&linucleotidecontaining DNA sequences found

commonly in the bacterial genon@®auer 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 havengiinflammatory effect(S. M. Y. Lee et

al. 2014; Oosting et al. 2014).R11, TLR12 and TLR13 have been shown to be expamn

mice, but are not thought to be expressed in hurfmbakeret al. 2015)
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1.6.2.2 TLRexpression

TLRs are expressed throughout all cells of the innate immune system. Monocytes and
macrophages express all TLRs except TI(RBzio et al. 200Q)Phagocytes express an
abundance of TLRs. Within human dendritic celigeloiddendritic cells express TLR1, TLR2,
TLR4, TLR5, and TR8, and Fasmacytoid dendritic cellisxclusively 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 RNAble1-3 below demonstrates the TLRs shown to be
expressedrom human epithelium at different sites of the respiratory tracbane.

Table1-3: TLR expression on Respiratory and Bowel epithelial cells demonstrating variable
expression of TLRs between different epithelial tissgkClure and Massari 2014)

Protein MRNA
Respiratory
Nasal TLR 110 TLR 2,3and 4
TrachealBronchial TLR 110 TLR 12,3,4,5,6,7,9 and 10
Lung TLR 1,2,4,5and 6 TLR 2,4 and 5
Bowel
Oesophageal TLR 15 TLR 15
Gastric TLR 2,4 and 5 TLR 2,4 and 5
Intestinal TLR 110 TLR 2,3,4,5 and 9

1.6.2.3 TLRsignalling

TLR activation leads to a change in the intracellular TIR domain beginning a cascade of
signalling molecules, sdggurel-6. TLRs act primarily via thenyeloid differentiation primary
response gene §BlyD88)-dependent pathway and the MyDB@8lependent pathway. In the
MyD88-dependent pathway¥|R domain ontainingadaptor poteirs (TIRAP) andMyD88 are
initially recruited. MyD88 further recruits members of theerleukin1 receptorassociated
kinase(IRAK) family of molecules, specifically IRAK4 is essential for TLR signallithgn,

Lo, and Wu 2010)The resulting cascade causes phosphorylatiorhdfitor of NFa Borotein

(b froteincausing degradation offa F u n c bacteto prdventudear factor kappa
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light-chainenhancer of activatdulcells(NF-ab) from entering the nucleus. The degradation of
| allows NFab to enter the nucleus and act as a transorigtictor for preinflammatory

cytokines(Carmody and Chen 20Q7)

Each TLR recruits a specific combination of adaptorendles to enable activation of different
transcription factors leading to the suitable response to pathogens. All TLRs except TLR3 are
able to signal via the MyD88ependent pathway. The MyD&8dependent pathwasignals

using TRAF molecules to result istavation of nuclear transcription factors including-NMB

andInterferon Regulatory Factor(BRF3) (Kawai and Akira 2007)

Figure1-6 below demonstrates the MyD&®pendent and MyD8®Bdependent pathways

visually.

MyD88-Dependent Pathway MyD88-Independent Pathway
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Figure 1-6 TLR signalling pathways demonstrating the MyD&Bpendent and MyD88
independent pathway&armody and Chen 2007)

The result of NFeb 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-8fHs currently several hundré@ilmore 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 Nodlike receptors

A further class of PRRare the NoelLike receptors (NLRs). These intracellular molecules sense
PAMPs and DAMPs within the cytoplasm. The structure of NLRs is split in to 3 functional
domains. The @erminal domain is rich in leucine repeats and binds the activating ligand to
serses the presence of intracellular threat. ddratralnucleotide binding and oligomerization
domain isnecessary for oligomerizatiomheN-terminal proteiinprotein interaction domaiis
involved in signal transduction. In the absence of ligand, thker@nal domain masks the-N

terminal domain, preventing signal transductptartinon, Burns, and Tschopp 2002)

1.6.4 Theinflammasome

1.6.4.1 Introduction

In 2002 Martinon et al described complex macromolecules within the cytoplasm responsible for
caspase recruitmeand I-1 b pr o d u c t iplexes wefe hamedanflanmasomes
(Martinon, Burns, ad Tschopp 2002)nflammasomes consist of multiple activated NLR
molecules which bind the adaptor molecapeptosisassociated spkdike protein containing a
caspase activation domaidKC). This recruits and activates caspasédhis activation leaglto

the processing of H1 b a +i&ifrorh their inactive forms to activated cytokirfEayagaki et

al. 2011; Proell et al. 2013pnceactivated cytokines act as cell signalling molecules to amplify
the immune response liocal tissue.The structure of the inflammasome is demonstrated in
Figure1-7 below, with the NLRP3 inflammasome used as an exampkeresulof

inflammasome activatiofor the activated cell is cell death and release of the cytoplasmic
contentgB. K. Davis, Wen, and Ting 201IJhis mechanism of cell death is termed pyroptosis
(Galluzzi et al. 2012)The consequences of inflammasome activationhemeforesignificant

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

1.6.4.2 TheNLRP3inflammasome
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 todivation, the NLRP3 inflammasome is activated by a diverse range
of pathogenic stimuli and also a series of-gelfived molecules. The known pathogen derived
stimuli include molecules from bacteria, viruses, fungi and protfikaaneganti et al. 2006;

Muruve et al. 2008; Dosteet al. 2009; Gross et al. 2009) addition, inorganic molecules and
ultraviolet radiation can also stimulate inflammasome asse(Bbiypé, Douglas, and Saleh

2014) Figurel-7 includes a list of activating molecules and smoalecular 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 rec@péonkanfi and Dixit 2014)No

direct evidence of ligand ihding 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 functifiratz 2010)
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Figure 1-7: The structure of the NLRP3 Inflammasom@. K. Davis, Wen, and Ting 2011)

1.6.4.3 Activation of the NLRPBflammasome

Complete understanding of the activation mechamiSMLRP3 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 Primingof the NLRP3 inflammasome

The first signal, also known as priming of the inflammasome, is achieved via activation of the
MyD88-dependent pathway or MyD8Bdependent pathwgBauernfeind et al. 2009; Franchi,
Eigenbrod, and Nufiez 200%ading to NFeb driven changes in nuclear transcription.

Activation of these pathways is most commonly through TtfRation, 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 aksen demonstrated, utilising-deiquitination of
NLRP3(Juliana et al. 2012; Schroder et al. 20 fonceptual model of inflammasome

priming can be seen ifigure1-8 below.
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Figure 1-8: Priming the NLRP3 inflammasome for activatiofElliott and Sutterwala 2015)

1.6.4.3.2 Signakttwo for inflammasome activation

Studiesof inflammasome activation have revealed several independent ways of providing the
second signal to cause assembly of the NLRR&mmhasomeén-vivo. This process is not yet

fully understoodPréchnicki, Mangan, and Latz 201@nd 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 des@thggsosomal disruption
from hypotonic incubation, chemical treatment and particulate phagocytosis led to NLRP3
activation(Hornung et al. 20085econdly movement gifotassiurmacross the cell membrane
has also been shown to activate the NLRP3 inflammad@atassium efflux from the cell,
induced by pore forming toxins or extracellular ATP activate the inflamma@daréathasan et
al. 2006) Blocking potassiunthannels reduces NLRP3 activityamkanfi 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 cholest&péndent
cytolysin irduced NLRP3 activatio@d. Chu et al. 2009; Feldmeyer et al. 200l )RP3
inflammasome activatiomirespnse to high extracellular calcium concentrations has been
reported in two studig@Rossol et al. 2012; &5. Lee et al. 2012)

Mitochondial dysfunction has also been suggested as a mechanism for activation of
inflammasomes. Evidence suggests that the activated inflammasome is localised to the
mitochondria wihin the cell(Zhou et al. 2011)Mitochondria could be a source of reactive
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oxygen specie§Zhou et al. 2011pr of adenosine triphosphate, also shown to be important in
inflammasome assemb{ipuncan et al2007) However, activated NLRP3 and caspassause
mitochondrial damage making it difficult to study which features of mitochondrial dysfunction

are a cause rather than the result of inflammasome forn{atioet al. 2014)

1.6.5 Apoptosisassociated spedke protein containing a caspasecruitment
domain

Apoptosisassociated spedie protein containing a caspaserruitment domain (ASC) also
knownas PYD and CARD Domain protefRYCARD) is a 22kDa adaptor protein essential to
many pghways of innate immune systdiiasumoto et al. 1999)t 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 teaigeal

filaments by facilitating interactions of the pyrin domajRganklin et al. 2014)This facilitates
significant caspas# activation via the CARD domain, causing thelymerization and filament
formation of precaspasd resultingin its self-activation(Fernandelnemri et al. 2007; Lu et

al. 2014) ASC is also essential in activating caspase in the NLRP1 and AILRC
inflammasomes, despite the presence of a caspase activation domain in the respective NLRs
(Compan et al. 2014dn these caseaSC appears to form a ring like structure around the

macromolecular complefMan et al. 2014)

Following activation ofhie inflammasomeASC dimers may polymerise to forra2lum
macromolecular speskvithin the cytoplasm. These have been termed pyroptosomes, as
macrophagequickly succumb to pyroptosis following ASC speck forma{iéarnandes
Alnemri et al. 2007)Following pyroptosisthe ASC specks are released into the extracellular

space.

1.6.5.1 Extracellular ASC
ASC speckseleased from a celetain their functionalityand can activate extracellular caspase

1 (Franklin et al. 2014)BarojaMazo et al suggested that extracellular ASC is released in
oligomeric form, but also concluded that extradal ASC is able to activate caspélséBaroja

Mazo et al. 2014)Neighbouring cells can phagocytose A§fecks anthe large protein

structures of the specks act in a similar way to crystals, causing lysosomal damage, leading to
the inflammasome of NLRP3 activati (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 walp recruit soluble ASC from within the céRFranklin et al. 2014)

ASC thus acts as a cell signalling molecule propagating the inflammatory response. Both ASC
and NLRP3 fragmentsave 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 anlisease

In mice, ASC speck have been detected within theealiular space of lymph nodes following
injection of Pseudomonasuaiginosa suggesting they may play a role in propagating
inflammation in response to infectigRranklin et al. 204).

Within the lungsASC specks have been detected in the supernataitlofl@dd in patients
with COPD but not seen iBAL samples from healthy dongfsranklin et al. 2014)Cigarette
smoke has been shownpgmvokethe release of ASC and soluble NLRP3 into the BAL
supernatant in micgeltom et al. 2014)

Cryopyrin-associated periodic syndres(CAPS) are known to be caused by a genetic mutation
within the gene encoding NLRRBloffman, Wanderer, and Broide 200Bpth NLRP3

particles and ASC specks have been detected in the serumeoitpatith activeaCAPS. 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

syndromgBarojaMazo et al. 2014)

1.6.6 Inflammasomes lunginflammation
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 itfection but also in neimfective inflammatory lung diseases.

Inflammasome activation has been demonstrated in models of mechanical ventitgtion A

mouse model of ventilation demonstrates that alveolar macrophages may sense cyclical stretch
and espond with activation of the innate immune system via the NLRP3 inflammé#3ovie

et al. 2013)Murine macrophage autophagy, mediated via NLRP3, has been demoristrated
propagate lung inflammation in response to hyperventilgfoZhang et al. 2014 A probable

role for NLRP3 activation has also been demonstrated usingsgAiples in adults with
ventilatorassociated lung injury demonstrating increased transcription of NLRP3 and ASC. The
same study demonstrated partial protection from ventigsociated lung injury in mice

deficient of NLRP3Kuipers etal. 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. 2013NLRP3 inflammation in response to hyperoxia is responsible for the
increased cellular permeability in hyperoxia induced lung injofliputi, Shaik, and Waxman
2010)

In adult patients with acute respiratory distress syndrome, casbegeendent 1118

production has beerethonstrated to play an important role in pathogerBsibnay 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 injGrailer et al. 2014)

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

bacterial infectionglm 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 indfuding,
pneumoniae, S. pneumoniae, S. aureus, C. pneumoniae, M. tuberculosis, L. pneumophila
influenza virus, rhinovirus, respiratory syncytial virus, @spergillus fumigatugChaput et al.
2013)

Preterm infants who develop CLD areesftventilated, 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 amportant role for inflammasome activation in CLD development. In a
mouse model, pretermice deficient for NLRP3 are protected from the effects of hyperoxia
demonstratingno caspasé activity, noll-1 b p r o d uno inflaranmatorg responge

hyperoxia NLRP3 deficient mice alseave normally developed alveolarisation, in contrast to
wild type mice(Liao et al. 2015)IL-1 b -1IbL.r al & IrLecept or ant agoni st)
a measure of inflammation follamg NLRP3 activation. In a baboon model, Liao et al
demonstrated a significant increase in this ratithe preternbaboons ventilatefbr 14 days
andgiven supplementargxygenwhencompared to matched coals. In humans L1 bIL-1ra

and IL-1b:IL-1ra atio in thefirst 1i 3 days of life are allsignificantly higher in infantsvho go

on to develop CLD compared to infants who do not develop Clid&d et al. 2015)Caffeine, a
therapy given to most preterm infantsarespiratory stimulant has also been shown to prevent
CLD (Schmidt et al. 2006Recent evidence has shown that caffeine supresses NLRP3 activity
providing a possible mechanism for the therapeutic effcZhao et al. 2019)

1.6.7 Innate immunity in newborn infants

The innate immune system is tightly controlirelteroand 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 €8egrist and Aspinall 2009pefective

regulation of neonatal innate immunity can result in excessie., whi ch can r es.t

47



Chapter 1: Introduction

neonatal onset muliystem inflammatory disorder, characterised by low birth weight, urticaria,
aseptic meningitis and hearing I¢€onldbachMansky et al. 2006\Work to understand
inflammasome activation and innate imreunnction has come from cell culture models,

murine studies anith-vivowork on adult diseases. Some work has attempted to understand the

innate immune activation in the neésorn period.

1.6.7.1 Toll-like receptors in neviborn infants

One study compared TLR rampses from cord blood monocytes between term born infants and

infants born <33 weeksO0 gestation. Stimulation of
monocytes produced less grdlammatory cytokines than term monocytes. No effect of

priming from exposie to chorioamnionitis or a gender difference was witneSledrma et al.

2014) This corroborates the finding of reduced cytokine secretion from preterm cord

monocytesn response t&.epidermidis(Strunk et al. 2012)S. epidermidiscolonises all infants

within the first days of | ife and causes a sepsi s
gestation(Vergnano et al. 2011ut is a norpathognic 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 pretermf ant s (<30 weeksd -mflammatotyi on) secreted
cytokines (IL-1 blL.-6, IL-8, and TNFU) than moderate preterm infants {313 we e k s 6

gestation) with term infants producing even higher concentrations. The diminished TLR

function is possibly tdbe 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 wéeksh u ma n (kagus Gluambfi, anch 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 gesta
low CD14 expressing/CD16 positive monocytes predominated which failed tocprpdeil -

1b in response to LPS. Cord monocytes from infant
more mature with high CD14 expression. These monocytes were capable of expresking pro

1b, but unabl e t o-1®don N mRtP 3tolowist Titddastimolationdi r e | L

was also reduceGharma et al. 2015)

The same study showed that after birth the ability of monocytestosecietbILi ncr eases t o
adult levels soon after birthising samples from peripheral blood taken at d&p from
preterminfantsbornat229 weeksd gestation demonstrated no dif

monocytes following stimulation with LP&harma et al. 2015Further work has shown that
48



Chapter 1: Introduction

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 reghsoedsation

by soluble factors than a deficiency of neutrophil phagocytic cap@tityrk et al. 2011) The

lower intracellular bactericidal capacity of preterm neutrophils compared to adults appears to be
a consequence of neutrophil immatu(igaliman et al. 1998; Peden et al. 198#)contrast,

neonatal monocytes appear to have phagocytic and intracellular bacterial killing ability equal to
adultmonocyteqGille et al. 2006)

1.6.8 Summary

The human innatarimune 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 ASCto maintain activity following release from the cell.

1.7 Bronchoalveolatavage

1.7.1 Introduction

BAL is a technique for sampling the epithelial lung fluid from distal airways and alveoli
(Connett 2000)It has been usdd 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 perigoronchoscopic
bronchoalvelar lavage is used in ventilated infafdg 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 ventilatechfant, advancing until resistance is felt. Sterile saline is instilled into the

l ung before being aspirated and coll ected.
left side increases the chance of the catheter entering the riglfPlacgek and Silverman

1983; Soong and Hwang 1994ith the aim of sampling from the right lower lobe.

1.7.2 Safety

The safety of this procedure in preterm infants has been evaldatée. point of lavage,
bradycardia and oxyn desaturation akaown 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 imsd oxygen concentration. At omainute 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 showeepartial recovery by three minutes of §@&igg, Arnon, and Silverman

1992) Long term complications from repeated sampling washinguifactant were evaluated

by comparing chest-rays of infants who underwent this procedure with controls. No difference
was found between chestray scores of the right lower lolfgyas et al. 2002Many studies

report using thisgchnique in the neonatal period with no adverse eyémigg, Arnon, and

Silverman 1992; Mi |l dner et al . 2001 ; D6ANngi o et
1995)
1.7.3 Reliability

Non-bronchoscopi®AL aims to wedge # 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 difet cellular components to subsequent samples in both non
bronchoscopic and bronchoscopic BMRatjen et al. 1994; Pohunek, Poka, and Striz 1996;

Grigg, Arnon, and Silverman 1992)ypically, thefirst sample shows a higher proportion of
neutrophils and a lower proportion of lymphocytes. This is hypothesised to indicate that the first
sample preferentially collects epitheliaing fluid from the bronchi, with subsequent flushes
sampling from more distal airwayde Blic et al. 2000)Radiological evidence from adults also
supports this theory. Serial wereays taken during andtef 3 serial instillations of contrast

media via a bronchoscope in adult ewalThe initial sample distributed more proximally than
subsequent sampl€S. 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 childrefMarsh et al. 2016)ut it is uncertain if nevioorn 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 ana(sigotecha 1999 ractional analysis in BAL
samples from neonatal patients showed no difference in volume recovered or estimate epithelial

lining fluid recovered between 2 serial aliqu@®igg, Arnon, and Silverman 1992)

BAL analysis is complicated by the variable dilution of epithelial lining fluid. Levels of urea
andalbumin have been used historically to calculate a dilution factor. THisugever

unreliable as factors such @sell time of instilled saline and airway disease have been shown
to affect these concentratiofWard et al. 1992)The RiropearRespiratorySocietytaskforce
recommends reportfy constituents of compounds within the supernatant of BAL in

concentratiorper millilitre of BAL recoveredde 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 oxyger(i@ner 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 alestrated 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 d@ratheal 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 techniquleatthave been tried are open lung biopsy, tracheal
aspirate (TA), sputum sample analysis, bronchial brushing and upper resgnatbsampling.

One study showed a difference in total protein concentration and IgA secretory component;
known to be secret from proximal airways; between TA and BAL samples in infants
(Dargaville, $uth, and McDougall 1999 his 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 comparabl®gstsc

and cytokine levels between TA and BAL taken from preterm infaridssd6 Angi o .é&dor al
some indices TA may be equivalent to BAL.

No comparison has been done on the difference in microbiome sampled using the
techniques in infants. A small adult study using healthy volunteers found no difference in the
compgsition 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 swalashgral
glottis bronchoscopic BAL of the right middle lobe and protected bronchial brugbivaglson

et al. 2011) The authors awlude 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
respiratoy tract, challenging the assertion that the whole respiratory tract has the same

microbiota(Bassis et al. 2014)

Using culture independent techniques on samples oldtaiaeBAL is well establishe(Morris

et al. 2013; Erilbownward et al. 2011; Dickson, EBownward, Freeman, et al. 2014; Bassis
et al. 2015)Even compared with modern culturing protocols, culture independent techniques
increase the detection rate of bacteria within BAL fluid from 80.4% to 9¥Diékson, Erb

Downward, Prescaott, et al. 2014)
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1.7.5 Summary

BAL is an established procedunsed to sample the distal airways and lungs for research and
clinical indications. Nofbronchoscopic BAL the preferred technique in #zwn infants. In

preterm infants nofronchoscopic BAL has been shown to reliably sample the right lower lobe
and the eience 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 Sunmmary

CLD is a major cause of lorigrm 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 cazesteimding 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 vikas 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 preterrmnfants 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 pathophysiolodyofie

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 systematiin. 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 hypothes

1.9.1 Hypothegs

1.

Infants who deelop CLD have a diffrent respiratoryractmicrobiotafrom infans who

do not develop CLD

Thenet effect obacterial colonisationf the respiratory traéh preterm infantss to

cause progressive inflammatiamich may contribute to CLD

The respiratry 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:

54

1.

10.

11.

12.

13.

14.

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 colmmisat

ventilated preterm infants

To compare airway colonisation in ventilated preterm infants between different

recruitment centres

To test the depth of sequenciofgthe rRNA 16S gent attempt to identify bacteria to

species level

To analyse seridlamples 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 colonisatian

To measure bacterial load within samples from the upper airways of pretantsiand

analyse changes over time

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

colonisation in preterm infants

To compare upper airway colonisation in preterm infants between two different

recruitment cemes

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

preterm infants

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

infants

To compare measures of alpha diversity between NPA, TA and BAL saimpmhe

preterm infants

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 compongthis BAL fluid

from preterm infants

16. To examine the prinflammatory 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 theipftammatory effect of extracellular

ASC on respiratory epithelial cells in culture
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2 Materials andMethods

2.1Patient recruitment
Patients were recruited from the Univerditgspitalof Wales Cardiff, between November

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

T Preterm infants, ventil ated. I nfants bornrn

ventilation within the first 24 hours of life for respiratory distressisgme.

T Term infants, ventil ated. I nfants born O3
neonatal unit and ventilated within 24 hours of age for araeepiratory condition. E.g
abdominal surgical problem.

T Term infants, not v eweteiklsabt egde.s tlantfiaonntasl baogr

known pathology, who are considered healthy and on thenptestward.

Any infants with respiratory pathology such as congenital adenomatous lesions or
diaphragmatic hernias were not recruited to the study. Cases ofiomaaspiration 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 appached 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 outlreak ofAcinetobacter baumannin 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 andiefants
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 Waltscs 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 inp&mdix 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. 2000and as per previous studies in the Kotecha research (Daufes 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 obtainethdnyrd 2f age at 24

hours of age.

The procedure has been widely used in other studies studying neonatal lung inflani®ation
Kotecha, Wilson, et al. 1996; Davies et al. 2010; Vyas et al. 200#@) 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, fiHdstdK) was
advanced through the endotracheal tube until it met resistance. 1 mil/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-@f lPa 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 prodare 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) samgs 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 chlof@l&raun Medical Ltd,

Sheffield, UK)was instilled via the ET. A sterile suction catheter (TendeiGRUK,

Yorkshire, UK) was then inserted to a depth equal to the length of the ET tube and a suction
pressure of & kPa applied as the catheter was slowly withdrawn. The infant was then
reconnected to the ventilator and after a pause to allow the iofeettdver, 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
sterilein-line suction device (Halyard UK, Surrey, UK) changed every 24 hdtesinfant
remahned connected to the ventilator during suctionBgmples for the study were only

collected immediately after the device had been changetent contamination of samples
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from previous aspirations. As in Cardiff, 1 ml/kg of saline was instilled t&Theibe via a

port on the idine suction device. The catheter was advanced to a depth equal to the length of
the ET tubeand a suction pressure offkPa applied as the catheterasslowly withdrawn.

After a pause to allow the infant to recover the pllacewasrepeated and the sample pooled.
Samples were then immediately frozen24t °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 th ELFINtrial. 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 recrited 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. A samples from the RVI were collected as pantoaftine

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 (Uniyep§iNorthumbria).

2.2.3 Nasopharyngeal aspirate

Nasopharyngeal aspirate (NPA) samples from Cardiff were collected contemporaneously with
BAL samples. A size 6Fr nasogastric feeding t(ibeervene, Chesterfield, UKvas gently

inserted via the nostril to the@sopharynx. A suction pressure ef &Pa was applied and the

tube slowly withdrawn. Each nostril was suctioned. 2 ml of sterile sodium chloride for
injection(B.Braun Medical Ltd, Sheffield, UKwas aspirated through the NG tube to flush

any mucous withithe catheter into a mucous specimen {Rgnnine 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 injectiB.Braun Medical Ltd, Sheffield, UK\vas
instilled directly through the nostrils. A sterile suction catheter was usespixate the fluid
from the nasopharynx under a suction pressurefokBa. 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 Bronchoalveolatavage
Samples were transported on ice immtaljafollowing collection to the laboratory.

Processing was completed within 1 hour of collection. Samples were weighed on arrival and
the empty sample traps-vweeighed after transferring samples to a microcentrifuge tube
(Eppendorf UK, Stevenage, UkQ 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 solutighife Technologies (GibcoRaisley, UK) A
haemocytometer is device used to estimate cell concentrations. It consigt&adfa
perpendicular lines etched in the middfea thick glass microscope slidehe slide has

specific dimensions, so the area covered by the grid is knmaking 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 uL of BAL fluid, followgdLBO pL of phosphate
buffered saline (PBS) with 10 mEthylenediaminetetraacetic agi8DTA) (FisherScientific.
Leicestershire, UKinto the well of the cassette. Polysine adhesion slides (VWR,
Leicestershire, UK) were used to enhance the adherence oflth to the slide. If the cell

count was greater than 1.2%X@lls/ml then a smaller volume of BAL fluid was used to give a
cell concentration of 0-2.2x1C cells/ml. The slides were air dried overnight before being
stored at20 °C.

The remainin@AL fluid was centrifuged at 10,00@xor 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 ste88d® @tuntil

further processing.

2.3.1.2 Nasophampgeal aspirate

Samples were transported on ice to the laboratory. On arrival the BAL fluid was centrifuged at
10,000 xg 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 quiosdi. Both the cell pellet and

supernatant were stored-860 °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 wwithin 2 hours of sampling. Samples were

transferred to the laboratory on ice and immediately store8D&C until further processing.

2.3.2 Bristol

All samples taken in Bristol (TA, NPA and stool samples) were immediately frozé8 &t.
Periodically, senples were transferred frozen to the laboratory in Cardiff using a heat resistant
box and freezer packs pfimzen at-80 °C to prevent thawing of samples. TA, NPA and stool

samples were stored-&0 °C on arrival in Cardiff.

2.3.2.1 Nasopharyngeal aspirate artichcheal 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 10,0@pfar 10 mins a#t °C to leave a cell pellet and

cell-free supernatant. The empty universal container wagighed to calculate sample

weight and volume using an approximated density of 1 mg/mL. The supernatant was removed
and stored a80 °C. The cell pellet was immedely 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 metiaseld fixative
followed by ared 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 microscolN&on Instruments UKSurrey, UK) atlOx
magnification. Differential cell counts were obtained by counting a minimum of 300 cells from
the digital images. Examples of cells from cytospin slides are shokigune2-1.

& 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 buffed saline

1L 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:HPQO, (Fisher Scientific. Leicestershire, UK) and 2.5 gREx (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
(SigmaAldrich, Dorset, UK)in 100 mL of deionised ¥D.

2.5.3 Sample reducinguffer for SDSpolyacrylamide 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 glyce&gmaAldrich, Dorset, UK, 2.0
ml o f ImércaptotidnolgigmaAldrich, Dorset, UK and 5 mg of bromophenol blue
(SigmaAldrich, Dorset, UK.

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

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

2.5.5 SDSPAGE running buffer

A 10x concentrated pyprepared stock solution of running buffer containing 0.25 M Tris,
1.92M Glycine and 1% SDS (National Diagnostics UK, Yorkshire, UK) was diluted with
deianised 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), 2fnl of the 10% SDS solution and 400 ml of isopropanol (Fisher
Scientific, Leicestershire, UK) to a total volume of 1000 ml in deionis€2l Aihe solution

was adjusted to pH 8.3 with acetic acid.

2.5.7 Stripping buffer
Antibody stripping buffer prepared containih0 mM mercaptoethandbigmaAldrich,
Dorset, UK, 2% SDS §igmaAldrich, Dorset, UK and 62.5 mM TrigdHCI (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 disspWia5 g of NabPQ*2H-0 (Sigma
Aldrich, Dorset, UK and 17.25 g of N&dPQ, (SigmaAldrich, 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 DNAaetion from soil
supplied by Promega. A buffer containi$yl guanidine thiocyanaté-isherScientific.
Leicestershire, UK)1% NalLauroylsarcosin€SigmaAldrich, Dorset, UK),100mM
ethylenediaminetetraacetic acE¥TA) (FisherScientific, Leicestershie, UK) and 1%
polyvinylpyrrolidone K30 (SigmaAldrich, Dorset, UK) was made using 150 mM sodium
phosphate buffer and stored at 4 °C.

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

Buffer AT 0.5M ethanolamine, 0.5 M Sodium Chloride. pH 8.3. Prepared by dissolving 15.09
mL of Ethanolamine (density 1.012 g/miSigmaAldrich, Dorset, UK and 14.61 g of
sodium chloridgFisherScientific, Leicestershire, UK 500 mL of deionised 9.

Buffer BT 0.1 M sodium acetate, 0.5 M Sodium Chloride. pH 4. Prepared by dissolving 4.1 g
of sodium acetat@FisherScientific, Leicestershire, UKand 14.61 g of sodium chloride
(FisherScientific, Leicestershire, UKin 500 mL of deionised #D.

2.5.11Hi-Trap column elution buffer

Buffer containing 15 mM triethanolamine and 140 mM sodium chloride was prepared by
dissolving 0.59 g of triethanolamiri8igmaAldrich, Dorset, UK)and 1.64 g of sodium
chloride (FisherScientific, Leicestershire, UKin 200 ml of deionised ¥D. pH adjusted to
11.5 with NaOH.

2.5.12Hi-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 sodhioride (Fisher Scientific,
Leicestershire, UK) in 100 mL of deionised®

2.5.13STET buffer

Buffer prepared by dissolving 8 g of sucrgBesherScientific, Leicestershire, UK)in H.O

and mixing with 500 pL of Triton X$igmaAldrich, Dorset, UK, 10 ml d 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 H20.
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2.5.14ELFO buffer

Buffer prepared at 50x concentration by dissolving 242 g of(BiggmaAldrich, Dorset, UK)

in deionised KO, 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-0.

2.5.15NP-40lysisbuffer

100 mL of buffewasprepared by combing110 mL of NET bufferl mL of 600 mM CHAPS
solution, 1 mL of 10 mM iodoacetamide, 10 mL of 10% (w/v)}4&R 50 uL of 50 mM
Phenylmetllsulfonyl fluorideand 77.95 mL of deionised.8. The preparation of constituent
solutions is described below. Final concentration within lgaféer is 50 nM Tris, 1% NRO,

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 Ti&gmaAldrich, Dorset, UK) 21.92 g of NaCl
(FisherScientific, Leicestershire, UKand 4.56 g of EDTAFisherScientific. Leicestershire,
UK) to a final volume of 250 mL of deionised® 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 solion
1.8 g of3-((3-cholamidopropyl) diménylammonio)1-propanesulfonate (CHAP$$igma
Aldrich, Dorset, UK) dissolved in 5 ml of deionised®

2.5.15.3 10 mM iodoacetamide
92.5 mg of lodoacetamid&igmaAldrich, Dorset, UK)dissolved in 50 mL of deionised.@.

2.5.15.4 10% (w/v) NP40
10 g of NP40 (SigmaAldrich, Dorset, UK)dissolved in 100 ml of deionised:®.

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 2
device (MP Biomedicals (Fisher Scientific, Leicestershire, UK)). Centrifugation of samples at
10,000 x for 60 seconds to remove the beads was performed. The supernatants were loaded
into the Maxwell 16 automated DNA extraction device (Promega UK, Soptioa, UK). 300

pL of the supplied elution buffer was added to the elution chamber. Samples were stdded at

°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 lakatory 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 maRaat Spin kit for Soi(MP
Biomedicals (FisheBcientific, 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 duplica

quantified 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-Breitive
and GramNegative bacteria was extracted pure growths.abli andS.aureuswere used to
test effectiveness of bacterial DNA extraction. Bacterial cultures were grown as per the
protocol in Sectior2.8. Cultures were serially diluted prior td\I& extraction. Drop counts

from these cultures estimated tecoli culture contained 1.42x1@olony forming units and

the S.aureusculture contained 7.02x%@olony forming units. The effect of adding a bead
beating step using zirconia beads (6.5 mfs8D 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 extractéd duplicate and quantified using Qubit fluorometer.

Dilution Maxwell 16 Only (Mean DNA | Maxwell 16 + Bead BeatingMean
Concentratiomg/pL) DNA Coneentrationng/pL)
E. coli S.aureus E. coli S.aureus
10° 15.7 0.26 18.9 3.78
10° 151 <0.05 0.968 0.303
104 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
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Table2-1 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 organismsHigure2-2).

<— 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 NorthumhriaNA was extracted using the Powerfoods Microbial
DNA extraction kit (MoBio (Qiagen), Hilden, Germany) as per the manufacturers ingtisictio
This kit utilises a bead beating step and a spin column to isolate bacterial genomic DNA. DNA
was stored a80 °C and transferred to the laboratories of Prof N Klein in University College

London for 16S rRNA gene sequencing.

2.7 DNA gquantification

DNA concentration was measured using a Qubit fluorometer (original model) (Life
Technologies, UK). A mastaenix was prepared using 0.5 pL of Quantifluor dye (Promega

UK, Southampton, UK) per reaction with 99.5 uL of TE buffer per reaction. In a thin walled

0.5 L. volume microcentrifuge tube 100 pL of TE was mixed with 98 uL 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 OL of 1xTE
with the kit. After calibration with the standards the Qubit fluorometer was used to quantify

DNA concentration within the samples.
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2.8 Preparation oE. coli DNA for use in gPCR

A pure culture oE. coli was obtained from Prof J Marcheii.coli was grown on gltes of

nutrient agafOxoid, ThermoFisher, Leicestershire, UsYernight incubated at 37 °C in 5%

CO,. A freezer stock was prepared using tryptic soy broth (Oxoid, ThermoFisher,
Leicestershire, UK) and DMSO (Sigrfddrich, Dorset, UK). A single colony waselected

and grown in nutrient brotfOxoid, ThermoFisher, Leicestershire, UtY)ernight at 37 °C in

5% CQ. E. coli DNA was extracted using the Maxwell 16 instrument by the method described
in paragrapl2.6. Concentration of the extracted DNA was obtained using a Qubit fluorometer
as described in paragra@ly. TheE. coli genome contains 7 copies of the 16S rRNA gene
(Klappenbach et al. 200and the total genome contains 4.6kt&se pairgBlattner 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 pumewth of E. coli was measured to be 6.125

pg/mL.

Calculate weight of 1 mole &. coligenome = Size ofE. coligenome x Molar mass per
base pair

= 4.6x10 base pairs x 650 g/mol/bp
= 2.99x16 g/mol
Calculate Molarity oE. coligenome withirsolution of extracted DNA

= Conc. of DNA in solution = 6.125x1G°g/L = 2.04849x10°M

Molar mass oE. coligenome 2.99x108 g/Mol

Mul tiply by Avogadr ods c¢ on sH ediigenommednglatad cul at e

= 2.14849x162 x 6.022x16° 1.2336x1¢? copies/L

1.2336x18copies/mL

Multiply by 7 (as there are 7 copies of the 16S rRNA gene withiktle®ligenome)

= 1.2336x18 x 7 = 8.635x10 copies of 16S rRNA gene/ml

The equations /,=C,V, was used to calculate the volume of solution and volume of sterile
H.O required to prepare a solution containing &cpies of the 16S rRNA gene per nilhe
gPCR reaction used 2.5 L of this solution giving Bxddpies of the 16S rRNA gene in the

reaction.

A serial dilution ofE. coli genomic DNA was prepared from 1X¥ldbpies 16S rRNA gene in
2.5 uL to 0.5x18copies 16S rRNA gene in 2.5 L.
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2.9 Quantificdion of bacterial load by gPCR

The assay to quantify bacterial load within samples was based on the BactQuant firitocol
et al. 2012pmplifying the V3V4 region of the 16S rRNA bacterial gene. EXments were
performed in gPCR specific reaction tub&adrmoFisher, Leicestershire, YKsing the
Chromo4 thermal cycler (Bio Rad, Hertfordshire, UK). The Opticon Monitor 3 software
package (Bio Rad, Hertfordshire, UK) was used to manage the expeainteanalyse the

results. A master mix was prepared using the volumes listeahile 2-3.

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

Volume Reagent

5 uL Platinum gPCR SupermixUDG (Thermo Scientific, Leicestershire,
UK)

2.12 uL Nuclease Free 4D (Severn Biotech Ltd, Worcestershire, UK)

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

0.18 uL Reverse Primer (100 uM) (Eurofingbersberg, Germany)

0.0225 puL TagMan Probe (ThermoFishéricestershie, UK)

The use of a master mix containing urd2NA 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 esitise 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 P@rphfication to continuéTetzner 2009)

The sequences of the primers used in this assay:
Forward Primer: BCCTACGGGDGGCWGCA3N]
Reverse Primer: MiIGGACTACHVGGGTMTCTAATC-3N;j

Primers were obtained in lyophilised form (Eurofins, EbergbGermany) and reconstituted

to 100 uM concentration using nuclease fre®Hrlhe 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 Bioch&try 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 seques to be amplified.

A TagMan Probe incorporatinggaFAM (6-Carboxyfluorescein) reporter andviolecular
Groove Binding Noffluorescence Quench@GBNFQ) was used (ThermoFisher,
Leicestershire, UK).

Sequence: (6FAM)MFAGCAGCCGCGGTANMGBNFQ)

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

The thermal cycling condition used are detailed below:
T 3 min at 50 °C for UNG treatment
1 10min at 95 °C for Tag activation
1 40 cycles of
o 15 s at 95°C for denaturation
o0 1 min at 60°C for annealing and extension

A standard curve was generated by running in triplicate a serial dilutierGafli genomic
DNA. See example irigure2-3. The graph shows good reproducibility of liegtes and good
PCR efficiency.

Samples were run in triplicate. Threshold of fluorescence to define the reaction reaching above
backgroundluorescencécT 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 gPCR experiment.
Each colour represents a 10 fold dilution of E. Coli genomic DN&fficiency of reaction =
99.9%. Background fluorescence suppressed in this figure.

2.10Sequencing 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
of Child Health laboratories of Ukersity 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@rotocol.

2.10.1gPCR 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, YiWasused 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 fi@gBioline, 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 mifibigPCR 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.

2.10.2Amplifi cation 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, spedic 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,toalowapt or s
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 beloigure2-4. 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 thevd3egion of the genare 341F primer:
CCTACGGGNGGCWGCAG an805R primer: GACTACHVGGGTATCTAATCCThese
sequences were originally designed to study marine bacterial comm(iHéidsmmann et al.
2011)but have been extensively used in next generation sequencing and have been verified
capture the njarity of bacterial phylgKlindworth et al. 2013)The primers were

manufactured by Sigmaldrich (SigmaAldrich, Dorset, UK). The amplification reaction

utilised a Tag PCR Core Kit (Qiagen, Hilden, Germany) with a master mix prepared using the

components listed iable2-4.

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 V84 region of the bacterial 16S
rRNA gene in pr@aration 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 (V3V4 region) in preparation for sequencing

Reagent Volume per
Reaction (uL)

Taq Polymerase 0.25

MgC} Solution (25 mM) 1.0

dNTP Mix (10 mM each) 1.0

Q Solution 10.0

10x Buffer 5.0

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

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

Hampshire, UK). 1.25 uL of the relevant primers at a concentration of 20 pM was then added
to each well as outlined below (

O — «
I N M < W O ™~ 0 0 A A -
S e T e T S T
O 0 0O 0O O 0 O O 0O O O O
EEEEEEEEEEEE
DD S E 'E 'Z§ '5 '£8 '=5 '=5 '=2
[n TR n W o IR o IR o FRY o WY o N o I o B o B o M 0
T T T ©T T T T T T T T T
e = A e = A e = = e vt
T © @ © © © © © © © © «©
S 222222222222 22
o o o o o o o o o o o o
O e e e e e e ¥ e T O T TS

Reverse Primer 1
Reverse Primer 2
Reverse Primer 3
Reverse Primer 4
Reverse Primer 5
Reverse Primer 6
Reverse Primer 7
Reverse Primer 8

Figure2-5) 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 perforntkin batches of 286 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 belbabla2-5.

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

Table 2-5: Thermal cyclng conditions used during amplification of the bacterial 16S rRNA
gene (V3V4 region) in preparation for sequencing
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2.10.3Purification of PCR product
Purification of the PCR product was achieved using AMPure beads (Beckman Coulter (UK),
High Wycombe UK). 35 pL of resuspended AMPubeads 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 deddead 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 ARuffer (QiagenHilden, 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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2.10.4Quantification of PCRvroduct and library pooling

The concentration of DNA obtained following the PCR reaction was measured using the Qubit
analyser ThermoFisher, Leicestershire, Yk a similar method that previously discussed.

The Qubit high sensitivity assay kifljermoFiser, Leicestershire, UKvas 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/pL due to
difficulty in amplifying these samples. Each sample was diluted to the threshold concentration
and 10 uL of each diluted DNA solution was combined into a single tube to produce an

amplicon library.

2.10.5Quantification and quality checking of library

The pooled brary was quality control checked prior to denaturation using the TapeStation
dsDNA assayAgilent TechnologiesCA, USA). In wells of a 96 well plate, 2 yL of reagent
buffer was combined with 2 pL of ladder or library. The sample was mixed on a plate mixe
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 conaeiatratio
DNA within the sample was also made from the size of the band. An example of the results
output from the TapeStation is shown belowrigure2-6. Primer dimers would be
represented by a small peak with a much lower fragment size. If pdimers were identified
the library was cleaned using the AMPure beads as previously describte darapeStation

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 amplicohbirary. 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 thdtimdlito

the lllumina sequencer on the amplicons, the library was quantified using the Next Library
QuantKit for lllumina (New England Biolabs, MA, USA). This assay ran a gPCR reaction
using four known standards to accurately quantify the concentratioNAfddntaining

lllumina 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 secondsl &3 °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 lllumina primers on the amplicons and the concentration of
the library was interpolated frorne 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)

2.10.6Denaturing, duting and loading of library into MiSeq

Sequencing was performed on a MiSeq instrument (lllumina 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 dfrisHCL. The library was further diluted to 4 pM by
diluting with the hybridization HT1 buffer (lllumina UK, Cambridge, UK). The diluted and
denatured library was combined with denatured PhiX Control v3 (lllumina UK, Cambridge,
UK) DNA to act asan internal controlalongsidehe lowdiversity amplicon library. The final
library was loaded into the MiSeq cartridge (lllumina UK, Cambridge, UK) along with the

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

2.10.7Post sequencing taprocessing

Processing of the 16S rRNA gene sequence data was performed using Mothur(&ti3a<s

et al. 2009) Mothur is aropensource softwarased for bioinformatic processing sequencing

data designed to be usedmicrobial ecology Mothur was run on the HIVE miidore

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 isvehin Appendix5. A summary

of the data processing pathway is shown belofigire2-7.
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Data output from DNA sequencing contains multiple sequences of letters entiealiases

from a strand of DNA, each sequence representing a copy of the target gene. Each individual

sequence i

S

Open data in Mothur
and demultiplex data

NS

known as a

Remove poor quality
and excessively
long/short reads

S

Align sequences to
reference database
and pre-cluster

NS

ireado

Identify and remove
chimeric sequences

N/

Clusterinto OTUs and
remove non bacterial
reads

NS

of

Statistical analysis

and graphical
visualisation

t he

target

Figure 2-7: Summaryof 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@eltiplexing of the data was performed

to identify from which samples each read originated. Excessively longrsaegiand those

sequences with excessive numbers of ambiguous bases were removed to exclude poor quality

reads. Unigue sequences within the dataset were identified to prevent duplication during the

analysis. Sequences were then aligned to the SILVA referdgiabase of 16S rRNA gene

sequencefQuast et al. 2013%equences not covering the targetW8region were removed.

Also removed were sequence data from beyond thg4/B2gion. Sequences differing in up to

2 bp were assumed to be identical, with the small difference due to errors in sequencing and so

such segences 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 tolgeelus

using the 16S Training Set reference database of 16S rRNA gene sequences downloaded from
the Ribosomal Database ProjéCble et al. 2014)A phylogenetic tree using representative
sequences of each OTU was produced using FastTree sofesiaes Dehal, and Arkin 2009)

Attempts to identify organisms to a species level was undertaken using the USEARCH
program v1QEdgar 2010)Comparing the representative sequences from each OTU to
sequences within the Ribosomal Database Pr{gade 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 speciedtimientified 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 considenet possible if >1 species had a match >97%

with the representative species.

Further analysis was performed using Phyloseq v1(#0.0. McMurdie and Holmes 2013)
within R v 3.4.1(R Core Team 2014ccessed via RStudio v1.0.143is afree software
programme angrogramming languagesed for statistical analysis and graphical presentation
of data. Phyloseq is an open access software package that is used wotkimaRle 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 achieusihg rareiication. Rareication 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 theythishave

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 Phylosiegtiamesdf

sample reads, calculations of alpha and beta diversity and productjoapbfcal figures as
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 richnesBrHyeCurtis dissimilarity index was used

as a measure of betliversity. 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 clRatsutational Muivariate
Analysis of Variancénalysis (PERMANOVA) was conducted within R using the vegan
package v2 .41 (Oksanen et al. 2016Drdination plots werdrawn using the R package
ggplot2(Wickham 2016)
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STAMP v2.1.3 (statistical analysis of metagenomic profiles) computer paRades 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 Clust\dizline softwargdMetsalu and Vilo 2015)

2.11Enzymelinked immunosorbent assay

The concentration of IL6 and IL8 in the supernatant of respiratory samples was tested using an
enzymelinked immunosorbent assay (ELISA). ELISA assays utilise a capture antibday to t
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 streptavidimerseradish perodase (HRP) binds to the detection
antibody. Between each step plates are washed with a weak detergent solution to remove
unbound or nosspecifically bound protein. Tetramethylbenzidswbstrate solution added to

the wellsresults in a blue colour develogiin proportion to the amount of analyte present in

the sample. Color development is stopped turning the emlm the wells to yellowusing stop
solution Optical density at a specific wavelength can then be measured. The diadfigorén

2-8 demonstrates this process schematically.

STEP1 STEP 2 STEP3 STEP 4 [ | LEGEND

Analyte TMB Substrate ©  Analyte
\ \

c.® ~$ 1, e v Capture Antibody
© (2]
) \ \
\ ; /i Biotinylated Detection
Antibody

K £ X Streptavidin-HRP
Y YY YY Y Yx\’ Yf V YI v, ©  Steptavic

?(’:‘al;le’g(:v{;croplate \Subsua!e
a) Vo N @
\ \' Yellow

Analyte-specific capture Biotinylated detection Streptavidin-HRP is used Tetramethylbenzidine (TMB)
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
Samples or standards Unbound materials are streptavidin-HRP is colour develops in

are added and any washed away. washed away. proportion to the amount of
analyte present is bound analyte present in the

by the immobilized sample. Colour development
antibody. is stopped turning the colour

in the wells to yellow.

Figure 2-8: Schematic diagram demonstrating the process of ELISA ad§§D -Systems
2005)

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

concentration in BAL and TA super.Albtants as
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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 incubatediglhtat 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 befioiiegil 00 L of standards, samples and
blanks (reagent diluent) in duplicate-6 Standards were prepared using a stock of
recombinant human H6 supplied with the kit. A 2x serial dilution of 4& was prepared from

600 pg/mli 9.375 pg/ml, diluting in regent diluent. Samples were diluted 1 in 10 with further
dilutions performed if values beyond the range of the standard curve were obtained. Following
a 2hour incubation at room temperature, a further wash step was performed and 100 pL of
biotinylated detction antibody diluted in reagent diluent to a concentration of 50 ng/ml was
added to the wells. Following atbur incubation at room temperature, the wash step was
repeated and 100 pL of streptavidiH&®P (diluted 1 in 40 from stock in reagent diluemgs

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 thevalsiincubated in

the dark for 20 minutes. Wells containingéLturned blue. A volume of 50 uL of stop

solution (2Nsulfuric acid) was added to each well, turning the blue to yellow. The optical
density of the wells was measured using a microplate réBgiaex 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 ap&rameter logigt 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 6 cancentration is shown belowigure2-9). The range of

detection of the assay was 600 pgim.375 pg/ml. Samples and standards were run in

duplicate.
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IL-6 Elisa Standard Curve

Optical Density

0 J
0 1 2 3
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Figure 2-9: Standard curve generated from ELISA experiment measuring IL6
concentration in BAL and TA supernatant®? values for the curvdit of the standard curve
were always >0.99.

2.11.21L-8 ELISA

A DuoSet IL-8 ELISA kit (R&D Systems, MN, $A) was used to measure thedL

concentration in BAL an@A supernatants as per the manufacturers instructions. All
antibodies and reagents were provided in the ELISA kit. The plate was prepared by diluting
the capturentibody toa concentration of gg/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 uL of wash buffer (x3). The platelecked using 200

uL of block buffer(1% BSA) solution for 1 hour at room temperature. A further wash step was
repeated before adding 100 puL of standards, samples and blanlen{raifgent0.1% BSA in
Tris-buffered saline, 0.05% Tween)Ja duplicate. 11-8 standards wex prepared using a

stock of recombinant human- supplied with the kit. A 2x serial diion of IL-6 was

prepared from 200 pg/mli 31.2 pg/ml, diluting in reagent diluent. Samples were diluted 1 in
10 withreagent diluent anfirther dilutions performe if values beyond the range of the
standard curve obtained. Following-&@ur incubation at room temperature a further wash

step was performed and 100 L of biotinylated detection antibody diluted in refgent to

a concentration of@ng/ml was aded to the wells. Following aRour incubation at room
temperature the wash step was repeated and 100 pL of streptaviRihédiluted 1 in 40 from
stock in reagent diluent) was then incubated in each well for 20 minutes at room temperature
in the dark. Afurther 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 contaimg IL-8 turned blue. A volume of 50 pper wellof stop

sdution (2N-sulfuric acid)was addedurning the blueolouryellow. The optical density of

the wells was measured using a microplate reader (Dynex Corporation, Worthing, UK) at 450

nm with a wavelength correction at 5. The value of blanks was subtextfrom the
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standards and samples and a standard curve drawn from the values generated from the known
standards using apgarameter logistic curve fit. The concentration of the samples was
interpolated from this curvé&eneration of thetandard curve anihiterpolation of unknown

values was performed using Graphpad Prism softwar@example of the standard curve
generatedrbm an ELISA experiment for H8 concentration is shown beloiFigure2-10).

The range of detection of the assay ®@80 pg/mhi 31.25 pg/ml Samples and standards

were run in duplicate.

IL-8 Elisa Standard Curve

Optical Density
e

c L) 1 L) 1
0 1 2 3 4

Log[10] IL8 Concentration (pg/ml)

Figure 2-10: Standard curve generated from ELIS&xperiment measuring IL8
concentration within BAL and TA sampleRR? values for the curve fit of the standard curve
were always >0.99.

2.12Western blotting

Western blotting is a technique to identify specific proteins within a sample allowing
visualisation dfree proteins, protein in oligomeric form or in complex with other proteins.
Proteins are initially separated by molecular weight on an@&crylamide gel using a
voltage gradient. Proteins are blotted onto a nitrocellulose membrane before beafigadsu
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 (Bitad, Hertfordshire, UK). Compatibprecast

gradient gels of 45% SDS were used to run the Western t@igrhaAldrich, Dorset, UK.

20 uL 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 lisedriA 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 PBSween for 60 minutes at room temperature. Following two 15 minute
washes in PBSween at room temperature, the membrane was incubated in primagdsnt
over night at 4 °C.

Two 15minute washes in 1xPBE were performed. The membrane was incubated in
secondary antibody (1:4000) and streptavidRP (1:10,000) for 60 mins at room
temperature. Twelve 10 min washes in PB%ere performed. The membramas incubated
with eectrochemiluminescend&CL) Prime detection reagents (&ckinghamshire, 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.

2.12.1Stripping and rgorobing 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 minutesc@ °C. Two washes in large volumes of PB®/ere
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 efficiencygf 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 antibodyseakfor each
component of the inflammasome probed. The new secondary antibody used would not detect

any remaining primary antibody from the previous experiment.

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

inflammasome components are shown belowahle?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 IgG Rabbit anfCaspase 1 p1( Santa Cruz SC515 Al514
Monoclonal IgG Mouse arhSC Santa Cruz SC271054 C1213
Polyclonal IgG Goat antNLRP3 Santa Cruz SC34498 J2011
Polyclonal Rabbit artiMouse IgG Dako Cytomation P0260 00020228
Polyclonal Goat antRabbit 1IgG Jackson 111-035045 | 95678
Polyclonal Rabbit artGoat IgG Dako Cytomation P0449 20011796

2.12.3Densitometry of Western blot images

Western blotting can be semuantified using densitometry analysis. This involves using

software to measure the density of the bands on an image of gteriielot 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 developeday film were digitally scanned and ImagéSthneider,

Rasband, and Eliceiri 2012pftware 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, transfeiirenibaded

with blocking regents and antibodies, andaashed together can be compared in this way.

Figure2-11taken 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 effddbackground

signal and the area under the curve of the representing the density of the selected band from
the gel is measured by the software.

2.13Cell culture and stimulations

2.13.1Maintenance of cells in culture

Frozen stocks of A549 cell line and BERSB 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 CollectiaiATCC, Virginia, USA). Both cell lines are immiatised

cells originating from the respiratory tract. The A549 cell line originate from culturing human
alveolar basal epithelial cells from an explaraeeénocarcioma from &8-yearold caucasian
male(Giard et al. 1973)A549 are adherent cells that form monolayers when cultured in
flasks. A549 cells have been widely used amaitro model of alveolar epithelial cells
(Zhihong Zhang et al. 2005; Sombofda | ur a et al . 2018)

BEAS-2B cells are immortalised cells originating from human bronchial epith¢Reddel et
al. 1987) The BEAS2B cell line is commonly used as anvitro modelof human bronchial
epithelial cell{Peeters et al. 2013; C. E. Stewart et al. 20IR¢se cell lines were chosen due
to extensive use of these cells in the literature particularly in the sfymymonary
inflammation and to allow comparison of an alveolar epithelial cell line and a bronchial

epithelial cell line.
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A549 and BEAS2B cell lines were maintained in 25 eftasks (Life Technologies (Nuic
Paisley, UK) using Roswell Park Memoriaistitute 1640 (RPMI) media with glutaMAX

(Life Technologies (Gibco), Paisley, UKlipplemented with 10% (v/v) fetal calf serum (FCS)
(Life Technologies (Gibco), Paisley, UK) and 3% (v/v) amino aflidfe Technologies

(Gibco), Paisley, UK)Preparation ofells 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, UKAfter briefly mixing the cell suspension by

hand, the cells were centrifutyor 5 minutes at 5000 The supernatant was removed and
cells were seeded into flasks and incubated at 37 °C in 59witCb ml of supplemented

RPMI media.

Confluent flasks were split using 0.05% tryp&BDTA (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 preday trypsinisation of a flask of cells at 90%
confluency during exponential growth phase. The cell suspension was centrifuged agg5000 X
for 5 minutes and the supernatant discarded. The cell pellet was resuspendeain 1

freezing medium composed BES supplemented with 10% DMSS8igmaAldrich, Dorset,

UK) to prevent icecrystal formation. Cells were frozen-80 °C immediately after

resuspension in freezing medium.

2.13.2Cell stimulations

Cell stimulation experiments were performed using both AS4B&#S-2B cells maintained

in culture as previously described in sect®h3.1 In preparation for stimulation, cells were
seeded to a 2#ell plate(LifeTechnologiegNunc), 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 RPMIgove a cell count of 1x®&ells/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%,@®Dachieve 8®0% confluency.

All cell stimulations were performed in tsupplemented human endothelial serum free media
(LifeTechnologies (Gibcp Paisley, UK) Cell stimulations using BAL fluid and rASC were
incubated overnight at 37 °C in 5% €0

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

Cell supernatants and lysates were storedatC until further analysis.
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2.13.3Measurement of cytokines in supatant 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

ma n u f a mgtructioesoThis cytometric bead array (CB#)uses beads coated in

antibodies for 6 specific primflammatory cytokines (It8, IL-1 b , -6, IL-10, TNF, IL-

12p70). When incubated with a sample and secondary antibody, the fluorescence intensity of
the beads was proportional to the concentraticghetytokine in the sample.

20 uL of suspended mixed cytokine specific beads were mixed with 20 uL of sample and 20
uL of secondary antibody. The tubes were incubated protected from light for 3 hours at room
temperature with regular vortexing to resuspleedds. Samples were centrifuged at 5090 x

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

A FACSCaliburflow cytometer(BD Biosciences, Oxford, UK) was used to measure the
fluorescencéntensityof beadsA minimum of 3000 bads 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 Bsciences, Oxford, UK) was used to interpolate the
median fluorescence intensity of the beads for each cytokine from the standard curves.

2.14Immunoprecipitation of ASC from pooled bronchoalveolar
lavage supernatant

Immunoprecipitation uses antibodies to @tpla sample of the target protein. The antibody

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

bind antibodies nospecifically.

ASC was depleted from BAL samples prior to cell stimulation experiments twatgpASC

on cytokine production by the cultured cells. PAS bdatermoFisher, Leicestershire, UK)

were prepared by suspending 0.1 g of beads in 1 mL of sterile PBS. Preclearing of the samples
to assess for nespecific binding to the beads was achielbgdncubating 20 L 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 1@000 2 minutes and the supernatant

removed. The preclear step was repeated twitteeach sample.

Polyclonal Rabbit arHASC 1gG antibody $anta Cruz Biotechnology, Heidelberg, Gernjany
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 fIPA&S 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 xg for 2 minutes. The supernatant was aspirated and storéd &€ 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 g for 2 minutes was performed and the supernatsotrded. After the final

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

The pellets were then prepared for running on an-BBSE gel for Western Blotting under
reducing conditions as described in secd? 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 tha@sktasdentify ASC within clinical samples
(see sectio.12.9. Successful immunoprecipitation was confirmed by identification of bands
at the correct molecular vwght for ASC in the immunoprecipitation sample, but not in the
preclear sample.

2.15Purification of rASC
2.15.1GrowingE. coli containing ASC plasmid

A stock ofE. coli transformed to contain a plasmid containing the gene for ASC production
was kindly donated biprdf K Fitzgerald University of Massachusetts Medical Schofdte
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 ye@xoid/Thermoscientific,
LeicestershirelUK) and 5 g of NaCl (Fisher Scientific. Leicestershire, UK) in deionis&d H
to total volume of 1 L. To prepare Luria agar, 15 g of #@xoid/Thermoscientifi,
LeicestershirelUK) was added to the prepared broth. The preparations were autoclaved to

sterilise prior to use.

E. coli was cultured on Luria agar plates containing @@0nL ampicillin overnight at 37 °C.

A single colony was picked and grown in 15ialria Broth containing 15 pL of 2000 mg/mL
ampicillin and 7.5 uL of$ o p r elplytHiogdbactopyranosid@PTG), to induce ASC

synthesis. Two 15ml growths were prepared and incubated at 37 °C in a shaking incubator
overnight, or until the solution was cldy. 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 cloudyThe cultures were centrifuged at 10,009 for 45 minutes to create a cell

pellet and the supernatant discarded. The cell pellet was resuspended in 1XPBS and-stored at
20 °C.
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TheE. coliorganisms were lysed using a freeze/thaw technique allowing the suspension to

completely freeze and thaw 6 times.

2.15.2Purification by immunoaffinity chromatography

ASC was purified by immunoaffinity chromatography. Lysate firooli cells described

above wa passed over immunoaffinity columns consisting of polyclonal ASC antibody
covalently bound t&N-hydroxysuccinimidectivated 1 mL HiTrap columns (GE,
Buckinghamshire, UK). Columns were prepared using 1 mM hydrochloric acid to wash out the
isopropanol wihin the column. 1 mL of rabbit polyclonal IgG att&C antibody 200 mg/mL
(Santa Cruz Biotechnologieidelberg, Germanywas injected onto the column and

incubated for 30 minutes at room temperature. A further 1 mL of antibody was injected into
the columrand incubated for 2 hours at room temperature. The column was deactivated using
alternate injections of alkaline and acidic buffe
instructions. A final injection of 1xPBS with 0.1% NapH 7 was added to neatise the

column pH and preserve the column prior to use. The column was storéd.at 4

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 collinencolumn

was then washed with 1xPBS 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 prdiaturation. The column

was then restored to a neutral pH with PBS and the procedure was repeated for all the lysate.

Figure2-12 demonstrates the purification jgess.

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 Centri®las 20 centrifugal filter (Millipore, MA, USA).

Protein solution was centrifuged at 112pat 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 @ PBS.

2.15.3Determining 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 tynesand 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-df50.@ne of

BeerLambert 6s Itateg: equati ons

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 correctsi$doyt detracting the

absorbance at 260nm (the peak absorbance of nucleic acids) from that at 280nm using ratios
determined by early research€gsoscheck 1990; Layne 1957)

Protein conc. (mg/ml) .55 X Aol 0.76 X Ao

2.15.4Determining 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 préketes-o
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 witi250 pL of 10 mM HSOy (Fisher Scientific, Leicestershire, UK) at 100 °C for 30
mins. Samples were then cooled to room temperature and incubated with 125 uL of 40 mM
periadic acid (H10s) (SigmaAldrich, Dorset, UK in 60 mM HSQ: (Fisher Scientific,
Leicestershire, UK). 125 pL of 0.2 M NaAs@SigmaAldrich, 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 uL of 0.6% aqueousltitioic
acid SigmaAldrich, Dorset, UK was added and samples were incubated at 100 °C for 15
mins. Finally 500 pL of DMSOSJigmaAldrich, 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 availalidecoli LPS (SigmaAldrich, Dorset, UK was drawn

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

Short interfering RNA (siRNA) can be used to inhibit gene expression of specific genes. First
demonstated using double stranded RNA in musclesashatodegFire 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 TLRPSiIRNA-hTLR2) and TLR4 psiRNA-hTLR4) were
obtained (InvivogenToulouse, France). The plasmids contained a zeocin resistance gene. The
structure of the plasmid is seen belowigure2-13.
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Figure 2-13: Structure of siRNA plasmid incorporating zeocin resistance gene.
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2.16.1Transformation of competeft coli cells

Luria Broth and agar were prepared, as in se@ith.1, with 25 pug/ml of zeocirfinvivogen,
Toulouse, Francegs the selection antibiotic. Competéntcoli cells (Chemicorp GT116, Lot

# G6G37-01A) (Invivogen, Toulouse, France)ere 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 Lua 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 ingaiver

containers.

2.16.2Purification of plasmid DNA using a phenchloroform DNA extraction
Cultures oft. coliwere centrifuged at 15000gfor 30 minutes to form a pellet of bacterial

cells. The pellets were resuspended in 400 pL of STET buffer. The orgawesm 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 15000gand the resulting cell pellet of debris fronetlysed 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 1000 x
for 15 mins. The aqueous upper layer wg@rated and kept. To this an equal volume of
chloroform was well mixed before centrifugation at 150@fer 15 mins. Sodium acetate
solution (20 uL of 2 Molar concentration) was added to the samples and 1 mL of ethanol.
Samples were placed &0 °C forl hour to precipitate the DNA. After thawing the samples
were centrifuged at 15,000g¢or 20 minutes and all the supernatant removed. Stesile(B0

pL) was used to dissolve the purified DNA.

To assess the success of isolation of the recombinant glassample of the DNA was run on

a 1% agarose gel prepared with ELFO buffer. Ethidium bronTider(noFisher,

Leicestershire, UXwas added to the gel prior to setting the gel using 10 pL per 100 mL of
buffer. Ten microliters of DNA from each extraction waed 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 Radkertfordshire, UK)or roughly 60 mins and

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

2.16.3Transfection of mammalian cells

A549 and Bea2B cells were grown in small flasks to-80% confluency as previously

described. Atraisect i on cocktail was preparedpuin 2 mi
of plasmid DNA solution was mixed with 9 of Opti-MEM 1 media(Life Technologies

(Gibco), Paisley, UK) | n t uph ef Lipofectamihe®2000 (Life Technologies

(Invitrogen), Paisley, UK) was mixed with 9QL of Opti-MEM 1 media. Both tubes were

incubated at room temperaturefelt® mi nut es. Tubes AAO0 and fABO
incubated for 20 minutes. During this incubation cells were washed twice witiMEMi-1

media and I in 1 mL OpttMEM 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 medfaife Technologies (Gibco), Paisley, Ukihd allowed to grow in

RPMI media for 2 days. RPMI media with zeocin antibiotic (u§0nl) (Life Technologies

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

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

lysatesgenerated as in.13.2and using the protocol in secti@ril2

2.17Statistical analysis
Statistical analysis of data was performed using the statistical package R versi¢R &dr2

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

Normality testing was performed using the Shapfitk test. Normally distributed variables
were analysed and presented using means, standard deviationstesiccarnparing means.
Variables not normally distributed were presented using medians anduattite ranges to
reduce the impact of outlying result&riables not normally distributed were compared using
nonparametric test such awependent MarVhitney Uted for two groups or th&ruskak
Wallis testfor more than two groups. Categorical variables were compared using-the chi
squar ed teastavas.usedasia pdadstest following a significant result in a Kruskal

Wallistestduetothengmar amet ri ¢ nature of Dunnbés test.

Odds ratios were calculated using an online calculator and the results expressed with 95%
confidence intervals andpavalue(MedCalc 200).

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. 2016PERMANOVA s a norparametric multivariate statistical tektat uses
dissimilarity measurements comparehe position of centroids and dispersion around the
centroids of groups. The dissimilarity measuremesed in this work was the Braurtis
dissimilarity indexWith PERMANOVA ap value <0.03neans that either the centroid and/or
the spread of the objects is different between the gr@uperson 2017)

Visualisation of differences between groups using the-Bnaris dissimilarity index were
made using nometric multidimensional scaling (NMDS) plots in Phyloseq withi(PRJ.
McMurdie and Holmes 2013NMDS plots are ordination plots displayiobgjects in this case
samplescharacterized by multiple variables so that similar objectslase to eaclther and
dissimilar objectsor samplesare farther from each othddMDS plots utilise many variables
and define the distances between the objects ininiénsioml 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 adjustedpiinaise the stress for all data points. The lower
the final stress value the more representative {then2nsional plot is of the distances in the
original multrdimensional space. Stress values less than 0.25 are usually considered

acceptable.

2.1 Contributons 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 Memcastle

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 cdrthecking for
sequencing of the NPA samples was undertaken by myself kingly supervised by Dr D Alber. |
competed the postequencing data processing and all statistical analysis. Combining the
sequencing data from the different sample types was compbatédg 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 BacterialColonisation 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 how generally accepted
(Pragman et al. 2012; EDownward et al. 2011)The microbiota in healthy adult lungs is
characterised by the presencdobteobacteria, Firmicutes, and Bacteroidetes at the phylum
level. PseudomonasstreptococcusPrevotellg FusobacterisandVeillonellapredominateat

gerus level(Beck, Young, and Huffnagle 2012)

Access to sampling the lung microbiota is usually via bronchoscopic bronchoalveolaritavage
children and adultéConnett 200Q)However, sputum analysis has been used as an alternative
methodology(Hogan et al. 2016; Balbi et al. 20@)oiding an invasive procedure. In n&arn
infants, there is limited experience of bronchoscopic bronchoalveolar Iédggiager et al.
2019)with the size of airways in preterm infants making itatecally difficult procedure. A
nonbronchoscopic approach is generally undertaken as a research technique to obtain samples
for microbiological and inflammatory resean Kotecha 1999)Communitywide microbiota
analysis from the lungs of preterm infants has not been previously undertaken with previous
studies utilising TA sampigLal et al. 2016; Lohmann et al. 2014; Wagner et al. 26id)

NPA samples taken from studies involving term infgBigsbroek, 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 Pradbacteria and Firmicutes with Actinobacteria the next most abundant
found consistently across several studigghmann 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 organi@eeton et al. 2011; Davies et al. 2010)

Pulmonary infection is a common complication of ventilatiopreterm infants occurring 2.7
to 10.9 episodes per 1,000 ventilator d@ysrnada et al. 2014)Vide variation is explained by
the risk of gestation with earlier gestations at higher risk. The most comrsolated
pathogens in culture based studiesReseudomonas aeruginoaadStaphylococcus aureus
with Klebsiella pneumoniaandEscherichia colalsoreported(Apisarnthanarak et al. 2003;
Cernada et al. 2013)
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3.2 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 colmmsat

ventilated preterm infants

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

recruitment centres

6. 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) 259 246 26.8 0.008
(24.7-26.7) (23.526.6) (25.029.5)
BW, Med(IQR) 746 630 835 <0.001
(674-890) (530-715) (685-1187.5)
Maternal Age, Mean (SD) 31 (6 32 (9 27 (9 0.05
Infant from a multiple 11(31.4) 15(51.7) 6 (30) 0.17
pregnancy n (%)
Apgar at 1 min, MedIQR) 6 (56) NA 5 (35) -
Apgar at 5 min, MedIQR) 8 (7-9) NA 7 (68) -
Ventilation Days, Mean 21 (19) 31(17) 34 (60) 0.08
(SD)
Non-Invasive Resjpatory 51 (27) 48 (35) 44 (37) 0.38
Support Days, Mean (SD)
Low flow Q days, Mean 18(15) 14 (16) 9 (12 0.04
(SD)
Length of Hosjtal stay 98 (35) 95 (41) 104 (61) 0.99
(days), Mean(SD)
CS delivery, 1(%) 16(45.7) 10(34.5) 10(50) 0.51
O at 28 days, (%) 34(97.1) 29(100) 16(80) 0.009
O, at 36 weeks, (%) 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, (%)
Postnatal steroids for 2(5.7) 6 (20.7) 9(45.0) 0.002
ventilator dependence, n
(%)
Home Q, n (%) 17(48.6) 11(37.9) 3(15) 0.045
b9/ x DK&)RS 6(17.1) 8(27.6) 1(5) 0.040
EBM Ever, 1t%) 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 Kruskadallis test for continuous variables and clkguared
test for binaryvariables.

Table3-1 above shows the demographics of infants recruited from the three neonatal units. This

shows that the infants recruited from the neonatal uRtvatwere had a lower both weight and

were of an earlier gestation. Despite having on average more mature infants rdofaitésl

were ventilated for longer and had the longest median stay in hospital in UHW suggesting likely
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differences in clinical pietice between the unitfRates of CLD were high in recruited infants
(65.094.3% 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 fromWcastle

DNA extraction of samples from Newcastle was kindly performed by Greg Young, PhD
Student at the University of Northumbria, and sequencing of tRg4/i&gion of the bacterial

16S rRNA gene was performed by Dr D Alber of University College Londding 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 methodolog@ertion2.10.7 The assigned OTUs were used in further
analysis.

107 TA samples from 29 infants were selected to be analysed for thisSamgles from
Newcastle underwent DNA extréan in three batches, each with an appropriate DNA
extraction negative control. 70 samples (65.4%) were successfully amplified. gPCR data
showed that the DNA extraction control associated béftheswo andthreewaspositive for
bacterial DNA, suggestincontamination 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, alsosuggesting 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 controlareisho
Figure3-1. The first batch of samples demonstrates dominant phyla (>50% of reads from a
single phylum) present in most samples with the identity of the dotrhgdum either

Firmicutes, Proteobacteria, or Actinobacteria. This is consistent with previous studies which
have identified these organisms within TA samples from intubated preterm ififfanteann 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 thefent 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 @hJs fr
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 contanuhtit@d® and 3¢
batches of DNA extraction. Arrows indicate the DNA extraction control samples. No amplification was seen in the extraatiool sample from batch 1.
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Figure 3-2: NMDS plot of TA samples from Newcdstcoloured by batch of DNA extraction.
Samples ordinated by Bra@urtis dissimilarity index. Stress Value &.144.

Figure3-2 shows a on-metric multidimensional scalingNMDS) plot of all the samples

ordinating by BrayCurtis dissimilarity index identifies a clear grouping of the samples from
batch 2 and 3 of DNAxraction, 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
concens 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 Samplesrom Cardiff and Bristol

Tracheal aspirate samples were obtained from 35 preterm infants in Bristol and 20 preterm
infants in Cardiff. A total o278 TA samples wereollected with276 suitable for DNA

extraction (1 sample empty, 1 cracketlj 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 colonisatiBigure3-3 shows the number of samples excluded

at each stage of the analysis.
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Preterm Infants
Recruited
Bristol=35, Cardiff=20

Y

TAF samples collected:
276 from 47 Preterm
Infants

—* 229 samples failed to amplify 16S gene

48 samples amplified
16S gene from 20
infants

—>1 sample excluded due to co-clustering
with negative controls

Resultsincluded from
47 samples

Figure 3-3: Flow-chart of TA sample analysis

3.6 Sequencing results from tracheal aspirate samples

Following removal dlow-quality reads and chimeric sequen¢be number of reads ranged
from 8,665 to 426596 reads per sample with an average of48®reads per sampl€he
number of ambiguous bases per sequence accepted was set@eesample was discarded
due toco-clustering with negative control samglgsed-igure3-4 below). Results fronthe
threeDNA extraction controls contained 2 to 7558 reads per samplefication tdb000 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 soft@dstsalu 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 samptagure 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-2 was very low. This indicates that bacterial colonisation only commences
during this period. Contr@rsy exists regarding the possibility of antenatal colonisation of
infants within the woml§PerezMufioz 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 bactedaltl@aimportant 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 peailg at days 84 despite antibiotic treatment being continued in the vast
majority of infants. Average bacterial load then falls. This pattern is mirror€igjume 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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A

aspirate samples

1 400000
1 200000
1000000
B00000 —

GO0000

165 per ml of sample

nnies

B Percentage of tracheal aspirate samples positive
for bacterial DNA over time

165 hactéria

equenced for

Figure 3-5: Comparing the presence of detectable bacterial DNA by two methods in tracheal
aspirate samples from intubated preterm infantsi Average bacterial load against time. B
Percentage of samples that were successfully arigalifor 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 samplgare3-6 andFigure3-7 demonstrate the

identity of the bacterial phyla and g&a 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%) saargesinant 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 Padiacteria were unclassified
Enterobacteriaca@ndAcinetobacterwhile Staphylococcudominated the identified

Firmicutes.

Tenericute®rganismsUreaplasmaspecies antlycoplasmaspecies, were detected in 30/47
(63.8%) samples. These organisms were tmidant 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 expectecatiduman colonised niches are dominated with these three
phyla. These are also the phyla identified in previous studies looking at airway colonisation in
intubated preterm infanttohmann eal. 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 awwe#ks gestational age.
Bacterial phyla identified by sequencing of the 16S rRNA gene. Samples are displayed combined in three-ghmufiisst 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 gestatiorizetgeial phyla

identified by sequencing of the 16S rRNA gene. Samples are displayed combined in three gtbagisst 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 therB»8A gene could not be amplified

(82.9%). The high rate of sterile sampheay be partlyexplained by the widespread use of
antibiotics in preterm infants. 219 (79.3%) TA samples were taken while the irdant w
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%Ci51.383
p=0.002) (SeeFigure3-8). Antibioticsmaysupress bacterial growth and colonisation within
the airways of preterm intubated infaatsd affect diversity of bacterial communitid$e high

rate of antibiotic use in the early daysifé 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 (Figure3-5).

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 takereotfbiotics n = 58. OR = 2.91, 95%CI
= 1.485.73, p=0.002.

Figure3-9 shows that at a phylum level Tenericutes were significantly more abundant in TA
samples takerrém infants on antibiotics than those taken from infants off antibiotics. At a
genus levelsignificantly higher proportion dflycoplasmaandPseudomonasereidentified in
TA samples taken while on antibiotics than those takle@nnot on antibioticsMycoplasmais
not targeted by usual empirical antibiotic regimens used in most neonatgNatitsal
Institute for Health and Clinical Excellence 20%B)it is likely therefore, tha#lycoplasma
species are able to proliferate when other genera are suppresseibiofic therapy.
Pseudomonasrganisms are known to cause respiratory infections in preterm infants. The
significantly higher proportion d?seudomonasrganisms detected in TA samples taken while
infants are on antibiotics may represent the bloorhisfdrganism 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 saggohnd 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

usedin preterm infants.

Ph y | U m 95% confidence intervals
Tenericutes g— | — 3.53e-3
Proteobacteria ——— ' g — 0.106
Firmicutes mm—— : T : 0654 3
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0.0 58.8 -40 =20 0 20 40
Gen US Mean proportion (%) Difference in mean proportions (%)
Mycoplasma g———— Iy ! 0.013
Pseudomonas fg— o 0.039
Ureaplasma g—— t:—o—i 0.128
Escherichia/Shigella | k . 2 T 0.155 °
Sphingomonas |gg —eo— 0.260 %
Enterobacteriaceae_unclassified e ' o { 0.679 ;
Staphylococcus [——— F t ! 0.833
Morganella [y A 0.834
Serratia [ ' O { 0.881
Acinetobacter [ ' ® 4 0.984
0.0 30.1 -30 -20 -10 o] 10 20 30 40
Mean proportion (%) Difference in mean proportions (%)

1 On Antibiotics

mm Not on Antibiotics

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

The alpha diversity indices from TA samples were low due to the presence of very dominant
OTUs within most sample§he median number of species observed in all the samples was 9
(IQR 7-13). The median number of species observed campaamples taken with infants on
antibiotics compared to samples taken wiméantsnot receiving antibiotics were 10 (IQR 6

16) and 9 (IQR #12). Antibiotics had nasignificanteffect onany of the alphdaiversityindices
studiedwithin the TA samplesuccessfully sequenceBigure3-10) thus suggesting that
antibiotics had suppressed overall bacterial load rather than reducing diversity by eliminating

only certainorganisms.
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Figure 3-10: Effect of antibiotics on alpha diversity measures in TA samples from preterm

infants.
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3.10Inflammation 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 detedite bacterial DNA Figure3-11). This suggests that the bacterial

organisms detected are causing an inflammatory reaction within the lungs of preterm infants,

thus aninfectious process. Individual infants are known to have episodic peaksSainitd IL-8

during the first two weeks of life when measured serially within bronchoalveolar lavage

sampleqS. Kotecha, Wilson, et al. 1996; S. Kotecha et al. 199§)re 3-12 shows that

similar patterns of cytokine concentrations are seen in four individmaf ant 6 s

TA
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this study. This figure also shows that cytokine concentrations show parallel increases with
bacterial load in TA sample20 episodic peaks of B concentration within TA supernatant
>50,000 pg/mh were witnessed in 19 infants. &Bisodes (65%) were associated with bacterial

DNA being successfully sequenoeihin 24 hours of the peak cytokine concentration.

IL6 Concentration in TA samples by Sequencing Result
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Figure 3-11: Amplifiable bacterial DNA is associated with higher 16 and IL-8
concentration in TAsamples 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 respaas 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 11-6, 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 as8ltoncentration. The colours of the bacterial genus shown in the stacked bar
charts are as irFigure 3-7. The Hue line on cytokine figure indicates the duration of time the infant was receiving antibiotic treatment.
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3.11b-Diversity to compare individual infants

Figure3-13is an NMDS plot using the Bra@urtis Dissimilarity index to ordinate each TA

sample. Colouring samples from the same infant and linking them with polgigorenstrates

t hat most infantsd samples group together with re
Therefore, each infant appears to have a separate colonisation pattern which is seen repeatedly

in serial samples causing the grouping together on B Siplot.
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1.0-
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Figure 3-13: NMDS plot of TA samples ordinated using Bragurtis dissimilarity index.

Each colour and polygon represents samples from an individual infe8tress = 0.18.
3.12Comparingcolonisation 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 26/2251%b) from Bristol and 21/61 (34.4%) from

Cardiff (p<0001, chi squared test). The Cardiff recruitment centre had an outbreak of
AcinetobacteBaumanniiwhich is known to cause respiratory infections, possibly contributing

to this difference.
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3.12.1 Bacterialload differences.
Figure3-14 demonstrates that there was no difference between the two recruiting sites for the

bacterial loads of samples that were successfully segdeor 16S rRNA gene.

1e+086

1e+04

12402

1e+00

Bacterial Load (copies 16S gene/ml, Log scale)

NBT UHW

Recruitment Site

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 = Univesity 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)

3.12.2Comparing bacterial community structure

Figure3-15shows an NMDS ordinating each sample by the Eaytis dissimilarity index.

The samples are coloured by recruitment centre with the centroid of each group plotted with
spikes to each samplenlvariate PERMANOVA analysis of this difference shows R

0.044, p=0.026. Agrmutation test for homogeneity of multivariate dispersipss0.73,

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 he colonisation patterns between the 2 recruiting

centres, stress value = 0.1IBERMANOVA R? = 0.044, p=0.026.

3.12.3Comparison of individual genera between sites

Figure3-16 shows only the wst abundant 10 genera in the dataset comparing average
abundance between theo collection sitesUsing the 10 most abundant geniexauded 91.8%

of reads within the dataséthe only significantly different genus Aginetobacter This can be
explained by the presence of Acinetobactebaumannii 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 identifigdhe results. Thabsence of other differences

indicates there was ndfférences in the organisms identified betweentiih@sites

95% confidence intervals

Acinetobacter m——————my 00— ! 0.014
Serratia F—= )|—®—1 0.080
Morganella b=x i—O—:i 0.106
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Ureaplasma == H—o— 0.147 =
Sphingomonas 5 o 0.147 ?
Enterobacteriaceae_unclassified Fla——— ——t+— 0.160 =
Staphylococcus B —t @ i 0.220
Pseudomonas By —0+— 0.541
Mycoplasma By —_—— 0.881
A A | !
0.0 35.2 =50 -40 -30 -20 -10 O 10 20 30 40
Mean proportion (%) Difference in mean proportions (%)

3 NBT 3 UHW

Figure 3-16: Comparing the mean proportion of the most abundant 10 genera in TA samples
taken between 2 recruiting centres. Number of sampldstW = 21, NBT = 26.
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3.12.4Comparing 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 betwdermntites Figure
3-17).
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Figure 3-17: Effect of recruitment centre on alpha diversity measures, NBT n=26 UHW
n=21.

3.12.5Sensitivity analysis removing infants culture positiveAgmetobacter
baumannii

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

four infants who were known to ha¥einetobactecolonisation/infection from culture results
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from screening performed on all infants at the affectediste removed and the sensitivity
analysis performed. Of the four infants colonised witimetobactebaumannij three had

tracheal aspirate samples with successful 16S rRNA sequencing.

Figure3-18 shows an NMDS plot of samples from both recruitment centres with infants culture
positive forAcinetobacter baurmaii excluded. This shows the difference between centres
remains. PERMANOVA angkis shows that this difference remains statistically significant.
Figure3-19 shows differences in the top 10 individual genera between recruitment centres
following theremoval of infants culture positive fécinetobacter baumannimo longer being

a difference in proportions @cinetobactebetween 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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Site
NBT

0.0- a — ‘ = : @ uHwW
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Figure 3-18 NMDS plot of TA samples from infants not colonised wifitinetobacter
baumannii. Ordinated by BrayCurtis dissimilarity index. Stress = 0.195. PERMANOVA R
0.058, p=0.027. UHW n=11, NBT n=26.
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95% confidence intervals

Enterobacteriaceae_unclassified — I @ L { 0.064
Morganella s |—.—:| 0.104
Mycoplasma = Il—.—{ 0.029 %
Serratia [HEE —e— 0.079 G
Escherichia/Shigella [ H—e— 0.130 é
Ureaplasma == FH—e— 0.188 "
Staphylococcus [EE— | —0 1 0.674 =
Sphingomonas = —e—-H 0.140 ;
Pseudomonas By —0— 0.401
Acinetobacter | @ 0.102
1 I 1 I | ]
0.0 35.1 -60 -40 -20 0 20 40
Mean proportion (%) Difference in mean proportions (%!

I NBT [ UHW

Figure 3-19: Difference in colonisation of individual genera between recruitment site with
infants culture positive forAcinetobactetbaumannii excluded. UHW n=11, NBT n=26.

The Acinetobacter baumanniiutbreak did not fully explain the differenbetween 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.

3.13Effect of delivery mode on airway colonisation

Delivery mode iknown to influence early life colonisation across many anatomical sites in
new-born infant§DominguezBello 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 generaiginetobacteandPseudomongsandMycoplasman those infants b by
vaginal delivery (Se€igure3-20). Colonisation by these organisms would potentially occur
during vaginal delivery. Infants born by caesarean section had a larger proportion of
StaphylococcusSkin organisms such as those within $taphylococcugenera would be more
likely to be the pmary 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, Caesaredelivery n=11.
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3.14Summary 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 withinthe majority of samples, an association between positive samples and rafised IL
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 hegbfreamples with

no detectable bacterial DNA suggeitat any colonisation occurring between the detected
infective episodes is below the level détection of the methodology. Comparing recruiting
centres showed differences in bacterial communitiesdsst the two sites that was not fully
explained by an outbreak Atinetobactebaumanniin Cardiff, suggesting environmental

factors mayaffectbacterial colonisation of the airways. Delivery mode was shown to have a
significant effect on organisms detied in TA samples.

3.15Bronchoalveolar lavage Samples

Due to the suggestion of awfective procesoccurring during early colonisation of the airway,
nonbronchoscopic bronchoalveolar lavage sampiere used to analyse deeper within the
respiratory tractd look at lung colonisatioand reduce the impact of ET tube colonisation

confounding results.

3.16Patient recruitment

Recruitment of infants from the neonatal unit of the University Hospital of Wales occurred
between November 2014 and August 2016. A tot2l0oihfants 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 ofAcinetobater baumanniipreviously 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 inTable3-2.
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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 (P0) 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 Aggyears) mean (SD) 27(5) 22(5) <0.001
Maternal IV antibiotics in labour, (§6) 4(20) 0(0) 0.39
Maternal GB®olonisation, r{%) 4(20) 0(0) 0.39
Caesarean Delivery,(f0) 10(50) 2 (66.6) 0.59
Apgar 1, meaSD) 5(2) 7(3) <0.001
Apgar 5, meafSD) 7(2) 8(1) <0.001
Doses of surfactant, meg®D) 1.7 (0.6) 0(0) 0.01
CLD at 28 days,(f0) 16(80) 0(0) <0.001
CLD at 36 weeks,(P0) 13(65) - -
CLD:n (%)

Mild 3(15) - -

Moderate 3(15) - -

Severe 10(50) - -
Ventilated Days, mediafiQR) 25(3-37) 3(3-3) <0.001
Nonnvasive Respiratory support days, medial 38 (20-54) 0(0-1) <0.001
(IQR)
Home oxygen, o) 3(15) 0(0) 0.47
Died Before Discharge (%) 3(15) 0(0) 0.47
Length of Hospital Stagays), mearfSD) 104 (61) 23(12) <0.001

Pval ues cal cul a ttestfor nogmally distriButed vheahlegbi-squdred test
for binary variables and Wilcoxon test for nenormally distributed variables. (CLD =
Chronic Lung Disease of Prematurity)

Characteristics associated with préundy such as birth weighgestatiorand administration of
surfactant are,seexpectedstatistically significany differernt between the groupépgar 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 ardphatory
parameters of lagth of time receiving ventilation and namvasive 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 recruitededo the closure of the neonatal unit for a prolonged

time.

3.17Bronchoalveolar lavage sample collection and processing

BAL samples were collected and processed as descril@etton2.2.1and2.3.1.1 DNA
extraction and gPCR for bacterial load vpasformed by myself. The extracted DNA was sent
for 16S rRNA genesequencing bidr D Alber in the laboratory of Prof N Klein in University

College London. Sequencing and data processing were performed as desdbeidn2.10
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Of the 96 BAL samles 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 inFigure3-21 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 th
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 atagsponsible

for poor amplification. The range of DNA concentrations obtained from BAL samples was
<0.05 to 3.04ug/ml with a median of 0.16@g/ml (IQR = 0.095 0.332ug/ml). This was

expected due to the small volume of samples and the low biomags thérsamples. 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 anplified 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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3.19Factors associated with failure to amplify bacterial DNA

Figure3-21shows that 37.5% of samples amplified adequately for sequencing with final
sequencing rests 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 identif@drfassociated with samples
containing detectable bacterial DNA was whether the sample was taken while the infant was
receiving antibioticsKigure3-22). 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 postbiteetobacter
baumanniiinfection. 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 =188}, 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 DN
between samples taken on aonff antibiotics in all BAL samples collected.

P-value using chisquared test with continuity correction = 0.001.

Figure3-23 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, & per the local protocaol, this trend may well reflect antibiotics usage decreasing with
age. The peak of samples positive for bacterial DNA on dayndy well represent the age at
which antibiotics are often stopped allowing bacteria to reach detectabls, Ibefore
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 i

Generalised linear model demonstes statistically significant difference between day3 1
and days 228. Comparing each other day group to the dag fjroup was not statistically
significant.

Other factors that were analysed to identify associations with amplifiable bacterial DNA with
BAL samples from preterm infants are showii able3-3 below. The data included only the
samples from preterm infants as many factors such as working weightjayeand 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 riolinical variables
over samples having amplifiable bacterial DNA in BALm®s@les from preterm infants only.

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

Probiotics ChiSq 0.04
Enteral Feeding ChiSq 0.015
Inspired @concentration Wilcoxon 0.77

Serum Albumin concentration Wilcoxon 0.58
Dayscurrent ET tube in situ Wilcoxon 0.004

Corrected Gestational Age Wilcoxon 0.097

DNA Extraction kit lot ChiSq 0.37
Completed course of antenatal ChiSq 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 acidophiluandBifidobacterium infantisvas prescried 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 bacial 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 anprobiotics 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 mankmportant 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 witmgaes 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-@agflife to see if antenatal steroids
had any dect on early rates of detectable bacterial DNA in BAL samples. 34 samples were

taken on day -B 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 amplifiablal h2gier
(p=0.85).

3.20Prainflammatory response associated with bacterial colonisation
of the lungs

The preinflammatory cytokines It6 and 1.-8 were measured in the supernatant of all BAL

samples by ELISA as per the methodology describ&eation2.11 Figure3-24 below shows

that samples positive for bacterial DNA were found teehaigher 11-6 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 samplpssitive and negative for
detectable bacterial DNA

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

The association between samples positive for bacterial DNA and other markers of infection,
both respiratory and systemic, are displayed belokigure 3-25. The total cell count and
polymorphonuclear cell count within BAL samples showed a trend towards leiglheounts 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, haal association with detectable bacterial DNA,

however, counterintuitively, serum@active protein (CRP) measurement was significantly
higher in infants without bacterial DNA detectable within samples. This is most likely as result
of the clinical practie to start IV antibiotics in response to a rise in CRP. The effect of
antibiotics on detection of bacterial DNA has been showigare3-22, 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=
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3.21Bacterial load within bronchoalveolar lavage samples

The total bacterial load within each BAL sample was measured using gPCR with primers
targetal to the V3V4 region of the bacterial 16S rRNA gene. Details of the methodology are
given inSection2.9. Of the 96 samples available, 34 samples were positivatbetial 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 aswualised inFigure3-26. 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 @curring 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 delBAL samples from an individual
infant over time.

The average bacterial load over time shows a very similar pattern between TA and BAL
samplesigure3-27). Early baterial 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 tigeaimin
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.

Comparing mean BAL & TAF bacterial load over time
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Figure 3-27: Average bacteal load over time in BAL and TA samples

Day 1-3: TAF n=94, BAL n=31, Day 47: TAF n= 92, BAL n=18; Day 814: TAF n= 35,

BAL n=15; Day 1521: TAF n=26, BAL n=11; Day 2230: TAF n=30, BAL n=14.
3.22Sequencing results from bronchoalveolar lavage samples

DNA from samples containing amplifiable 16S rRNA genes were sequenced. Sequencing was
performed as described 8ection2.10for the V3V4 region of the bacterial 16S rRNA gene.

Table3-4 below demonstrates the number of reads obtained from sequencing for each sample
and the numbers of seguces 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 W34 region of the 16S rRNA gene and the PCR

products were sequenced. The twoAéktraction 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 endds 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 théAM&gion 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 gener&@seudomona@naxmum = 446) and\cinetobactemaximum = 77 reads). Other
genera detected in negative controls wesumonasVariovorax, Pasturellaceaeand

Massilia, most of which are known contaminants of PCR reagents and DNA sequencing kits
(Salter et al. 2014)deally, the OTUs of contaminating genera detected in the negative controls
would be removed from further processing. HoweRPseudomonasndAcinetobacteare

known pathogens within the neonatapptation 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 santgs, 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 subtacted 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 er®@anples with <1000 reads were discardarefcation

of reads to a random selection of 1225 reads per sample was performed. This figthreseas

as it included all samples with reads >10@th resulting coverage values >0.99. This excluded
two samples from further analysis. The coveragaasobtained by rarefying to 1225 reads per
sample is shown below ifable3-4. Coverage values >0.99 indicate thatadequate 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 Posi  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 wesedled identically to
clinical samples. NTC = No Template control, nuclease fre®H

129



Chapter 3Bacterialcolonisation of thelower airways andungs ofintubated preterm Infants

The most commonly occurring phyla within the BAL samples were Proteobacteria and
Firmicutes Figure3-28), the same as the TA samples. These organisms predominate in most
human microbiome studies and have been shown to predominate in-oudependent studies

of the neonatal respiratory tratial et al. 2016; Lohmann et al. 201Zhe 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 phyim detected did not change over the first 28 days of life with 3/6 (50%)
positive samples in day3 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 sampleg&igure3-29 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 datasetAsamtobacterfollowed by
Enterobacteriacea@unclasdied) andStaphylococcud/ithin 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 orderedrbiative 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 genguete f
Samples are ordered by dominant genus. The top 15 OTUs are shown individually with therem@iings pool ed as fAot her 0.

Day of Life
M Sphingomonas Pseudomonas | Delftia W Pasteurellaceae_undassified
Enterobacteriaceae_unclassified ® Enterobacter u Klebsiella W Escherichia/Shigella
Morganella B Acinetobacter W Stenotrophomonas B Prevotella
M Ureaplasma Mycoplasma m Other M Staphylococcus
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3.23Comparing gPCR and sequencing results

Of the 36 samples which were amplified for sequencing 23 were found to have detectable
bacterial DNA using the gPCR methodology describesation2.9 (Figure3-30A). The

boxplot inFigure3-30B 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 dfatetdache amplification assay

and may explain why they were successfully amplified by gPCR but not for sequencing.
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® :
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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 sample£dnparison

of copy number per mL of the 16S rRNA gene between samples suctigssid

unsuccessfully amplified for sequencing. Only including samples positive by gPCR. P<0.001
between the 2 groups.

3.24Effect of mode of delivery on bronchoalveolar lavage results

No differences were seen in the proportions of individual phyla when comgiifferent

modes of delivery (Seeigure3-31). However, the proportion @écinetobactewas

significantly different between modes of delivery with more of this genus witnessed in infants
born vaginally. The outbreak éicinetobacteat 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 susceptibla¢metobacteinfection
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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 generaepresent 97.9% of all reads)

3.25Changes 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 TArefgsm 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 Wiih B7/mediarof 5.

Low richnesdndices are seen iregods of infection. Samples were gpad by day of life and

the mean diversity score-tandard deviation was plotteéigure3-32). For infants with

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

Using all measures of diversity, the greatest diversity was witnessed in-8ayfdife,

however, the differences over time were not statistically significant. This is likely toebe d

the small numbers of samples at each time point. Most samples from-8aysré 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 wideetyaidf organisms before one

dominant organism outcompetes the others resulting in a loss of diversity. This process is
associated with a rise in the proinflammatory cytokineé Hnd IL-8 indicating the host is

mounting an inflammatory response most ki 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 = Shann@iversity Index. C= Inverse Simpson Index. Plotted as mean valué&sH. Day 13 n = 5, Day 47 n= 6, Day 814 n= 5,
Day 1521 n= 3, Day 228 n= 7. If more than one sample from the same infant in each group, then the aeedagrsity index score of the samples was
used. Pvalues calculated using Kruskal Wallis Test.
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3.26b-diversity of bronchoalveolar lavage samples

An NMDS plot ordinating using the Bra@urtis dissimilarity index demonstrates several

clusters Figure3-33). These demonstrate clustering by dominant bacterial genus and by

infant. The fact that an infantds samples cluster
genus showthat the other organisms in the sample remain more similar between samples of

the same infant than between infants.

136



Chapter 3: Bacterial colonisation of the lower airways and lungs of intubated preterm infants

Dominant Genus

. Acinetobacter
. Enterobacteriacae_unclassified
B Escherichiarshigelia

B vorganeiia

- Mycoplasma

(-

. Pasteurellaceae_unclassified

- Prevotella

. Pseudomonas
. Sphingomonas
. Staphylococcus
. Ureaplasma

NMDS2

1.0~

NMDS2

-05-

-1.0-

15-

NMDS1

Figure 3-33: NMDS plots of individual BAL samples ordinated by Brayutis 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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3.27Bacterial load and cytokine concentrations in individual infants
Evidence from the whole dataset suggest that the BAL samples have detectable bacterial DNA
associated with raised & and IL-8 concentrations within BAL fluid suggestive of

inflammation associated with the presence of bacteria. To confirm that this wasse&iiron

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 artéldahd IL

IL-8 concentration for each infant over time. Examples dfi $igares for individual infants is
shown below irFigure3-34. 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 dynamidly 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.-B.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 graphsstiett@the relative abundance of bacterial
organisms detected within the sample when sequencing was successful.
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