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Abstract

Within this thesis we have reported novel findings which will contribute to a better
understanding of the role the microbiome plays within the lungs of clinically
diagnosed asthmatic patients. The prevalence of asthma is increasing in the
western world with more than 300 million people worldwide believed to affected
by this chronic respiratory disorder. Through this thesis we have dissected the
immune microbe dialogue at play within the asthmatic lung. The findings within this
thesis are novel, and we feel add to recent discoveries within the field of
microbiome research, with an emphasis on the potential contribution the lung

microbiome may play in the pathogenesis of asthma.
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Chapter 1

Literature Review

Aiming at the lung microbiota in adult asthma; an

asthmatic immune microbe dialogue?

Author Contributions: Ashley Sullivan wrote the manuscript with significant

contribution from Eoin Hunt, John MacSharry and Desmond Murphy.
This chapter has been published in part in Respiratory Medicine
‘The Microbiome and the Pathophysiology of Asthma’

https://doi.org/10.1186/s12931-016-0479-4

PMCID: PMC5139145
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Abstract

Asthma is a chronic respiratory disease whose prevalence is increasing in the
western world. Recently research has begun to focus on the role the microbiome
plays in asthma pathogenesis in the hope of further understanding this respiratory
disorder. Considered sterile until recently, the lungs have revealed themselves to
contain a unique microbiota. A shift towards molecular methods for the
guantification and sequencing of microbial DNA has revealed that the airways
harbour a unique microbiota with apparent, reproducible differences present
between healthy and diseased lungs. There is a hope that in classifying the
microbial load of the asthmatic airway an insight may be afforded as to the possible
role pulmonary microbes may have in propagating an asthmatic airway response.
This could potentially pave the way for new therapeutic strategies for the

treatment of chronic lung conditions such as asthma.
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Background

Asthma has seen a staggering rise in prevalence in recent years with more than 300
million people worldwide believed to be affected by this chronic respiratory
disorder!3. The burden of asthma is felt globally, however it is in developed
countries that asthma has come to the fore as a health care concern where the
incidence rate of asthma and in particular adult onset asthma has risen so
dramatically that this respiratory disorder has reached epidemic proportions*°. The
incidence of childhood asthma in the western world has also reached worrying

levels®.

Recently research has begun to focus on the role microbes play in this chronic
respiratory disorder. Thanks to advances in sequencing technologies it is now
possible to dissect the role microbial composition and diversity can play in a multi-
factorial disorder such as asthma’. It is beginning to become clear that there are
clear differences present between asthmatics and non-asthmatics and the microbial
load they carry’8. See figure 1. Through gaining an insight into the unique
microbiota of asthmatics much may be revealed, as has happened with
gastrointestinal research, which could undoubtedly aid in disease prognosis and

treatment.

Treatment plan: Exacerbating triggers:

Inhaled therapy - Infection

Systemic corticosteroids A - Acroallergens
Antibiotics - Pollution
- Drugs
- Physical stimuli
P

Impacts composition of the lung microbiome
0000,

\uoluu'“nonu’uolu0u,'“nnM.,'\gunn,‘\;nulu,'. .,'.uo'n."‘unu:,".nnu,'\.n ."
Inflammatory Response

£O00000)

Figure 1 Studies have shown that there are clear differences present between
asthmatics and non-asthmatics and the microbial load they carry. Factors such as
treatment plans and exacerbating triggers are believed to impact the composition

of the lung microbiome?.
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Microbes and the airway

While research into respiratory diseases has rewarded us with pharmacological
treatments such as inhaled corticosteroids, leukotriene receptor antagonists,
agonists and more recently targeted monoclonal therapies which have helped
alleviate the burden of asthma, it is only since ca. 2010 that research has confirmed
that the environment of the lungs are not sterile as had previously been
believed®. Prior to this the prevailing dogma was that if bacteria were detected in
the lower respiratory tract it is understood to represent an abnormal health state
and that the healthy lung was sterile!. This belief arose mainly due to poor,
ineffective microbial culturing techniques which were unable to replicate the lung
habitat and culture the microbes from respiratory specimens'2. However it is clear
that although the lung contains a smaller bacterial burden than in the upper
respiratory tract there is a distinct microbiota present in the lower airways of
healthy individuals®3. This finding that the lungs harbour a unique microbiota
irrespective of health or disease has led to the surge of research now taking place in
an effort to not only categorise the distinct microbiota of the diseased lung but also
that of the healthy lung'*. Thanks to the advancement of culture independent
techniques the unique steady state microbiota of the lungs is being elucidated”**. A
change in the microbial composition of the lower airway microbiota may be

connected with chronic lung disease such as asthma?®?*°,

The development of inexpensive next generation sequencing techniques,
developed for the Human Genome Project to sequence the human genome, has
made it possible to determine microbial, in particular bacterial, communities in a
culture independent manner. By screening the diversity of bacterial ribosomal rRNA
genes present in biological nucleic acid samples against sequence databases and
development of bioinformatic algorithms have enabled the organisation and
interpretation of the huge data sets made available by these sequencing
machines!®!’. Meta-genomic approaches have enabled a far greater understanding
of the microbes present at various sites and the role they play in the overall host-

microbiome interaction'’. Thanks to culture independent techniques low levels of
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oral bacteria such as Prevotella and Veillonella have been discovered in the lower

airways of healthy individuals’-*°.

It is noted that lifelong microbial exposure can have beneficial effects upon the
human host; however, maladaptive microbiota-host interactions have the potential
to lead to disease prognosis?°. Through the exposure to microbial species the hosts
immune system can elicit a number of responses, from direct interaction of the
hosts immune system and the microbiota to the ability of the microbiota to alter
the hosts metabolic functions and the potential of the host to either prevent or

promote microbial invasion?°.

In both diseased and non-diseased states the airways provide a mucosal
environment with distinct niches and resources for the commensal microbes which
have been discovered to be present, leading to a complex and changing host
environment for the microbes residing in the lungs?°. It is known that microbes
possess the ability to interact with the human host in a manner so as to alter their
host environment, which can provide the microbe with a novel niche environment
or the potential to create a barrier to subsequent microbial exposures to their
niche, however such an interaction on behalf of the microbes can lead to in certain

cases to negative effects for the human host?.

Overall research with respect to the microbial host interactions present within the
respiratory environment will lead to a greater understanding of a site which until
ca. 2010 was considered sterile and may lead to major implications for disease

prognosis and therapeutic strategies.
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Lung environment

With a surface area of 75 m? and direct exposure to the environment, the lungs are
prime sites for microbial exposure!?. As the environmental conditions shape the
composition of the microbial communities in that habitat it is important to
understand the environment of the lungs to fully understand the potential

microbes which could inhabit this location, see figure 2.

The anatomy of the airways can in part explain the variances found with respect to
microbial density observed. For example the nasal passage is continuously exposed
to the environment and as a result, a continuous flow of particle debris and
microbes results in leading to a relatively high density of microbes present in this
location. The trachea in turn is exposed to debris particles and microbes as well as
the potential exposure to oropharynx aspirated microbes. Through the process of
mucociliary clearance, the lower airways are in theory protected from particle and
microbe invasion, however microbes have been found through advances in
sequencing technologies, to reside in the lower respiratory tract?®. While the upper
and lower respiratory tracts may be exposed in theory to the same microbes

differences are present with respect to the bacterial abundance?®°.

The lungs cannot be viewed as one standard habitat, as they in fact consist of
microenvironments in which differences in temperature, pH, mucus production,
epithelial specialisation, the motility of the mucociliary escalator, oxygen
concentration and nutrient availability all have the potential to influence the variety
and type of microorganism present??2, Such physiochemical property gradients
may plausibly allow for survival of different microorganisms within varying regions
of the airways. It should be noted however that a recent study has concluded that
in the lungs of healthy individuals spatial variation in the microbiota appears to be
far less significant than the variation present across individuals?. The authors also
reported that the microbiota of the lungs in health seems to be more influenced by
the immigration and elimination of microbes rather than by growth conditions

influencing bacterial growth rates. Furthermore, this pattern may be reversed in
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patients with advanced lung disease due to alterations in the pulmonary

environment induced by disease progression?3.

As the lungs are connected directly to the microbial rich oral and nasal passages,
the potential for regular translocation of microbes from these sites to secondary to
inspiration and with possible associated micro aspiration, it is therefore not
surprising that there may be similarities between the microbial composition of
these sites. To investigate this further, Venkataraman et al., utilised a neutral model
for community ecology to differentiate members of the lung microbiome whose
presence in the lungs is consistent with dispersal from other body sites and the
members of the lung microbiome who deviate from this model, suggesting a
competitive advantage for these microbes in the lung?*. From this study dispersal of
microbes from the oral cavity would seem to be the main mechanism whereby the
lungs become colonised in healthy individuals and as no species constantly deviated
from the neutral model one might postulate that it is the constant dispersal that is
important for the microbial structure of the lower lungs rather than selective
pressure?*. However, the process could possibly be more complex than suggested
in this neutral model, with the possibility that microbes introduced into the airways
are killed at the same rate in which they are introduced, creating a homeostatic
balance and therefore the perception of a neutral distribution, where in fact the

lung environment is highly selective.
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Factors influencing the lung microbiome

Lung Microenvironments Healthy Asthmatic
Mucus production T Prevotella spp. Haemophilus influenzae
Oxygen concentration Veillonella spp. Neisseria spp.
Nutrient availibility Moraxella catarrhalis
Temperature Staphylococcus spp.
Surfactant Streptococcus pneumoniae
pH Veillonella spp.
Faecalibacterium spp.
Lachnospira spp.
Rothia spp.
Treatment Plan Exacerbating Triggers
Inhaled therapies Infection

Systemic corticosteroids Aeroallergens
Antibiotics A A Pollution
f Drugs
O O O O O EEEw W
Airflow "'u...?'?‘;.é
E EE BN BN BN BN BN BN BN BN BN O . :‘:
( . XN 0)%
) o ~ Alveolu:

E Mucoclllaz escalator
00000 0000

.n,\.u.

DQgepr0000gys Q000000
Eplihelial

Mast Cell

Figure 2 Schematic illustrating the complex factors affecting the lung microbiome in
asthma. The lung microenvironment selects for specific microbes which change in
asthma due to environmental factors, infection and treatment options which
modulate the inflammatory cascade at the epithelial interface and the
corresponding microbiome. Asthmatics display a changed microbiome with
increased lung microbes such as Haemophilus, Neisseria, Moraxella,
Staphylococcus, and Streptoccoccus with reduced Veillonella, Faecalibacterium,

Lachospira and Rothia spp.
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Sample collection and the lungs

As a consequence of the lower bacterial abundance and the difficulty of acquiring
lower respiratory tract samples the study of the lung microbiome is technically
challenging?® Due to the belief that the lungs were sterile and due to the invasive
nature of bronchoscope sampling the lower respiratory tract was not, at first,

included in the Human Microbiome Project®.

As recent characterisation of the lung microbiota has revealed, there are definable
reproducible differences between healthy and diseased state lungs. It is now
accepted that the healthy lung microbiome is diverse and some studies have even
shown that the respiratory tract can more rapidly acquire diversity after birth than
the intestines?®. While there is now acceptance that there are microbes present
within the airway, the challenge remains in overcoming the difficulty in sampling

and culturing these microbes from the lower respiratory tract.

The validity of sampling techniques such as bronchoalveolar lavage (BAL) fluid and
bronchial brushes have been subject to debate due to the potential for
contamination from the oropharynx during bronchoscopy. Despite such concerns,
recent studies have shown that, by comparing the microbial species present in the
upper respiratory tract with the microbiota of the lower respiratory tract, the
microbiota within the lower respiratory tract are unique. A recent study by Bassis et
al., compared samples from healthy subjects collected by oral wash, BAL fluid, nasal
swab and gastric aspirates and demonstrated that the oral microbiome did not
contaminate BAL samples®. The oral cavity and stomach contained high species
richness and the highest bacterial signal levels in comparison to both the nasal
cavity and lungs which had much lower bacterial signal levels. Whilst it was seen
that the bacterial communities present in the healthy lung overlapped with those
present in the oropharynx, the concentrations were much lower in the lungs and

there was a different community composition in samples from healthy lungs?>.

While the sampling technique is of concern with regards to contamination, caution
should also be taken with sample processing and the generation and analysis of

complex datasets. Unintentional environmental contamination when processing

20



can lead to the unintentional identification of contaminants by the powerful
sequencing technologies and controlling potential sources of contamination such as
reagents is vital. It is also important to avoid bias and extraction protocols are
critical. In sequencing of samples it is usually one of the variable regions of the 16S
rRNA gene that is targeted by primers, however this is not ideal for the detection of
certain species such as fungi where 18S rRNA and internal transcribed spacer
sequencing represent a more appropriate target and viral identification requires

approaches other than marker-gene-directed PCR analysis?’.
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Lung diseases

The effect of the lung microbiome composition on health and disease states is of
interest not just in asthma research but for other respiratory diseases such as cystic

fibrosis, COPD, pulmonary fibrosis, and bronchiectasis.

In bronchiectasis it is now believed that a change in composition of the lung
microbiota through events such as antibiotic therapy and inflammation may have
downstream consequences for the function of the immune system, allowing for the

formation and preservation of chronic infection lead by microbial pathogens?®.

There is an appreciation that cystic fibrosis is a multisystem disease with
involvement of the hepatobiliary and gastrointestinal tracts?®. While gastro-
oesophageal reflux (GOR) affects CF patients, the lung and gastric microbiomes and
an inter-dependant relationship between the two is clearly defined. Gastric and
sputum cultures have revealed that 73% of patients with CF had one or more
microorganism (fungal or bacterial) in common between the two samples and
among the bacteria found in the two sites were Pseudomonas, Streptococcus and
Achromobacter. Pseudomonas aeruginosa (Pa), a bacteria typically associated with
CF was found in the sputum samples of 11 patients of which 4 had identical P.
aeruginosa isolates in the stomach. In comparison, non CF gastric juice samples
revealed a higher diversity. The stomach microbiome in patients with CF may act as
a potential pathogen reservoir and the aerodigestive microbiome warrants further
research as it may impinge on the pathophysiology of CF3°. Bile acid aspiration is a
comorbidity factor linked to many lung diseases which could plausibly shape the
lung microbiome and promote the colonisation of P. aeruginosa in CF patients.
Using a systems based analysis involving transcriptomics, functional genomics and
immunochemistry the network of genes involved in virulence, adaptive metabolism
and antibiotic tolerance linked to the bile response of the pathogens and the host
cells has been elucidated. Bile acid leakage into the oesophageal tract occurs in up
to 80% of CF patients and occurs in up to 35% of COPD patients (although this
figure is thought to be underestimated)3'. Disease progression and antibiotic

tolerance in respiratory patients may be linked to bile acid signalling. Bile acids can
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elicit biofilm behaviour in Pseudomonas aeruginosa, increase polymyxin and

macrolide antibiotic tolerance, and reduce microbial biodiversity3*.

COPD research is in its infancy with regards to the microbiota of the COPD lung
however some recent studies have demonstrated that as the disease progresses
there is a reduction in bacterial diversity however there is no demonstrable
outgrowth of a single microorganism as is the case in CF where Pseudomonas
aeruginosa predominate3?, Patients with idiopathic pulmonary fibrosis (IPF) are
reported to have a higher relative abundance of Haemophilus, Streptococcus,

Neisseria and Veillonella species®.
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Asthma characteristics

Asthma is a chronic inflammatory disease, which is characterised by airway hyper-
responsiveness leading to intermittent, repeated bouts of wheezing, chest
tightness, breathlessness and coughing3*3>. Asthma has seen a staggering rise in
prevalence in recent years and the burden is felt globally with more than 300
million people believed to be impacted by this chronic respiratory disorder which
has reached epidemic proportions in the western world>.While the global
prevalence of asthma accounts for approximately 300 million people or 4.5% of the
global population the prevalence of asthma can be as high as 21.5% within
populations3®. In Europe, around 30 million children and adults under 45 have
asthma with the overall financial burden estimated to be 72 billion Euros per year.
Ireland has some of the highest rates in the world, representing a huge societal

burden?’.

Asthma has a complex heterogeneity with many clinical phenotypes whose varying
expression depends on interplay between numerous environmental factors along
with many different susceptibility genes'3%. The airway epithelium is pivotal in the
inflammatory response of the host and is a major source of pro-inflammatory
mediators®. The airway obstruction which characterises the clinical presentation of
asthma runs in cycles of symptom free periods followed by varying periods of
exacerbation to which there is usually a trigger or stimuli®®. These exacerbations
result in a worsening in symptoms and lung function and although is generally
reversible and followed by a return to normal lung function, in some patients
repeated exacerbations may lead to a new, compromised baseline®®4!, Such
exacerbating triggers include infection, aeroallergens, pollution, drugs and physical
stimuli3*4243, These exacerbations are often treated with varying combinations of
increased inhaled therapy, systemic corticosteroids and antibiotics'®. One might
postulate, therefore, that the exacerbating event and the mode of therapy utilised
to treat the event may impact on the composition of the lung microbiome. Indeed
recent studies have demonstrated that the gut microbiota can alter circadian
rhythms which may open new avenues of research into identifying the cause of

asthmatic exacerbations**°, It has been noted that an alteration to the Bmal 1 (the
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clock gene) in bronchiolar cells disrupts the circadian neutrophil recruitment via
CXCLS5, which in turn leads to an exaggerated host response to LPS and a deficient

host immune response to Streptococcus pneumoniae®®.

25



Asthma treatment strategies

The European Respiratory Society (ERS) states in their white book on adult asthma
that there are three terms used to describe the clinical course of asthma: asthma

control, asthma severity and asthma exacerbations.

Methods such as the Asthma Control Questionnaire-7 (ACQ-7) are used to measure
asthma control. The ACQ-7 is a validated questionnaire consisting of 7 items, five
guestions related to the highest scoring symptoms people with asthma experience,
one question related to bronchodilator use and one question which is answered by
the medical professional post spirometry testing, related to the FEV1% of predicted
normal*’48, Through the scoring of each question on a seven point scale a

discriminative method of measuring a patients asthma control is established®.

The Global Initiative for Asthma (GINA), established to raise asthma awareness
among health professionals, authorities and the community is strongly focused on
preventing asthma related deaths and severe exacerbations while also focusing on
the efficacy and effectiveness of asthma treatment in general. Through their yearly
report comprising of the latest scientific research, GINA enables the dissemination
of best practice with respect to asthma diagnosis and treatment. Through their
classification system GINA enables the grouping of asthma patients into stages or
steps of asthma severity from stage 1, mild to stage 5, severe, which aids in the

treatment strategy implemented>°->2,

Asthma exacerbations can be experienced as a loss of disease control and the
development of acute symptoms>3. Asthma exacerbations can result in an increased

risk of morbidity as well as being a financial burden to health systems>3.

Management of asthma is vital to prevent exacerbations and control symptoms as
currently there is no cure for most types of adult asthma3’ Treatment with inhaled
steroids and bronchodilators are the mainstay of international asthma treatment
guidelines but it is recognised that the pathophysiology is incompletely understood
and there is a need for new treatment approaches. In order to control the
symptoms of asthma, help improve the function of the lungs and aid in the

reduction of exacerbations, asthma patients are frequently prescribed inhaled
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corticosteroids (ICS) and/or a combination of long acting beta (B) agonist (LABA)
bronchodilators. For the majority of patients this proves to be successful. However
in about 10% of the asthmatic population further additional therapy is required in
order for these patients to establish control of their asthma symptoms, improve
lung function and reduce the number of exacerbations suffered>*. While accounting
for 5-10% of the overall asthma population, severe asthmatics account for 50% of

the direct and indirect costs associated with asthma>®

Monoclonal antibody therapy as a treatment option for certain cohorts of asthma
patients has gained traction as it enables the treatment of patients in a highly
specific manner and whilst monoclonal antibody therapy is an expensive treatment
option the overall cost is outweighed by the benefits36:°¢, For patients with severe
asthma where either persistent symptoms or exacerbations occur despite the use
of maximal maintenance medications such as inhaled corticosteroids (ICS) and long
acting beta agonists (LABA) or rescue medications such as short acting beta agonists
(SABA) and oral steroids, monoclonal antibody therapy is an attractive add on
treatment3®>7, In such asthmatic patients monoclonal antibody therapy offers a

lifeline®®.

It is believed that approximately 5-10% of asthma patients can be classified as
severe asthmatics and it is believed that within this population over 50% can be
classified as allergic, IgE-mediated asthmatics®®. Therefore monoclonal antibody
therapies targeting IgE are of increasing interest with recombinant humanised
monoclonal antibodies such as Omalizumab (Xolair®) (Novartis-Genentech) proving
effective as an adjunctive treatment option for severe, IgE-mediated asthmatics>®.
Omalizumab binds to the IgE antibody at the Fc portion which reduces the amount
of free IgE, stopping IgE binding to the inflammatory cell IgE receptors and thus
reducing the IgE receptor (Fc.cRI and FRIl) density on effector cells, all of which

prevent an inflammatory cascade from occurring®®>°.

40-60% of severe asthma patients suffer from eosinophilic airway inflammation, a
well-defined endotype of severe asthma>®. Monoclonal antibodies which target this

have recently become available for use as adjunctive therapy options. Three such
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monoclonal antibody therapies are Mepolizumab (Nucala®) (GlaxoSmithKline),
Relizumab (Cinquero®) (Teva Pharmaceutical Industries) and Benralizumab
(Fasenra®) (AstraZeneca). IL-5 is a homodimeric cytokine, secreted by eosinophils,
basophils, T cells, mast cells and Type 2 innate lymphoid cells, which binds to the
receptor IL-5Ra, activating the high affinity IL-5R to transduce intracellular signals
upon binding®®. The IL-5 cytokine is highly involved in eosinophil development and
pathobiology within humans?®. As about 50% of severe asthma exacerbations are
eosinophilic in nature a reduction in eosinophils within severe eosinophilic asthma

patients with could potentially reduce exacerbations®®.

Mepolizumab (GlaxoSmithKline) and Reslizumab (Teva Pharmaceutical Industries)
are IL-5 antagonist monoclonal antibodies and both bind to soluble IL-5 which
inhibits the binding of IL-5 to its corresponding IL-5 surface receptors resulting in
the downregulation of the IL-5 eosinophil inflammatory pathway3¢°’. Benralizumab
(AstraZeneca) however binds to the IL-5 receptor on the a-chain and prevents IL-5
from binding to its receptor which results in the inhibition of eosinophil
differentiation and maturation in the bone marrow®!. Benralizumab also can bind to
the Rllla region of Fcy receptor on Natural Killer (NK) cells, macrophages and
neutrophils. This results in the induction of cell mediated cytotoxicity for both

circulating eosinophils and tissue resident eosinophils®?.

As adjunctive therapy options become more readily available, questions as to their
potential effect on the respiratory microbiome are of emerging interest. The
diversity of the human microbiome and the role it plays in health and diseased
states is of great interest and technological advances have enabled the

advancement of such studies®.
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Epithelial development and the role of the microbiota

A wide range of early life environmental exposures, and early lung structural
changes represent important risks for subsequent development of asthma®2.
Therefore epigenetic cellular changes may play an under researched and potentially
key role. Population studies also show that obesity, insulin resistance and diabetes
are associated with worsening disease in airways pathophysiology. These
important, increasingly prevalent, co-morbidities have been specifically implicated

in asthma® and are worthy of further investigations.

Loss of epithelial barrier function, inflammation, obesity and co-morbid diabetes,
while being associated with asthma severity have also been seen to lead to
dysregulated levels of airway glucose as a final common end point. Normal airway
glucose levels are tightly regulated to levels of around 0.4mM?®* and raised levels
are associated with infection®® and potential metabolic effects on airway cells. This
indicates the potential for combined airway remodelling, inflammation,
dysregulated metabolic homeostasis and the overall airway environment to

contribute to asthma pathophysiology.

In the gastrointestinal tract there is a complex interplay between the symbiotic
bacteria which are responsible for processes such as nutrient metabolism and the
host which in turn provides a nutrient rich, protective environment. This interplay
requires strict sequestration of the resident microbes and the host lumen to
prevent the triggering of processes such as sepsis and inflammation. Epithelial
antimicrobial proteins play a vital role in hindering the contact of resident microbes
and the host mucosal surfaces®®. Germ-free mice and antibiotic treatment of
murine models have demonstrated evidence that the microbiota is required for gut
epithelia development and function®’. Cash et al., first identified the role microbes
play in inducing antimicrobial peptides and epithelial villus development and
maturation®’. It has been seen that in germ-free mice microbial colonisation
induces the expression of Regllly, which is a secreted C-type lectin, known in
humans as HIP/PAP. This expression directly correlates with bacterial expression

and host epithelial contact, with preferential binding to peptidoglycan which is
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present in gram positive bacteria. This highlights how the host-microbial symbiotic
relationship is maintained®’. It is therefore possible that a similar protective

mechanism could be involved in the lung mucosal epithelium.

Innate Lymphoid Cells (ILCs) have emerged as a population of innate immune cells
derived from an Id2 dependent lymphoid cell progenitor cell population. ILCs share
many functional and developmental characteristics with CD4*T cell populations.
ILCs have been demonstrated to be involved in orchestrating certain host-
commensal bacteria relationships®®. Such an involvement would have implications
on immunity, inflammation and tissue homeostasis in the intestines. In the lungs it
has been seen that pathogenic ILC responses have been associated with asthma
and airway hyperresponsiveness in murine models®®. As commensal bacteria,
epithelial cells and ILCs share close proximity and investigation into the potential
impact of this interaction upon the development of ILCs is taking place. Hence ILCs

may represent a potential target for numerous human diseases such as asthma®®.

Recent studies focusing on ILCs have also identified the key dialogue between ILCs,
epithelia and the microbiota®. IgA is the predominant antibody at mucosal
surfaces, in particular in the upper respiratory tract. Through its pleiotropic effects
IgA induces a tolerizing phenotype at mucosal surfaces and is of critical importance
to the maintenance of mucosal homeostasis. IgA is created through the class switch
recombination of Ig heavy chains. IgA offers an important role in mucosal
homeostasis such as opsonisation and neutralisation of pathogens and toxins. This
results in a reduction of antigenic load on the mucosal immune system. In IgA”-
mice the protective role of IgA at mucosal surfaces is highlighted as these mice have
an impaired clearance of luminal pathogens such as Mycobacterium tuberculosis,
Streptococcus pneumoniae, Citrobacter rodentium, Giardia muris and Giardia
lamblia®. It has been demonstrated that the microbiota acts through Toll-like
receptors to condition lung dendritic cells (LDCs) to produce TGF-B and this in turn
influences the production of IgA in the lung®. While research to date has focused
mainly on the gut, evidence of bi-directional links between the gut and the lung

immune function are increasing’®.
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Microbes and the host

A key feature of any microorganism is its ability to be recognised and sampled by
the immune system. The ensuing immune response, depending on the microbe, can
range from benign tolerance to acute inflammation and injury, with ensuing repair
and remodelling in the lungs3. Respiratory fungi, bacteria and viruses are
recognised by innate receptors including Toll-like receptors (TLRs), RIG-1-like
helicases and NOD-like receptors which when stimulated then activate the nuclear
factor k B (NFkB) group transcription factors with the possible resultant induction of
more than 100 pro-inflammatory and host response genes®’!. Microorganisms can
affect the permeability of the epithelium increasing infection risk, affecting
epithelial integrity by invasion of the epithelium cells leading to cell death and
shedding. By compromising the epithelium, subsequent allergen uptake and the
effect of environmental exposure to pollutants may cause an increased possibility
for the development of further exacerbations and a heightened immune response

increasing the risk of a pathogenic response and asthma development37274,

Asthma patients have an increased risk of bacterial infection and through culture
dependent and independent techniques it has been seen that there is increased
carriage of pathogenic respiratory bacteria. Birth cohort studies have shown that
increased carriage of bacteria such as Streptococcus pneumoniae, Haemophilus
influenzae and Moraxella catarrhalis in early life can be linked to asthma risk and
the development of recurrent wheeze in children born to asthmatic mothers’®. This
study by Bisgaard et al., also revealed that, in children with recurrent wheeze
during the first three years of life, that these wheezing episodes are associated with
bacterial and viral infections equally, suggesting that bacterial and viral infections
may act independently to contribute to asthma symptoms and thereby highlighting
the important role of bacterial infection independent of viral infection in the

pathogenesis of asthma’®.

In a study by Hilty et al., members of the phylum Proteobacteria were associated
with airway disease in both asthma and COPD patients. Haemophilus, Moraxella

and Neisseria spp. found in the lungs of asthmatic patients had strong correlations
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with increased asthma risk when found in the oropharynx of neonates.
Staphylococcus was found to be present in the airways of children with difficult
asthma. Bacteroidetes and in particular Prevotella and Veillonella spp. were found

to be most prevalent in healthy controls?.

While microorganisms can add to the onset and progression of atopic asthma,
microorganisms can also have a protective function®. The ‘hygiene hypothesis’ can
in part help to explain the disproportionate spread of asthma in the western,
industrialised world. It proposed that repeated exposure to diverse common
infections and repeated exposure to environmental microbes during childhood can
stimulate the immune system in a manner which promotes a protective response

against future asthma risk3.

The so-called ‘hygiene hypothesis’ contends that exposure to soil, dust, microbes,
antibiotics, vaccinations, farm animals and family size in addition to factors such as
caesarean section birth versus vaginal birth and exclusive formula feeding versus
breastfeeding can all in some part determine asthma risk’’7°. In one meta-analysis
study there was a 20% increase in the subsequent risk of asthma development in

children born by caesarean section®°.

The use of anti-inflammatory drugs and antibiotics can significantly alter the lung
microbiome8!. Such a change in the microbiome of the lung may lead to resistance,
resilience, functional redundancy, or a permanently altered microbiome®3. It is seen
that even before birth children are exposed to antibiotics, with about half of all
pregnant women in America receiving antibiotics which alter their microbiota

before transfer to their offspring®3.

Environmental microbial exposure can have a protective effect against asthma
development. In the PARSIFAL and GABRIELA studies asthma and atopy prevalence
among children living on farms and among children in the reference group (not
living on a farm) were examined®. In both studies children living on a farm had a
lower prevalence of asthma than the reference group. From these two large scale
observational studies it would appear that a wider range of microbial exposures

offers a protective effect on the development of asthma®?.
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The PASTURE study aimed to characterise prenatal exposure to the asthma
protecting effects of farm life83. Cord blood cells upon analysis showed once again
that maternal exposure to multiple types of animal species and barns during
pregnancy caused an enhancement in the production of TNFa and IFNy in
children®. Newborns’ had increased production of TNFa and IFNy if born to
mothers who consumed butter produced from unpasteurised milk during

pregnancy®.

It has been shown that single nucleotide polymorphisms (SNPs) in TNFAIP3 which
encodes A20 is linked to the development of asthma in farm dwelling children®.
A20 is an ubiquitin-modifying enzyme which weakens NFkB activation through the
deubiquitination of key signalling intermediates down-stream of IL-1 receptor, Toll-
like receptor and TNF family receptors®. It is accepted that chronic exposure to
low-dose endotoxin or farm dust conveys a protective effect against the
development of house dust mite (HDM) induced asthma in mice and loss of A20 is
associated with allergy and asthma risk®. It has been shown that in mice with an
induced absence of A20 there is an increased sensitivity to HDM and the ensuing

asthma is seen to be more severe®>.

Children from rural areas in Germany, Austria and Switzerland from farming and
non-farming households were involved in a study to determine whether there was
a protective effect present upon endotoxin exposure against the risk of asthma and
atopic wheeze. Mattress dust, as an indicator for endotoxin exposure, was
examined and it was found that environmental exposure to endotoxins was
associated with the development of tolerance towards ubiquitous allergens found
in natural environments®. Muramic acid, a component of bacterial peptidoglycan,
is a marker for microbial burden and is a biologically active substance which
influences the cellular immune response in a manner different to endotoxin®’. A
high level of muramic acid in a similarly constructed study provided complimentary
findings, lending further credence to the notion that asthma could in part be due to
inadequate activation, at the appropriate educational time point, of the innate

immune responses which are stimulated by certain microbial products®’.
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Studies have shown that a decrease in Akkermansia, Bifobacterium and
Faecalibacterium abundance in the gastrointestinal tract of neonates can be linked
to later development of asthma and allergy symptoms®8. Exposure to the bacteria
Moraxella catarrhalis was shown in murine studies to induce IL-17 and exacerbate
allergic inflammation in the lungs through the resulting eosinophil and neutrophil

recruitment20:8°

Recent studies, including the Canadian CHILD cohort study, have highlighted the
importance of this window of colonisation in children and long-term side effects
such as asthma which can ensue when there is a presence or lack of certain
microorganisms in the gastrointestinal system®. It was determined that the relative
abundance of the bacterial genera Faecalibacterium, Lachnospira, Veillonella, and
Rothia (FLVR) appeared notably decreased in the gut of children who were at risk of
developing asthma®’. These microorganisms appeared to be mostly significantly
different between the groups at 3 months and this difference decreased once the
children reached 1 year of age, suggesting the presence of a colonisation “window
of opportunity”®®°1, It was also seen that it is not just the prevalence of the gut
microbiota that is important but the metabolites that they derive, such as the short
chain fatty acids (SCFAs) propionate and acetate which have been demonstrated in
a murine model to reduce airway cellular infiltration offering a protective effect
from asthma development and differences in SCFA composition at 3 months has
been linked to atopy at wheeze development at 1 year®®°2, This concept of a
“window of opportunity” for colonisation, while now generally accepted, requires
further investigation. In mice this critical window occurs during the first 2-3 weeks
of life and it is expected that in humans the critical window is narrower than first

expected and rather than years is likely to merely last for a matter of months®?,

In germ-free mice it has been shown by Olszak et al., that there is dysregulation in
the development of an immune cell profile when there has been no microbial
exposure. However if colonised gastrointestinally during a crucial neonatal period
with a microbiome, a protective effect against exaggerated inflammation
developed and this effect could not be demonstrated in recolonised adult mice®3.

Hence, one might postulate that if microbial exposure can alleviate or prevent the
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immune cascade as seen with allergic disorders such as asthma, could a prebiotic or
probiotic have a protective or even preventive role in asthma? Studies have shown
that gnotobiotic mice who are in receipt of the FLVR taxa; Faecalibacterium,
Lachnospira, Veillonella, and Rothia (FLVR) displayed signs of protection from
allergic airway inflammation when compared to mice who did not receive

supplementation with FLVR bacteria®®

It has been seen that Lactobacillus reuteri, when administered to mice
demonstrating a normal microbial flora, can abate airway hyperresponsiveness via
systemic increase in regulatory T cells, which can therefore alleviate asthma
symptoms®*26. It was seen also that direct exposure to an innocuous strain of
Escherichia coli could result in long term protection against allergic disorders in
normal mice by reprogramming macrophages and dendritic cells®’. Dendritic cells
bridge the gap between innate and adaptive immunity’’. In BALB/c ovalbumin
challenged mice fed daily with Bifidobacterium longum it was noted that airway
inflammation was attenuated and a reduction in BAL eosinophilia, BAL fluid IL-4

protein and BAL cell IFN-y and IL-4 mRNA levels was observed®®.

To test the effect of early life antibiotic exposure to the microbiota and subsequent
allergic asthma susceptibility Russell et al., treated neonatal mice with clinical doses
of Vancomycin and Streptomycin. Changes in the resident gut microbiota and
subsequent asthma susceptibility were documented. In mice treated with
Streptomycin there was no significant effect upon the microbiota or asthma risk.
However in mice treated with vancomycin it was noted that there was a reduction
in microbial diversity and changes in bacterial population composition were
observed leading to a heightened risk of asthma development upon allergic
challenge. As neither antibiotic had an effect upon adult mice, one might infer that
the hygiene hypothesis is of relevance only in neonatal shift in microbial diversity
and composition®. Russell et al., investigated whether or not this effect held true
for perinatal antibiotic treated mice and the risk of developing hypersensitivity
pneumonitis, a Tl — T417 mediated lung disease. Contrary to the previous findings
severity of the disease increased dramatically with Streptomycin. It was concluded

that perinatal antibiotics affect the resident gut microbiota in a highly selective
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manner and this then leads to a change in susceptibility to Ty2 or Ty1-Ty17 driven

lung inflammatory diseases!,

The prevalence of Helicobacter pylori, which was once the dominant bacteria in the
stomach and had strong maternal transmission, is now decreasing and with it
possibly the protective effects this bacteria seems to have against asthma
development??!, Studies have shown that childhood acquisition of H. pylori reduces
the risk of allergy and asthma®®?. In developing countries nearly all adults harbour
the gastric bacterium H. pylori but in industrialised countries its prevalence is much
lower!2, In industrialised countries such as the United States fewer than 10% of
children under 10 years of age are colonised with H. pylori'®3. However it should be
noted that H. pylori acquisition does not appear to be associated with adult onset
asthma suggesting that the pathogenic risk factors for adult onset asthma may

differ from those for childhood asthmal%3.

It is believed that microaspiration, which occurs in healthy individuals but has a
higher prevalence in asthmatics, could in part explain the presence of oral
microbiota in the lower lung!’. However this does not fully explain why some
individuals have a higher relative abundance of certain bacteria that would be

expected had the bacteria originated from the upper respiratory tract!’104,

In a recent study by Marri et al., induced sputum samples from a mild active
asthmatic and non-asthmatic cohort of adults was examined and it was determined
that all sputum samples contained the 5 main bacterial genera with Firmicutes,
Proteobacteria and Actinobacteria making up 90% of the sequence reads. It was
further shown that Proteobacteria levels were elevated in asthmatics and
Firmicutes and Actinobacteria were more common in the non-asthmatic cohort.
From this study it was determined that mild asthma was more similar in microbial

composition to that of severe asthmatics that to the non-asthmatic group®.

The “disappearing microbiota” hypothesis contends that as we become less
colonised by ancient commensal microorganisms, which aid in a multitude of
processes such as vitamin uptake and immunity, we become more susceptible to

attack by potential pathogenic microorganisms. A shift in an individual’s microbial
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balance may have detrimental consequences. The “disappearing microbiota”
hypothesis has been studied in relation to the increased and decreased prevalence
of several diseases in developed nations. While the hygiene hypothesis highlights
our susceptibility to infection caused by our decreased sampling of microorganisms
from the environment the disappearing microbiota hypothesis suggests that our
susceptibility is due to a decrease in ancestral microorganisms which offered

protection'®,
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Lung epithelia and mucosal immune defences

While the role of the gut microbiota in shaping the mucosal immune system, the
symbiosis between the gut microbiota and intestinal mucosa, and the importance
of barrier function within the gut is well understood, there remains a paucity of
information pertaining to the lung®3. As the lungs are directly exposed to the
environment the epithelium is the first line of defence against infection0”/108, |n
fact the lungs have the largest epithelial surface of the body!®. By producing
inflammatory products such as cytokines, growth factors, chemokines, lipid
mediators, peptide mediators and reactive oxygen/nitrogen species the respiratory
epithelial cells regulate the inflammatory response in the airways*°. The epithelium
acts as a barrier which prevents inhaled pathogens gaining access. Club and type Il
alveolar epithelial cells produce a surfactant which effectively traps pathogens and
mucociliary clearance aid pathogen removal. The epithelium can function as a
catabolic barrier for proteases and peptides with the epithelium expressing cell
surface peptidases and producing protease inhibitors. The epithelium barrier
function is further augmented by integral tight junction proteins'®. The cells of the
innate immune response include macrophages, neutrophils and monocytes which
utilise pathogen recognition molecules (PRMs) to recognise pathogen association
molecular patterns (PAMPs) leading to the production of antimicrobial
products!?’110 Well known cell surface receptors include Toll-like receptors which

can recognise a wide variety of viral and bacterial PAMPs such as LPS07:111,

Asthma is a heterogenous disease, with airway inflammation induced by epithelial
exposure to allergens, pollutants and microbes which further stimulate the
underlying APC cells inducing an immune response!?, This epithelial exposure can
result in a predominantly eosinophilic or neutrophilic cell influx into the airway. The
allergic subtype, which responds to environmental allergens, is characterised by
increased eosinophil, basophils, and mast cells along with expansion of the T helper
2 cell (Th2 cell) subtype. As the epithelial or mucosal barrier is where the allergen
presents itself, a breakdown in these physical barriers, the site of allergen
presentation, can further propagate allergic, inflammatory response'®. Indeed

fungal spores, which are potent allergens, are postulated to damage the epithelial
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barrier by inducing cell shrinkage and subsequent inflammation and barrier

breakdown13.

The interaction of the APC with the epithelium is the critical event in the resulting
immune response. Dendritic cells act as sentinels, reacting to the exposure to
certain allergens and pathogens from the environment. Dendritic cells activate an
appropriate immune response after exposure to an allergen dependent on the
appropriate mechanism of action for clearing the invading pathogen. It has been
noted that mice lacking in DCs have major deficiencies in their antibacterial,
antiviral and antifungal immunity. From recent murine studies it is believed that the
epithelium has a key role in the activation of dendritic cells after exposure to an
adverse pathogen or allergen and that there is an established epithelia — dendritic

cell communication pathway!*4.

Alveolar macrophages are the primary microbial sampling and clearance
mechanism within the lung lumen and play an integral role in pulmonary host
defence positioned at the interface between the mucosa and the external
environment!!®. The composition of the microbiome in an asthmatic lung will
consequentially affect macrophage sampling. Indeed the function of the alveolar
macrophages may also effect what microbes persist in the lung and hence influence
the resulting airway microbiome. Studies on alveolar macrophages in smokers have
demonstrated that accumulation of tobacco smoke particulates in the lysosome
effects migration and response to Mycobacterium tuberculosis*'®. These
observations should also be noted with regard to asthmatics and their lung
microbiota, as failure to efficiently clear certain species may result in persistence

and imbalance.

Tu2 cells play a prominent role in allergic disorder pathogenesis leading to B cells
isotype switching, generating IgE antibodies which are specific to the particular
allergen®®. Ty2 cells further enlist and enhance survival of eosinophils and mast

cells, induce goblet cell hyperplasia and further drive bronchial hyper reactivity>*.
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The virome and asthma

Epidemiological studies across five continents spanning three decades have
revealed a strong link between respiratory infections and the pathogenesis of
asthma3. Respiratory Syncytial Virus (RSV), Metapneumovirus, Coronavirus,
Parainfluenza and Human Rhinovirus are just some of a plethora of human viruses
which are known to be connected with respiratory diseases like asthma'’. Human
rhinoviruses can act as a trigger for asthma exacerbations!°. Viral respiratory tract
infections, most commonly rhinovirus infections, can have a serious effect on
asthmatic patients or people at risk of developing asthma, causing exacerbations
and worsening disease prognosis*'’. Some emerging evidence has shown that
individuals with asthma may have deficiencies in antiviral activity and a
dysfunctional epithelial barrier, increasing susceptibility to severe viral respiratory
infections with more potential for exacerbations!'’. Sigurs et al., have determined
that acute RSV infections, occurring in conjunction with a family history of asthma,
synergistically increase the risk of asthma development in an individual, illustrating
that this gene-by-environment interaction has prognostic implications in

asthmall7,118

Viruses have been seen to predispose individuals to secondary bacterial infection.
Upon exposure to RSV there is an increase in the adherence of Streptococcus
pneumoniae to human epithelial cells!1%11°, Respiratory virus infection markedly
increases emergency room admissions in relation to asthma exacerbations3.
Wheezing respiratory viral ilinesses from birth to 3 years of age, in high risk children
(parent who tests positive for respiratory allergies or a history of diagnosed asthma)
increase the risk of asthma development 10 fold when the child reaches 6 years of
age'?°, It has also been shown that severe respiratory syncytial virus bronchiolitis in

infancy, predisposes to the development of adult asthma®??,

Respiratory virus (RV) and Respiratory Syncytial Virus (RSV) are capable of activating
a range of proinflammatory cytokines, chemokines, growth factors, adhesion

molecules and mucins, relevant to the pathophysiology of asthma3.
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The mycobiome and asthma

The bacterial microbiome of the lungs has been the main focus of research to date,
however the fungal microbiome/mycobiome of the lungs warrants investigation'?2.
The respiratory tract is constantly exposed, via the atmospheric environment, to
hyphal fragments, fungal spores and yeasts'?3-126, Thermotolerant fungi, including
Candida, Aspergillus and Penicillium are sources of allergens, commensals and
opportunistic pathogens and can colonise airways with potential clinical

ramifications23:126,

A marker for fungal exposure, extracellular polysaccharides, derived from
Aspergillus and Penicillium are now known to be inversely associated with
asthma'?’. A recent investigation of pooled sputum samples from asthma patients
and controls identified 136 fungal species of which 90 species were more common
in asthmatics. Psathyrella candolleana, Malassezia pachydermatis, Termitomyces
clypeatus and Grifola sordulenta were most commonly found in asthmatics and
Eremothecium sinecaudum, Systenostrema alba, Cladosporium cladosporioides and
Vanderwaltozyma polyspora were more prevalent in the sputum samples of the

control group'?,

Wheeler et al., have demonstrated that antifungal drugs cause a fungal dysbiosis in
mice and this dysbiosis results in an increase in the severity of airway inflammatory
diseases such as asthma??®. It has been well recognised for centuries that mould
exposure can lead to an exacerbation of asthma®!3, In certain patients, mould
exposure can have detrimental effects leading to increased disease severity,

hospital admissions, and increased risk of bronchial reactivity and death'*3,

Environmental risk factors such as pollen, animal dander and mould spores and
their impact on asthma were examined from 1985 to 1989 in a cohort of asthmatics
ranging in age from 5 to 34 years in Chicago, US. It was discovered that there was a
2.16 times greater chance of an asthma related death on days when the mould
spore count reached >1000 spores per cubic meter. While factors such as genetics
and the patients’ socioeconomic situation have important roles, there appears to

be a temporal relationship between the high environmental spore count and
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subsequent asthma attacks®*°. The summer-autumn period of asthma admissions
and deaths corresponds with the peak in environmental mould spores seen at this

timel13,

It has been reported by Black et al., in 37 patients admitted to the ICU for an acute
asthma attack, that 54% tested positive in a skin test for fungal spores which
included Alternaria tenuis, Cladosporium cladosporides, Epicoccum nigrum and
Helminthosporium maydis*3*. O’ Driscoll et al., recruited 181 patients, aged
between 16 — 60 years of age and divided them into three groups; severe,
moderate and mild, dependent on their number of lifetime hospital admissions.
76% of patients with severe asthma tested positive in a skin test to one or more
moulds including Aspergillus fumigatus, Penicillium notatum, Cladosporium
herbarum, Alternaria alternata or the yeast Candida albicans in comparison to

lower rates of positivity in patients with moderate or mild asthma (16% - 19%)132.

Exposure to fungal allergens can have a devastating impact on asthmatics. Fungi
contain proteins which are detrimental to the airway epithelium, enhance
additional reactions and also act as allergens'3. It is possible that the long term
fungal colonisation of an atopic patient may provide a chronic source of allergen
exposure, propagate airway inflammation and increase severity of asthma

phenotype!?3,

Severe asthma studies have suggested that fungi may play a role and the term
severe asthma with fungal sensitisation (SAFS) has been used to describe severe
asthma patients who demonstrate sensitisation to fungus in the absence of allergic

bronchopulmonary aspergillosis (ABPA)33, See figure 3.
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Figure 3 The inhalation of Aspergillus spores is believed to result in a number of
different sequelae depending on the host. Figure adapted from Kousha et al.,

Pulmonary aspergillosis: a clinical review?!34,

Previously published work carried out by our research group involved a study of the
mycobiome in the airways of 69 adult asthmatics'?6. This work included the striking
finding that fungal spores and hyphae were detectable microscopically in 70% of
BAL obtained from the cohort. Molecular analysis demonstrated that 86% of
patients had evidence of fungal presence within their BAL and almost half had
detectable Aspergillus fumigatus in the airway by qPCR analysis'?®. This work is
interrogated in greater detail in Chapter 4 — Fungi in Asthma. Our recent work
describing striking high levels of fungal detection in asthmatics parallel and
resonate with emergent studies showing that exposure to bacterial and fungal
components may imprint epigenetic memory in inflammatory cells of the innate
immune system with a consequence of this being the dysregulated release of

cytokines?3>,
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Conclusions

There is an emerging consensus that the microbiome potentially plays a critical role
in disease development, including in the pathogenesis of airway conditions such as
asthma®3®, Asthma rates are increasing and thanks to meta-genomics it is now
possible to define the composition of microbes in the lungs and elucidate whether
changes in the composition of lower airway microbiota influences the complex
pathophysiology of chronic lung disease such as asthma. Emerging data suggests
that the role of microbial immune engagement and their metabolites cannot be
ignored in studying asthma disease progression. Both Russell et al., and more
recently Wheeler et al found that antibiotics and antimycotics alter the gut
microbiota exacerbating allergic asthma symptoms in mice®>'%°. A reduction in
microbial diversity and changes in bacterial population composition was found to
lead to a heightened risk of asthma development when challenged by allergens.
Vancomycin, which is orally administered, targets the gram positive Clostridium
bacterial groups in the gut®. Clostridia make SCFAs such as butyrate and it possible
that these metabolites lead to the observed negative impact on lung function. The
“disappearing microbiota” theory, therefore contends that a disrupted microbiota
or shift in an individual’s microbial balance could possibly have detrimental
effects!®. Further research is now required to fully dissect this role and ultimately
pave the way for the emergence of new therapeutic strategies in combating these

conditions®.
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1.1. Principles of respiratory investigations

The European Respiratory Society (ERS) White Book states that the diagnosis and
follow up of respiratory diseases may require the implementation of a number of
investigative procedures, implemented in an appropriate and cost effective step-by-
step evaluation?. A detailed clinical history is first required for each patient,
followed by a physical examination which may provide crucial clues as to future
diagnostic avenues. The use of microbiological, histological and cytological
laboratory procedures may then aid in the diagnosis or rule out the diagnosis of a
number of possible diseases. In the case of asthma total and specific
immunoglobulin E or skin testing with allergens may be implemented in the
laboratory stage of the diagnostic process. The use of respiratory function testing
such as spirometry is also vital to the diagnostic process, providing an assessment
of disease severity and the monitoring of treatment. When required to carry out
further more invasive investigations imaging techniques such as chest radiography
or computed tomography (CT) enable visualisation and invasive bronchoscopy and
biopsy techniques prove essential when simpler clinical or laboratory processes fail

to provide a clear patient diagnosis.

1.2 Patient recruitment

All studies within this thesis have been approved by the Clinical Research Ethics
Committee of the Cork Teaching Hospitals. Patient study cohorts consist of patients
with a history of asthma; either documented change in FEV1 >12%/200ml with
bronchodilator or a positive inhalation challenge. All patients were recruited
through a dedicated asthma clinic in a tertiary referral centre, Cork University
Hospital by my clinical supervisor, Dr Des Murphy. Patients were scheduled for
bronchoscopy, with spirometry, ACQ-7 and blood sampling performed on the day of
bronchoscopy. Written informed consent was obtained from patients on the day of

bronchoscopy.
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1.3. Bronchoscopy

Patient bronchoscopies were performed by Dr Des Murphy at Cork University
Hospital. For many respiratory diseases such as asthma endoscopy and biopsy
techniques are vital. Bronchoscopy is the key endoscopic procedure with regards to
respiratory medicine and is implemented for both diagnostic and therapeutic
purposes?. With respect to studies regarding the microbiome of the lung,
bronchoscopy is often implemented as a method to sample the airways and is also
key with regards to studies on airway inflammation and bronchial remodelling3. A
rigid or flexible bronchoscope can be used to examine the airways; however for the
purpose of these studies a flexible bronchoscope, in which the tube was less than
1cm wide and about 60 cm long, was used. It is accepted that flexible bronchoscopy
is the gold standard for the direct visualisation of the airways and allows for various

diagnostic and therapeutic interventions®.

Flexible bronchoscopy using video assisted imaging was generally performed under
conscious sedation with local anaesthetic applied topically to the vocal cords,
trachea and endobronchial tree?. It is required that pharmacological sedatives are
administered in a manner of conscious sedation so as to achieve a moderate level
of sedation that is sufficient to achieve procedural tolerance on the part of the
patient while maintaining a patent airway and ventilatory and cardiovascular
function®. In order to achieve this manner of sedation pharmacological sedatives
are administered incrementally to achieve the required clinical and physiological
effect. Two sedatives used commonly in bronchoscopy include benzodiazepines and
opioids®. The agents utilised in our institution are midazolam and fentanyl. When
selecting pharmacological sedatives for bronchoscopy ideally the chosen sedatives
will be easy to administer, have a rapid onset and short duration of action and a
rapid recovery with rapid return of cognition whilst not being altered by possible
interactions with other drugs and the chosen sedatives should be reversible in a

predictable manner through the use of antagonists*.

Benzodiazepines are widely used in bronchoscopy to achieve the required level of

sedation. It is known that benzodiazepines enhance the effect of the gamma-
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aminobutryic acid (GABA), producing sedative, hyponotic, anxiolytic, anti-
convulsant and muscle relaxing properties, with the benzodiazepine midazolam
commonly used by bronchoscopists as it has a short half lift and it offers a fast
onset of action®. The benzodiazepine, midazolam, is often used in bronchoscopy in
combination with opiates as their analgesic, antitussive, sedative properties
complement benzodiazepines to deliver the desired sedation, improving the
patients tolerance to the procedure®. Opioids bind to mu (p), kappa (k), delta (8)
and sigma (o) receptors located in the brain, spinal cord and peripheral sensory
neurons and the gastrointestinal tract. For the purpose of bronchoscopy opioids
which target the W receptor, such as fentanyl which has a fast onset of action and
short half-lift, results in supraspinal analgesia, respiratory depression and muscle

rigidity creating an improved bronchoscopy experience®.

Bronchoalveolar lavage (BAL) is achieved through the instillation of saline via the
bronchoscope and it enables the collection of specimen directly from the
endobronchial lumen for subsequent cytological or microbiological investigation?.
Bronchoalveolar lavage (BAL) in these studies was obtained as a standardised

180ml (3x60ml) sample from either the right middle lobe or lingula.

In addition to the collection of Bronchoalveolar lavage (BAL), bronchial brushings
were collected during bronchoscopy, by passing a small brush through the sampling
channel of the bronchoscope to collect cells from the airway lining of the lung. The
bronchial brushings, which are often used in research to establish primary bronchial
cell culture, were in this case used for gRT-PCR analysis and so upon collection of
the bronchial cells at the completion of the bronchoscopy the brush containing the

cells was cut and placed in a sterile sample tube with a preservative for processing.

1.4. Spirometry

Spirometry was performed by research nurses from the Cork Clinical Research
Facility — CCRF immediately prior to bronchoscopy. Spirometry is a widely used

pulmonary function test which provides an aid in the diagnosis of lung diseases,
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differentiating between obstructive and restrictive airway disorders and the
monitoring of lung health®. Spirometry measures the maximal volume of air an
individual can inspire and expire with maximal effort>. Forced Vital Capacity (FVC) is
the volume of air delivered during an expiration made as forcefully and completely
as possible with the time recorded from full inspiration®. Forced Expiratory Volume
in the first second (FEV1) is a measurement of the expiratory volume in the first
second of the FVC maneuver®. The American Thoracic Society and European
Respiratory Society state in their Standardisation in Spirometry 2019 report that the
key stages of an FVC maneuver include; maximal inspiration, a “blast” of expiration,
continued complete expiration for a maximal 15 seconds and inspiration at maximal
flow back to maximal lung volume®. Maximum flow-volume curves, whereby the
expired volume is measured by electrical integration of airflow, are produced by the
spirometer?. The Irish Thoracic Society states that the use of spirometry to confirm
diagnosis and assess responses to treatment in respiratory diseases such as asthma
is recommended®. The Irish Thoracic Society states that when interpreting the
results of a spirometer reading it is noted that in patients with airflow obstruction
there is an inability for patients to exhale air quickly, leading to a fall in FEV; while
FVC remains consistent leading to a FEV1/FVC ratio below 70%, leading to a
diagnosis of respiratory disorders such as asthma®. While a FEV1/FVC ratio that is
greater than 70% may represent normal pulmonary function it may at times
represent restrictive airway disease, and in cases where the FEV1 and FVC values
are reduced poor technique must be ruled out before a restrictive airway disease
can be diagnosed®. Spirometry is a useful respiratory function test as the spirometry
test measurements complement the Global Initiative for Asthma (GINA)
classification system, allowing for guidelines as to best practice with respect to

therapy or mode of action®.

1.5. FeNO - Fractional exhaled Nitric Oxide

Fractional exhaled Nitric Oxide (FeNO) is a non-invasive marker of inflammation and

can elucidate how successful inhaled steroids are at supressing a patient’s
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inflammation’. For cases where a patient displays eosinophilic asthma FeNo has
been reported to be elevated, while in patients with non-eosinophilic asthma this is
not the case. Mast cells and antigen specific Th2 cells are activated in cases of
eosinophilic asthma, which results in an upregulation of epithelial inducible nitric
oxide®. Therefore in asthma patients FeNO has been noted to be a good biomarker
for eosinophilic airway inflammation and predictor of poor or good corticosteroid

response®,

In 2011 the American Thoracic Society endorsed the use of FeNO as a diagnostic
and decision-support tool for asthma?®. It has been noted that FeNo can aid in; the
detection of eosinophilic airway inflammation, the likelihood of inhaled
corticosteroid (ICS) success, the monitoring of airway inflammation for the need to
prescribe the patient inhaled corticosteroids and revealing possible patient ICS non-
adherence®. Patients underwent FeNO measurement using a portable device which
measured the level of nitric oxide in parts per billion (ppb) in the air which was

exhaled from their lungs slowly.

1.6. ACQ-7 — Asthma Control Questionnaire-7

The Asthma Control Questionnaire (ACQ) was carried out by research nurses from
the Cork Clinical Research Facility (CCRF) on the day of bronchoscopy. The ACQ-7 is
a validated questionnaire developed and used under the permission of Prof.
Elizabeth Juniper and is implemented is the following studies as it is validated for its
discriminative properties enabling measurement of patient asthma control®. The
guestionnaire consists of 7 items, 5 questions relate to the highest scoring
symptoms people with asthma experience, 1 question related to rescue
bronchodilator use and 1 question is answered by the research nurse post
spirometry and is related to the FEV1% of predicted normal®. Patients are required
to recall their asthma symptoms and behaviour and their bronchodilator use during
the previous week and answer each question on a 7 point scale which is provided,
whereby 0 = no impairment and 6 = maximum impairment. The questions are as

follows:
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1. On average, during the past week, how often were you woken by your
asthma during the night?

2. On average, during the past week, how bad were your asthma symptoms
when you woke up in the morning?

3. Ingeneral, during the past week, how limited were you in your activities
because of your asthma?

4. In general, during the past week, how much shortness of breath did you
experience because of your asthma?

5. In general, during the past week, how many times did you wheeze?

6. On average, during the past week, how many puffs/inhalations of short
acting bronchodilator have you used each day?

7. FEV1% predicted?

All questions in the ACQ-7 are equally weighted and the mean of the 7 questions is

used to calculate the patients ACQ-7 score®’.

1.7. GINA - Global Initiative for Asthma

Established by the World Health Organisation and the National Heart, Lung and
Blood Institute in 1993 GINA — The Global Initiative for Asthma was formed to
increase asthma awareness among health professionals, authorities and the
community??. GINA is strongly focused on preventing asthma related deaths and
severe exacerbations while also focusing on the efficacy and effectiveness of
asthma treatment in general. GINA through the release of their yearly report
compiles the most recent understandings in scientific research with respect to
asthma and translates this scientific evidence in a manner that will improve patient
care. Providing guidance on many aspects of asthma diagnosis and treatment, the
GINA report also groups patients into stages or steps of asthma severity, from stage
1; mild to stage 5; severe'®'4, All patients within the following cohorts have been
assigned a GINA ranking of asthma severity by Dr Des Murphy; whereby GINA 142 =
Mild, GINA 3= Moderate and GINA 4+5 = Severe.
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1.8. Blood sampling

Venepuncture was carried out prior to bronchoscopy by the Doctor on duty using
aseptic technique and strict adherence to standard precautions. The Vacutainer
System was used for blood drawing. The order in which blood containers were filled
was in accordance to Cork University Hospital recommendations of blood draw

order.

In order to test for Aspergillus antibodies blood was collected in a 4ml red capped
Vacuette tube with clotting accelerator to ensure blood coagulated and a separator
gel to ensure blood fractions separated upon centrifugation. The Aspergillus
antibodies test was performed by a reference laboratory (Mycology Reference

Centre, Leeds, UK).

In order to test patient IgE levels, blood was collected in a plain 4ml red capped
Vacuette tube with clotting accelerator and the IgE level test was performed by the
Clinical Biochemistry Department at Cork University Hospital. IgE levels above 80

KU/L were considered not normal.

In a patient specific manner, C-reactive protein (CRP), a blood marker for
inflammation in the body, was tested for. This required blood to be collected in a
4ml red capped plain tube with clotting accelerator. The test was performed by the
Clinical Biochemistry Department at Cork University Hospital. The reference range

for CRP is 0.0-5.0 mg/L.

With respect to the patient cohorts involved in the following research studies both
serum and plasma samples were required for future analysis at the APC
Microbiome Ireland, University College Cork. The required blood samples were
collected in serum specific red and yellow capped Vacuette tubes and plasma
specific purple capped Vacuette tubes (Greiner Bio-One). The inner wall of the
serum specific Vacuette tube was coated with silica particles which activated the
coagulation process and a specific separator gel at the base of the tube formed a
stable barrier during centrifugation to enable the serum and the blood to remain
separated. The plasma specific purple capped Vacuette tube contained a coating of

either K2EDTA or K3EDTA which acted as an anticoagulant by binding calcium ions
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to prevent the clotting cascade from taking place. Upon return to the laboratory
both tubes were centrifuged at 200rpm for 20 minutes and the serum and plasma
was removed by pipetting and stored in screw-cap microcentrifuge tubes. All
patient serum and plasma isolated samples were then stored at -80°C for future

processing and analyses.

Erythrocyte sedimentation rate (ESR) was measured in a patient specific manner.
The ESR measurement is a non-specific test of inflammation and tissue damage.
Blood was collected in a 3ml purple EDTA containing Vacuette tube. The ESR
protocol was carried out by the Haematology Department at Cork University
Hospital. The blood specimen must be less than 12 hours old from the time of
phlebotomy however the ESR is most accurate within 4 hours of phlebotomy and
the minimum sample volume required is 1.4ml. The reference range for males is O-

10 mm/hour and for females is 0-22 mm/hour.

A full blood count including analysis of haemoglobin, red cell count, white blood cell
count, eosinophil count, lymphocyte count and neutrophil count was carried out for
all patients. Blood was collected in a 3ml purple Vacuette tube with EDTA and the
test procedure was carried out by the Haematology Department at Cork University
Hospital. The haemoglobin reference range for males >18 years is 13.0-17.0 g/dI
and for females >18 years is 11.7-15.9 g/dl. The red cell count reference range for
males >18 years is 4.2-5.6 x10*2/| and for females >18 years is 3.9-5.3 x10'%/I. The
reference range for white blood cell count for both males and females >18 years is
4.4-11.3 x10°/I. The reference range for the eosinophil count for both males and
females >18 years is 0.04-0.4 x10°/I. The reference range for the lymphocyte count
for both males and females >18 years is 0.9-3.2 x10°/I. The reference range for the

neutrophil count for both males and females >18 years is 1.4-6.6 x 10%/I.

Glucose levels required the collection of blood in a 4ml sodium fluoride EDTA grey
capped Vacuette tube. The protocol to determine glucose concentration was
carried out by the Clinical Biochemistry Department at Cork University Hospital and
the reference range of blood glucose levels is determined by WHO guidelines, with

the normal range below 11.1 mmol/l and the fasting range below 5.5 mmol/I.
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Chapter 3

Fungi in Asthma

The presence of Aspergillus fumigatus in asthmatic airways

is not clearly related to clinical disease severity
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1. Abstract
Background: It is thought that airway fungi, in particular Aspergillus may impact on
the severity of the clinical phenotype in asthma. Indeed the term severe asthma
with fungal sensitisation (SAFS) has been coined. We aimed to determine whether
the presence of fungi, in particular Aspergillus fumigatus, in the airway correlated
with asthma severity and control. Furthermore, we aimed to determine if
traditional markers of Aspergillus sensitisation related to the presence of

Aspergillus within the airway.

Methods: Sixty-nine patients characterised by asthma severity (GINA) and level of
control (ACQ-7) underwent bronchoscopy and bronchoalveolar lavage (BAL). Serum
was assessed for A. fumigatus specific IgE and total IgE. Galactomannan and
relevant cytokine levels were assessed in serum, plasma and BAL. BAL was analysed

for the presence of A. fumigatus.

Results: In BAL, fungi were visible by microscopy in 70% (n=69) and present by
gPCR in 86% of patients, while A. fumigatus was detectable by gPCR in 46%. Plasma
and BAL IL-4, IL-6, IL-10, IL-13 and TNF-a correlated with BAL fungal presence, while
plasma IL-17 correlated with BAL fungal presence. Aspergillus positive BAL
correlated with increased plasma and BAL IL-6 and BAL IL-13. There was no
relationship between fungal airway presence and oral steroid or inhaled
corticosteroid dose, asthma severity or control. The presence of Aspergillus within

the airway also did not relate to serum IgE positivity for Aspergillus.

Conclusions: Fungi were present in a large proportion of our asthmatic patients’
airways, but their presence was not predicted by traditional markers of
sensitisation, nor did it appear to be related to measures of disease severity or

control.
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2. Introduction
The term severe asthma groups patients with varying pathophysiological and
phenotypic characteristics®. Studies have suggested roles for fungi in severe asthma
and the term severe asthma with fungal sensitisation (SAFS) has been coined; the
current definition of which is based on demonstrating sensitisation to fungus in the
absence of allergic bronchopulmonary aspergillosis (ABPA)2. Therapies aimed at

fungal elimination have afforded mixed results®*.

The respiratory tract is constantly exposed, via the atmospheric environment, to
hyphal fragments, fungal spores and yeasts®>’. Thermotolerant fungi, including
Candida, Aspergillus and Penicillium are sources of allergens, commensals and
opportunistic pathogens and can colonise airways with potential clinical

ramifications®.

Aspergillus fumigatus, a ubiquitous fungus can elicit a destructive response in a
susceptible host8. Due to the spherical shape of A. fumigatus conidia, typically 2.0-
3.0um in diameter, the conidia can evade mucociliary clearance and reach the
lower airways®. Pathogen recognition receptors and innate immune cells can
subsequently initiate a cascading anti-fungal response, culminating in phagocytosis,
removal of the fungal insult and down-regulation of inflammatory cytokine
signalling!®!, In a healthy host these innate mechanisms ensure that fungal spores
are cleared!’. In a host with a pre-existing disorder, such as asthma, there is a risk
that fungal exposure will lead to airway colonisation, and disorders such as severe
asthma with fungal sensitisation (SAFS) or ABPA%1, |t has been suggested that
fungal sensitisation and asthma severity may be related, and a temporal
relationship between fungal exposure and clinical outcome has been shown??12,
While interest remains in relation to Aspergillus colonisation, attention to other
fungi is also of interest and a wider group of sensitisation to genera such as Candida
and Penicillium exists and is encompassed within the diagnosis Allergic

Bronchopulmonary Mycosis>.

In this study, we sought to ascertain whether fungi, and in particular Aspergillus

were present in the airways of asthmatics across the spectrum of disease severity
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and determine whether their presence was associated with airway and systemic
cytokines, levels of control, disease severity or treatment with steroids. We
additionally wished to determine whether or not systemic sensitisation with
Aspergillus as currently utilised to define SAFS was related to Aspergillus presence

within the airway.
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3. Methods

3.1. Patient recruitment

The study was approved by the Clinical Research Ethics Committee of the Cork
Teaching Hospitals. Sixty-nine patients with a history of asthma (either documented
change in FEV1 212%/200ml with bronchodilator or a positive inhalation challenge)
were recruited through a dedicated asthma clinic in a tertiary referral centre, Cork
University Hospital, by my clinical supervisor, Dr Des Murphy. Patients with ABPA
were excluded. Patients were scheduled for bronchoscopy, with spirometry, ACQ-7
and blood sampling performed on the day of bronchoscopy. Written informed

consent was obtained from patients on the day of bronchoscopy.

Spirometry, a lung function test, was performed according to ATS/ERS guidelines by
a research nurse from the Cork Clinical Research Facility — CCRF immediately prior
to bronchoscopy?!3. Spirometry measures the maximal volume of air an individual
can inspire and expire with maximal effort'4. The cohort was stratified by both
severity [mild (GINA 1+2), moderate (GINA 3) and severe (GINA 4+5)] and asthma
control (ACQ-7)>1¢ (Table 2). Asthma severity was determined through the
implementation of the Global Initiative for Asthma (GINA) ranking system which
groups patients into stages or steps of asthma severity, from stage 1; mild to stage
5; severe!” 18, In order to group patients by level of control the Asthma Control
Questionnaire (ACQ-7) was utilised by a research nurse from the Cork Clinical
Research Facility — CCRF prior to bronchoscopy. The ACQ-7 consists of 7 items; 5
questions related to the highest scoring symptoms people with asthma experience,
1 question related to rescue bronchodilator use and 1 question was answered by
the research nurse post spirometry and was related to the FEV1% of predicted
normal®®. All questions in the ACQ-7 are equally weighted and the mean of the 7

questions was used to calculate the patients ACQ-7 score?°,

Venepuncture was carried out prior to bronchoscopy by the doctor on duty using
aseptic technique and strict adherence to standard precautions. The Vacutainer
System was used for blood drawing and the order in which the blood containers

were filled was in accordance to Cork University Hospital recommendations for
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blood draw order. Serum was assessed for total IgE and A.fumigatus specific IgE and
plasma was assessed for cytokines. For further information regarding blood

collection and processing please see Chapter 2 Study Cohorts’ — 1.8 Blood sampling.

Patients underwent bronchoscopy according to standard guidelines?!. Flexible
bronchoscopy using video assisted imaging was performed under conscious
sedation with local anaesthetic applied topically to the vocal cords, trachea and
endobronchial tree??. Bronchoalveolar lavage (BAL) was achieved through the
instillation of saline via the bronchoscope enabling the collection of specimen
directly from the endobronchial lumen for subsequent cytological or
microbiological investigation?2. Bronchoalveolar lavage (BAL) was obtained as a

standardised 180ml (3X60ml) sample from either the right middle lobe or lingula?3.

Further information with regards to asthmatic patient bronchoscopy and patient

sample collection protocols can be found in Chapter 2 Study Cohorts’.

3.2. Total IgE and Aspergillus fumigatus IgE detection

In order to quantitatively assess for circulating total IgE and Aspergillus fumigatus
specific IgE in human serum ImmunoCAP IgE assays (Thermo Fischer
Scientific/Phadia, Uppsala, Sweden) were performed at the clinical laboratories at
Cork University Hospital according to the manufacturers protocols. Briefly, the
ImmunoCAP solid phase consists of a capsule with a cellulose derivative. In the case
of total IgE detection Anti-IgE was covalently coupled to the solid phase
ImmunoCAP and a reaction with total IgE within the patient sample occurred. After
washing the capsule enzyme labelled antibodies against IgE were added to the
capsule and a complex was formed and incubation of the complex occurred.
Following the incubation stage unbound enzyme was then washed away and the
bound complex was then incubated with the developing agent. Once the reaction
was stopped the fluorescence of the eluate was measured and values were
transformed using a calibration curve. Fluorescence was directly proportional to the

concentration of IgE within the patient sample.
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In the case of A. fumigatus specific IgE detection the allergen of interest, A.
fumigatus, covalently coupled to the ImmunoCAP, reacted with the A. fumigatus
specific IgE in the patient serum. Non-specific IgE was washed away and enzyme
labelled anti-IgE antibodies were added and a complex was formed. Upon the
completion of the incubation stage any unbound anti-IgE was washed away and
further incubation of the bound complex and a developing agent occurred. Once
the reaction is stopped the fluorescence values were transformed using a
calibration curve to determine the amount of A. fumigatus specific IgE present

within the serum.

3.3. Microscopy

A differential cell count was performed on BAL cytospin slides, stained with the
Kwik-Diff kit (Thermo-Fisher) using light microscopy and Olympus DP software.
Immune cell percentage counts were calculated and slides scored for fungal
presence by 3 independent observers and microscopic observation of fungus was
determined by size and presence of hyphae and/or spores. Samples received a
positive or negative fungal score (0/1). A representative positive sample is shown

figure 4 B-C.

3.4. DNA extraction

To reduce contaminating host cell DNA, BAL was centrifuged at 500g for 10
minutes, supernatant collected and centrifuged in 2ml screwcap microcentrifuge
tubes at 20,000g for 5 minutes. The supernatant was then removed and the
remaining bacteria pellets were recombined for DNA extraction. See figure 1 for

patient BAL processing which occurred on the day of patient bronchoscopy.

in
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BAL

* 1ml Cytospin <& 2 « 5ml Neat Supernatant
« 2 slides stained — Kwik Diff -80°C
* 2slides stained— Gram

Centrifuge 500g x 10 min

. * 10-20 x 2ml aliquots

* Smlaliquots f.or <€ 2 « Centrifuge 20,000g x 5 min
future analysis * Pool pellets -> Bacteria

Pellet

Figure 1. Patient BAL processing schematic. Chart depicting the process the patient
BAL underwent once processing began in the laboratory on the day of

bronchoscopy.

DNA extraction took place using a QlAamp UPC Pathogen Mini Kit (Qiagen,
Manchester, UK). Patient bacteria pellet samples were centrifuged at 20,000g for 5
minutes, supernatant discarded and 500ul buffer ATL was used to resuspend the
pellet which was then added to a pathogen lysis tube containing silica beads
(Scratech Scientific, UK) and vortexed at 7000rpm for 1 minute using a MagNA Lyser
machine. The tube was then centrifuged at 8000g for 30 seconds and supernatant
removed to a fresh microcentrifuge tube without disrupting the silica beads. 40ul of
Proteinase K was added; the tube was vortexed and incubated at 56°C for 10
minutes. 200ul buffer APL2 then added to the sample, the tube was vortexed and
incubated at 70°C for 10 minutes. 300ul of ethanol was added to the lysate and the
tube was pulse vortexed for 30 seconds and the lysate was then transferred to a
mini spin column placed in a collection tube and centrifuged at 6000g for 1 minute.
This was repeated until all of the lysate had been transferred and passed through
the mini spin column, discarding the filtrate after each spin. 600ul of Buffer APW1
was added to the mini spin column which was then centrifuged at 6000g for 1
minute, discarding the filtrate afterwards. 750ul of Buffer APW2 was transferred to

the mini spin column which was then centrifuged at 20,000g for 3 minutes,
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transferring the mini spin column to a new collection tube and repeating
centrifugation to eliminate buffer carryover. The mini spin column was then
transferred to a new collection tube and incubated at 56°C for 3 minutes to ensure
the membrane was dry and was then transferred to a new DNA elution tube and
100ul of Buffer AVE was added to the centre of the membrane and incubated at
room temperature for 1 minute before being centrifuged at 20,000g for 1 minute to
elute the DNA. DNA quantification was performed using a NanoDrop 2000
Spectrophotometer (Fisher Scientific, Dublin, Ireland) and samples above 5ng/pl

were diluted back to 5ng/ul with molecular grade water.

3.5. Fungal quantitative PCR

Primers were designed and validated. gPCR was performed on extracted BAL DNA
to determine presence of fungi and A. fumigatus using a total fungal primer (Fungi
Quant)?* and an A. fumigatus TS specific primer? (Table 1). gPCR’s were performed
using a 384 well plate layout and LightCycler Probes Master (Roche, Ireland) or
LightCycler SYBR Green Master (Roche, Ireland) reagent mix, dependent on the use
of hydrolysis probes or SYBR Green primer sets. Water NTCs (No Template Control)
were used in each reaction in order to identify reaction set up contamination and to
test for the propensity of primers to create primer dimers in the case of reactions
which were carried out with SYBR Green Master. Reactions were performed on a
LightCycler 480 machine (Roche, Ireland). gPCR conditions were as follows; pre-
incubation at 50°C for 2 minutes, ramp rate 4.8°C/s and 95°C for 10 minutes, ramp
rate 4.8°C/s. Amplification at 95°C for 10 seconds, ramp rate 4.8°C/s, 60°C for 45
seconds, ramp rate 2.5°C/s and 75°C for 1 second, ramp rate 4.8°C for 45 cycles in
total. A melt curve also occurred at 95°C with a ramp rate of 0.11°C/s for any
primer which used LightCycler SYBR Green Master. A cooling stage then occurred at
40°C, ramp rate 2°C/s at the end of the process. Fluorescent readings were taken in
single acquisition mode. All NTCs did not produce a product and melt curves

produced clear peaks indicating that the products produced were not an artefact.
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Primer Sequence Reference
Fungi Fungi Quant-F 5’-GGR AAA CTC ACC AGG TCC AG-3’ 2
Quant
Fungi Quant-R 5’GSW CTA TCC CCA KCA CGA-3’
Aspergillus | OliIAFMB-L-pl-103 5’-AGC ACG GCT TGT GTG TTG -3’ Modification
fumigatus on
Aspergillus
ITS
KT358862 %
OliAFMB-R-pl-103 5’-GGG TGA CAA AGC CCC ATAC-3’

Table 1. Primer sequences. Validated primer sequences utilised for the detection of
total fungi (Fungi Quant) and Aspergillus fumigatus (gene OlIAFMB). Note: K=G or T,
R=Aor G, S=G or C, W=A or T, IUPAC code.

3.6. Platelia Aspergillus antigen (Galactomannan assay)

Platelia Aspergillus antigen immunoenzymatic sandwich microplate assay (Bio-Rad,
Dublin, Ireland) was performed on patient serum and BAL to determine
presence/absence of Aspergillus galactomannan antigen. The assay was performed
using the manufacturer’s protocol. Briefly, rat derived EBA-2 monoclonal antibodies
were used to coat the wells of the microplate, bind the antigen and to detect the
antigen bound to the sensitised microplate. The serum or BAL fluid samples to be
tested were first heat treated in the presence of EDTA. The treated samples and
conjugate reagent (peroxidase-linked anti-galactomannan monoclonal antibodies)
were then transferred to the coated microplate and the plate was incubated. A
monoclonal antibody-galactomannan-monoclonal antibody/peroxidase complex
was formed in the presence of the antigen galactomannan. The microplate was
then washed five times to ensure the removal of any potentially unbound material.
Chromogen TMB solution was rapidly added in the wells of the microplate ensuring

exposure to bright light was avoided and a blue colour reaction took place upon the
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reaction with the bound complexes in the wells. A 1N sulfuric acid solution was
then added to the wells in order to stop the enzymatic reaction and a colour change
from blue to yellow was observed The optical density of each well was read using a
spectrophotometer set at 450nm (reference filter 620/630nm) (Synergy HTX Multi
Mode Reader, BioTek, USA).

3.7. Cytokine measurement

BAL and plasma cytokines were analysed using a custom MSD proinflammatory
panel 1 containing targets for Interleukin (IL)-1B, IL-4, IL-6, IL-8, IL-10, IL-13,
Interferon (IFN)-y and tumour necrosis factor (TNF)-a and a custom MSD cytokine
panel 1 containing targets for IL-5 and IL-17A. Reagent preparation consisted of the
following; calibrator standards were prepared by resuspension of the lyophilised
calibrator with 1000ul of the appropriate diluent (diluent 2 for proinflammatory
panel 1 and diluent 43 for cytokine panel 1) and then transferring 100l of the re-
suspended calibrator with 300ul of appropriate diluent. This 4 fold serial dilution
was repeated 5 additional times to generate 7 calibrators with the diluent alone
used as a zero calibrator. Plasma samples were diluted as follows; 35ul of plasma
and 35ul of appropriate diluent, while BAL samples were undiluted. A detection
antibody solution was created for the proinflammatory panel by combining 60ul of
each SULFO-TAG anti-human IL-1B, IL-4, IL-6, IL-8, IL-10, IL-13 IFN-y and TNF-a
antibody with 2520ul diluent 3 to bring to a final volume of 3000ul. A detection
antibody solution for cytokine panel 1 consisted of 60ul each of SULFO-TAG Anti-
human IL-5 and IL-17A with 2880ul of diluent 3 for a final volume of 3000ul. Wash
buffer consisted of PBS and 0.05% Tween 20. Read buffer for each plate consisted
of 10ml of Read Buffer T (4X) and 10ml of deionised water for a 2X working
solution. Step 1 of the assay involved washing the plate 3 times with 150ul/well
wash buffer 50ul of prepared calibrators or samples was added per well, the plate
was sealed before overnight incubation with shaking at 2-8°C. Step 2 involved
washing the plate a further 3 times with 150ul/well wash buffer before the addition

of 25ul detection antibody solution to each well, the plate sealed and a two hour
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room temperature incubation with shaking occurred. Step 3; the plate was washed
3 times as before and 150ul of 2X Read Buffer T was added to each well before
analysis of the plate using an electro-chemiluminescence QuickPlex SQ 120 imager

from Meso Scale Discovery (Gaithersburg, MD, USA).

3.8. Statistical analyses

Statistical analyses were performed using Graph Pad Prism Software 6. Appropriate
tests such as T-test, Spearman and Pearson Correlations were performed, with
corrections for parametric/non-parametric data. Results were considered

statistically significant when P<0.05.
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4. Results

4.1. Patient demographics

Of the sixty-nine adult asthmatic patients recruited, 61% were female. The cohort
was stratified by asthma severity into 35% mild (GINA 1+2), 22% moderate (GINA
3), 43% severe (GINA 4+5) and level of control (ACQ-7) with 38% controlled (ACQ-
7<1.5) and 62% uncontrolled (ACQ-721.5).

Seven patients (10%) were on maintenance oral steroids at the time of testing
(7.5mg median; min-max 5-30 mg daily). Ten asthmatics (14%) were newly

diagnosed and ICS naive at the time of sampling.

Of the sixty-nine patients recruited 7 were current smokers, 18 were ex-smokers

and 44 patients had never smoked. 65% (45/69) of patients lived in a rural location

while 35% (24/69) of patients lived in an urban setting.

Results and patient characteristics are summarised in table 2.
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Figure 2. Distribution of patient asthma severity and level of control. The patient
cohort was stratified by (A) asthma severity (GINA) into 35% (24/69) mild (GINA
1+2), 22% (15/69) moderate (GINA 3), 43% (30/69) severe (GINA 4+5) and (B) level
of control (ACQ-7) with 38% (26/69) controlled (ACQ-7<1.5) and 62% (43/69)

uncontrolled (ACQ-7 > 1.5) asthmatics. n=69
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Figure 3. Range of inhaled corticosteroid dose of asthmatic patients. (A) Heatmap

visualisation of patient inhaled corticosteroid (ICS) FDP prescribed. (B) Breakdown

of patient inhaled corticosteroid (ICS) (FDP) dose. 10 patients within the cohort
were newly diagnosed and ICS naive at the time of sampling. ICS FDP; 0 (10/69),
250 (3/69), 500 (13/69), 750 (7/69), 1000 (24/69), 1500 (6/69), 2000 (6/69).n=69
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Figure 4. Patient location. When the location of the patients within the cohort was
investigated it was found that 35% (24/69) of patients lived in an urban dwelling

while 65% (45/69) of patients lived in a rural location (A-B). n=69
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Table 2. Asthmatic patient demographics. Patient demographics broken into
grouping for mild, moderate and severe asthma as defined by GINA groupings Mild
(GINA 1+2), Moderate (GINA 3) and Severe (GINA 4+5). Note T ACQ-7, Asthma
Control Questionnaire; ¥ FEV-1, Forced Expiratory Volume in the first second; §
FeNO, Fractional exhaled Nitric Oxide; 9 BMI, Body Mass Index. Table continued on

following page.

Patients
Male
Female

Smoker

IgE (KU/L)
A. fumigatus IgE
ACQ-7 T

FEV-1 (Percent
Predicted) #

FeNO (ppb) §
BMI (kg/m?) 9
BAL Galactomannan

Serum
Galactomannan

BAL Fungal
Microscopy

BAL Total Fungi (Cp)

BAL A. fumigatus (Cp)

BAL Monocyte %
count

BAL Macrophage %
count

BAL Lymphocyte %
count

n=69 (%)

Current

Ex-

Never
[Mean (SD)]
Positive

[Mean (SD)]

[Mean (SD)]

[Mean (SD)]
[Mean (SD)]
Positive

Positive

Positive

Positive

[Mean (SD)]
Positive

[Mean (SD)]
[Mean (SD)]

[Mean (SD)]

[Mean (SD)]

Mild
(GINA 1-2)
24 (35%)
11 (46%)
13 (54%)
2

7

15

[354 (654.1)]
2

(1 (0.6)]

(86 (13.7)]

[25 (24.6)]
[26 (4.5)]
3

0

18 (75%)

20 (84%)

[34 (2.2)]
13 (54%)
(34 (3.4)]
[8 (7.6)]

[80 (10.20)]

[7(5.1)]

Moderate
(GINA 3)

15 (22%)

5 (33%)

10 (67%)

1

12

[178 (252.3)]
1

[2 (1.0)]

(88 (21.7)]

[20 (14.0)]
129 (6.8)]
0

0

12 (80%)

14 (94%)

[34 (2.6)]
7 (47%)
[36 (1.4)]
[6(8.3)]

(62 (27.4)]

[9(11.4)]

Severe
(GINA 4-5)
30 (43%)
11 (37%)
19 (63%)
4

9

17

[317 (484.1)]
3

[3(1.1)]

[66 (22.3)]

[17 (25.3)]
(31 (6.7)]
2

1

18 (60%)

25 (84%)

136 (2.2)]
12 (40%)
(34 (2.6)]
[4 (4.6)]

[75 (20.1)]

[9 (10.6)]

80



BAL Eosinophil %
count

BAL Neutrophil %
count

BAL IL-4 (pg/ml)

BAL IL-5 (pg/ml)

BAL IL-6 (pg/ml)

BAL IL-8 (pg/ml)

BAL IL-10 (pg/ml)
BAL IL-13 (pg/ml)
BAL IL-1B (pg/ml)
BAL TNF-a (pg/ml)
Plasma IL-4 (pg/ml)
Plasma IL-5 (pg/ml)
Plasma IL-6 (pg/ml)
Plasma IL-8 (pg/ml)
Plasma IL-10 (pg/ml)
Plasma IL-13 (pg/ml)
Plasma IL-1B (pg/ml)
Plasma TNF-a (pg/ml)

Plasma IFN-y (pg/ml)

[Mean (SD)]

[Mean (SD)]

[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]
[Mean (SD)]

[Mean (SD)]

Mild
(GINA 1-2)
(2 (2.1)]

[3(7.4)]

[0.5 (1.9)]
[0.2 (0.4)]
[2(2.9)]
[397 (843.2)]
[0.7 (2.3)]
[4(10.7)]
[8 (30.8)]
[1(2.4)]
[0.6 (1.6)]
[0.6 (0.8)]
[1(1.8)]
(5 (2.4)]
[1(3.0)]
[8 (16.6)]
[0.6 (3.0)]
[5 (11.8)]

[5 (2.4)]

Moderate
(GINA 3)
[3(5.5)]

[14 (20.7)]

[0.1 (0.1)]
[0.7 (2.4)]
[4(5.6)]
[740 (1846)]
[0.2 (0.3)]
[3(1.7)]
[5(16.2)]
[0.4 (0.5)]
[0.2 (0.1)]
[0.8 (1.6)]
[0.8 (0.9)]

[8 (14.1)]
[0.8 (1.2)]

(5 (4.3)]

[0.1 (0.2)]
[2(1.3)]

(6 (4.4)]

Severe
(GINA 4-5)
[3(8.2)]

(5(6.9)]

(1(1.9)]
(2(7.4)]
(10 (20.4)]
(236 (318.1)]
(1(1.4)]
(6 (6.9)]
(5 (10.1)]
(2 (2.3)]
(3(5.1)]
[0.9 (2.0)]
(3(4.3)]
[13 (28.1)]
(5(10.0)]
25 (35.9)]
[1(2.3)]
(16 (24.9)]

(7 (8.9)]
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4.2. Serological detection of fungal sensitisation and presence

IgE levels above 80 KU/L was considered above the hospitals upper limit of normal.
IgE levels were elevated in 38/69 (55%) of patients (mean 299.5; SD 512.1) (Figure
2). 6/69 patients (9%) demonstrated positive IgE reactivity to A. fumigatus. The
Platelia Aspergillus assay for detection of Aspergillus galactomannan antigen
afforded a positive result in one of the sixty-nine patient’s serum. This was not

related to elevated IgE.

>

3000 o
T 2000
) ge
X 1000- e oo
w S e e S
o _
2 150 *est
1004 ______ _'z_'__o___:___z__. _____
- L ] o ...
53 .3003. .:"‘3:

vy

30004 ®
2000
= .
3 1000 L A
v %
=~ L E _E —hey, ‘d‘ *
W 450 N .
= i .
100- "y M .
"""""""" ' YV YV S
50- oo @ = A®A v .
® e vy v ¢
0 , - Ak !'v‘ Py

GINA1 GINA2 GINA3 GINA4 GINAS

Figure 5. Serological testing of asthmatic patient serum IgE levels. Serum was
assessed for total IgE levels (mean 299.5; SE + 61.64; SD 512.1). (A) 38/69 (55%) of
patients displayed total IgE levels above the hospitals upper limit of normal
(80KU/L), red dashed line, showing atopic asthma. (B) When grouped by GINA there

was no distinctive difference between GINA grouping and total IgE levels. n=69
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4.3. Fungal detection by microscopy

BAL cell differential revealed macrophages to be the most dominant immune cell
type with varying levels of neutrophils, eosinophils and lymphocytes present (Figure
3). Fungal presence was detectable by microscopy in 48/69 (70%) of cytospins
(Figure 3B-C). Presence of fungi in cytospin slides correlated with increased
neutrophils (P<0.05; rs = 0.275). There was no observed relationship between

microscopic fungal presence in BAL and serum IgE levels or BAL eosinophils.
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Figure 6. Microscopic evidence of fungal presence in asthmatic patient
bronchoalveolar lavage (BAL). (A) BAL immune cell differential counts revealed
macrophages to be the most dominant immune cell type present with varying
levels of neutrophils and eosinophils present within the patient BAL. (B-C)
Representative microscope images of patient BAL fluid stained with a commercial
Kwik-Diff stain displaying fungal presence. Fungal hyphae (B) and conidia (C)
detected at 40x. n=69.
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4.4. Molecular detection of fungal presence
59/69 patients (86%) had detectable presence of fungi (Fungi Quant) and 32/69
(46%) had detectable A. fumigatus in BAL (Figure 7.A).

BAL A. fumigatus gPCR levels negatively correlated with macrophage counts
(P<0.01; rs =-0.418) (Figure 7.B). A. fumigatus did not correlate with BAL neutrophil
or eosinophil counts. Total fungi, Fungi Quant gqPCR, correlated with increased BAL
neutrophils (P<0.05).Interestingly, patients who smoked had lower levels of A.
fumigatus but not fungi by gPCR (P<0.05; rs=0.171). Severe asthmatic patients
(GINA 4/5) also had lower levels of detectable fungi (P<0.05; rs=0.084) but asthma
severity had no relationship with levels of detectable A. fumigatus. There was no
significant difference in detection of fungi or A. fumigatus in patients on high or low
dose inhaled corticosteroids (ICS) (250 — 2000 FDP) or on maintenance oral steroids.
When grouped by allergic (total IgE>80 KU/L) and non-allergic asthma 34/38 allergic
asthma patients had detectable fungi and 17/38 had detectable A. fumigatus by
gPCR. For non-allergic asthma patients 25/31 had detectable fungi and 15/31 had

detectable A. fumigatus.

When grouped by eosinophilic and non-eosinophilic asthma 21/23 patients with
eosinophilia (peripheral eosinophil count > 0.3) had detectable fungi and 10/23 had
detectable A. fumigatus by gPCR. In non-eosinophilic asthma patients 38/46 had
detectable fungi and 22/46 had detectable A. fumigatus by qPCR. There were no
statistical differences between detectable fungi or A. fumigatus between allergic
and non-allergic asthma. There were no statistical differences between detectable
fungi and eosinophilic or non-eosinophilic asthma, however there was a statistically
significant difference between A, fumigatus presence in eosinophilic and non-

eosinophilic asthmatics (P<0.05).

30 patients had detectable fungi by both gPCR assays (Fungi Quant and A.
fumigatus) and 22 patients had corresponding positive results for A. fumigatus
detection by gPCR and detectable fungal presence by microscopy (Figure 8)%°. 40
patients had corresponding positive total fungal gPCR and detectable fungi by

microscopy of which 21 patients had fungi detectable by microscopy and both qPCR
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assays (Fungi Quant and A. fumigatus). As expected fungi other than A. fumigatus
are detectable in BAL, however the identities of these were not investigated further

in this study (Figure 8)

5 patients had a positive Galactomannan result for presence of Aspergillus in BAL
(Figure 9). Only one patient was positive for A. fumigatus qPCR, microscopy, BAL
Galactomannan and Fungi Quant gPCR (Figure 10). FEV1 negatively correlated with
BAL galactomannan (P<0.05).
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Figure 7 qPCR detection of fungi in asthmatic BAL. (A) gPCR was performed on the
extracted BAL DNA using the Fungi Quant and Aspergillus fumigatus ITS specific
primer; 59 patients (86%) had detectable fungi within their lungs and 32 (46%) had
detectable A. fumigatus within their lungs. (B) BAL Aspergillus fumigatus qPCR
levels were seen to correlate with macrophage immune cell percentage count

levels (P<0.05; Spearman r=-0.4176). n=69.
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Fungi Quant gPCR A.fumigatus qPCR

Microscopy

Figure 8 Venn diagram of fungal detection methods. Venn diagram of results of

fungal presence using both molecular and microscopy detection methods 2°.
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A.fumigatus qPCR BAL Gal-mannan

4
(10%)

28
(70%)

A. fumigatus IgE Serum Gal-mannan

Figure 9 Venn diagram of A. fumigatus qPCR, A. fumigatus IgE and serum and BAL
Galactomannan. Venn diagram showing the comparison of positive results
between patients who tested positive to the following; A. fumigatus IgE, BAL

Galactomannan, A. fumigatus gPCR and serum Galactomannan (Gal-mannan).
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A.fumigatus qPCR Microscopy

Fungi Quant qPCR Bal Gal-mannan

Figure 10 Venn diagram of A. fumigatus qPCR, Microscopy, BAL Galactomannan
and fungi qPCR. Venn diagram depicting the presence of A. fumigatus, fungal
presence by microscopy, BAL Galactomannan and fungal presence by qPCR (Fungi

Quant) showing comparison of positive results between patients.
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4.5. Plasma and BAL cytokine levels correlate with BAL fungal presence
The cytokines Interleukin (IL)-1B, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17, IFN-y and
TNF-a were measured in plasma and BAL (Figure 11), n=69. BAL gPCR with the total
fungi primer, Fungi Quant, correlated with plasma IL-4 (P<0.001), IL-6 (P<0.05) IL-10
(P<0.01) IL-13 (P<0.05), IL-17 (P<0.01) and TNFa (P<0.001) (Figure 12), n=69. No
correlation between total fungi gPCR and IL-1B, IL-5, IL-8 and IFN-y was observed,
n=69. Microscopic detection of fungi in BAL also correlated with patient plasma IL-4

(P<0.05), IL-6 (P<0.01) and TNFa (P<0.01), n=69.

BAL Fungi gPCR correlated with increased BAL IL-4 (P<0.05), IL-6 (P<0.05), IL-10
(P<0.01), IL-13 (P< 0.05) and TNFa (P<0.05) but not IL-1B, IL-5, IL-8 and IL-17 (Figure
10), n=69. Microscopic detection of fungi in BAL correlated with BAL IL-4 (P<0.01)
and IL-10 (P<0.01), n=69.

A. fumigatus positive BAL, by qPCR, correlated with increased plasma IL-6 (P<0.001)
(Figure 14) and increased BAL IL-6 (P< 0.01) and IL-13 (P<0.05) (Figure 15) but not
BAL and plasma IL-1B, IL-4, IL-5, IL-8, IL-10, IL-17, TNF-a or plasma IL-13 and IFN-y,
n=69.

The presence of fungi by microscopy and qPCR also correlated with changes in BAL

cell counts, particularly with increased neutrophils (P<0.05; rs=0.296), n=69.

BAL eosinophil percentage counts correlated with plasma IL-5 (P<0.005; rs=0.349)
and BAL IL-5 (P<0.05; rs=0.263). Neutrophil cell percentage counts correlated with
plasma IL-4 (P<0.05; rs=-0.248) and TNFa (P<0.05; rs=-0.276) and BAL IL-8 (P<0.05;
rs=0.278), n=69. Macrophages correlated with BAL IL-6 (P<0.01; rs=-0.296), IL-10
(P<0.01; rs=-0.302) and TNF-a (P<0.05; rs=-0.250), n=69. Monocytes correlated with
plasma IL-17 (P<0.001; rs=0.381), TNF-a (P<0.01; rs=0.372) and IFN-y (P<0.005;
rs=0.372) and BAL IL-4 (P<0.01; rs=0.320), n=69. Patient lung function measured by
FEV1 negatively correlated with BAL IL-5 presence (P<0.005; rs=-0.352), n=69.
However while the correlations were statistically significant the Correlation

Coefficient was weak.
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Figure 11 Cytokine levels in patient plasma and BAL Measurement of secreted
human cytokines interleukin- 1B (IL-1p), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17,
interferon-y (IFN-y) and tumour necrosis factor-a (TNF-a) in patient plasma and BAL
using an electro-chemiluminescence QuickPlex SQ 120 imager from Meso Scale
Discovery (Gaithersburg, MD, USA) where antibodies labelled with SULFO-TAG™

reagents emitted light upon electrochemical stimulation. n=69
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Figure 12 Correlations between BAL qPCR fungal presence (Fungi Quant) and
plasma cytokine levels. BAL fungal presence, detected by gPCR using the primer
Fungi Quant, correlated with plasma cytokines IL-4 (P<0.001; rs=0.440), IL-6
(P<0.05; rs=0.302), IL-10 (P<0.01; rs=0.371), IL-13 (P<0.05; rs=0.318), IL-17 (P<0.01;
rs=0.355), TNFa (P<0.001; rs=0.463). n=69
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Figure 13 Correlations between BAL qPCR fungal presence (Fungi Quant) and BAL
cytokines. BAL fungal presence, detected by qPCR using the primer Fungi Quant,
correlated with BAL cytokines IL-4 (P<0.05; rs=0.284), IL-6 (P<0.05; rs=0.306), IL-10
(P<0.01; rs=0.371), IL-13 (P<0.05; rs=0.278) and TNFa (P<0.05; rs=0.286). n=69
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5. Discussion
Our study has demonstrated presence of fungi within the airways of adult
asthmatic patients with varying asthma severity and levels of control. Microscopic
and nucleic analysis revealed that fungi, including A.fumigatus, were detectable in
BAL. Microscopy alone revealed spores and hyphae within 70% of the cohort and
gPCR analysis demonstrated that 86% of patients have fungal presence within their
BAL. Almost half (46%) of the cohort had detectable A.fumigatus in their airways.
Despite the high frequency of fungi and specifically A. fumigatus, we were unable
to find any association between its presence and measures of control, severity, or
steroid use, in contrast to previous reports, which documented finding higher levels
of fungi within severe asthma patients and found corticosteroid treatment to be
significantly associated with increased fungal load (P<0.01) and patients in receipt
of steroid therapy had significantly increased A. fumigatus and total fungus within
their BAL?’. In fact, severe asthmatic patients had less detectable fungi in
comparison to mild and moderate GINA grouped patients but there was no
relationship between severity and levels of A. fumigatus. Asthma severity was
associated with BAL neutrophils, however the presence of A. fumigatus did not
correlate with BAL neutrophil or eosinophils but was associated with reduced BAL
macrophages. The detection of fungal DNA (Fungi Quant) in BAL did however
correlate with BAL neutrophil counts. This observation of BAL fungal presence
associated with BAL neutrophilia, is in keeping with other studies in which A.
fumigatus alkaline protease 1 levels in sputum correlated with sputum neutrophilia

but not eosinophil levels?®,

Plasma IgE levels above 80kU/L is an indicator of an active allergic response and
elevated IgE levels were observed in 38/69 patients suggesting that 55% of the
cohort has atopic asthma. While gPCR revealed fungi in BAL of 86% and A.
fumigatus in 46% of patients, serum antibody titres for A. fumigatus specific IgE
were only positive in 9%. A. fumigatus IgE positivity did not indicate an A. fumigatus
gPCR positive result in 3 patients (Figure 9). Antigen testing for fungi involves
detection of specific antigen components present in the fungal cell wall which have

been shed into blood or other body fluids. Several of these antigens have been
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utilised recently as an aid in detection of fungi, for example, galactomannan
antigens in serum or BAL to diagnose invasive Aspergillus infection?. In our study,
galactomannan was detectable in the serum of 1 patient and BAL of 5 patients.
However, when these results were analysed for concordance in detection methods,
no patient tested positive for all parameters (Figure 9). Antigen testing has
restrictions which must be considered when used to diagnose fungal infections.
False positive serum Aspergillus galactomannan assays may exist in patients
presenting with other fungal infections, in those taking B-lactam antibiotics or in
presence of penicillium infections because of the possibility of cross-reactivity?°.
However, it is noteworthy that none of our patients were exacerbating or on

antibiotics at the time of sample acquisition.

Nucleic analysis was revealed to be a more robust method of detecting presence of
fungi and A. fumigatus within BAL of our asthmatic cohort. It was discovered that
21 patients tested positive for all criteria; total fungi by gPCR (Fungi Quant), A.
fumigatus by gPCR and fungal detection by microscopy. 40 patients displayed a
positive total fungi gPCR result and fungal presence by microscopy, while 10
displayed fungal presence by gPCR alone. This suggests that while A. fumigatus is
present within BAL of our asthmatics it is not the only fungal species present, as

elucidated by our total fungi and microscopy results (Figure 8).

The results suggest, at present, the best indicator of fungal and A. fumigatus
presence in BAL is gPCR, which is relatively inexpensive (Figure 8-10). Previous
studies have reported A. fumigatus detection in sputum was associated with IgE
sensitization, airway neutrophilia and reduction in lung function. This study utilised
fungal culture of sputum. Furthermore, Aspergillus was cultured in 63% of IgE
sensitised patients, but also 31% of non sensitised patients. In this study of 79
patients, 89% were classified as GINA 4/53°, Our study included less severe

asthmatics but higher numbers of mild and moderate asthmatics.

The presence of A. fumigatus in BAL, by qPCR, negatively correlated with
macrophage counts. Alveolar macrophages are responsible for uptake and removal

of inhaled conidia3!. The ability of macrophages to kill Aspergillus species is
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dependent on LC3-associated phagocytosis via NADPH oxidase function. In human
macrophages A. fumigatus has the ability to germinate in the late phagosome
resulting in macrophage necrosis. Macrophages play a key role in protection of the
host and their alteration or destruction can cause deleterious effects in the host*?.
We are uncertain as to whether the associated reduction in percentage BAL
macrophages we observed is reflective of destruction by Aspergillus or simply a
reciprocal decrease due to increase in neutrophils and fluxes in other cell

percentages, but believe this warrants further investigation.

Cytokines, intracellular signalling proteins, target specific cells causing
consequences such as cell mediated immunity and allergic responses3234, It was
generally believed disequilibrium between pro-inflammatory Th1 and anti-
inflammatory Th2 groups plays a role in the pathogenesis of allergic airway
responses. However regulatory T cells (Tregs) producing cytokines such as inhibitory
IL-10 and IL-17 producing Th17 cells make elucidating the pathogenesis of allergic
disorders more complex3338, Cytokines were chosen in order to investigate known
cytokines of interest in asthma and to also examine the complex groups of Th1,

Th2, Tregs and Th17 representative cytokines.

Within our cohort it was seen that presence of fungi within BAL, as detected by
gPCR, correlated positively with levels of a number of cytokines. Fungal presence
within the lungs positively correlated with plasma IL-4, IL-6, IL-10, IL-13, IL-17 and
TNF-a and BAL IL-4, IL-6, IL-10, IL-13 and TNF-a. The cytokine IL-4 has been linked to
allergic inflammation development and plays a role in sudden allergic reactions
through the induction of IgkE dependent mast cell activation and can induce mucin
expression resulting in mucus hypersecretion, a well-known asthma characteristic
feature®. IL-6 is a pleotrophic cytokine with the ability to act in an anti-
inflammatory and pro-inflammatory manner. It is recognised that IL-6 is produced
in response to the recognition of microbes by pattern associated molecular
patterns®. IL-10 plays an important role in regulating asthma control through the
regulation of T cell-mediated responses*. IL-13 is known to play a role in the
pathogenesis and plays a role in features such as bronchial hyper-responsiveness, B

cell immunoglobulin class switching from IgM to IgE production and goblet cell
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differentiation increases*?. The pro-inflammatory cytokine IL-17 plays an important
role in asthma pathobiology, through its role in neutrophilic inflammation and
asthma severity and the promotion of cytokine and chemokine production in
bronchial epithelial cells*3. TNF-a is a cytokine which is mainly produced by
lymphocytes, macrophages and mast cells and it is believed that TNF-a may play a

sentinel role in inflammatory state maintenance in asthmatics**.

It is therefore plausible that presence of fungi within the lungs of these patients has
triggered an immune response resulting in upregulation of these cytokines*#’. Our
study focused on detection of fungi rather than specific viable culture. Further
studies to culture specific fungal species may be attempted in the future; however
there are many difficulties in culturing fungi in clinical laboratories. It has been
documented that culture identification can be significantly affected by the starting
volume of sample and gPCR has been observed to be the most sensitive method of

detection®®

It is notable within our cohort, that presence of A.fumigatus in BAL, as detected by
gPCR, positively correlated with BAL IL-6 and IL-13 levels and plasma IL-6,

suggesting a systemic response.

Neutrophils are key players implicated in removal of fungal components within the
lung through the use of phagocytic oxidative and non-oxidative mechanisms and
through release of granules which mediate extracellular killing®®. Patient BAL
neutrophils correlated negatively with plasma IL-4 and TNF-a and positively with
BAL levels of the neutrophil chemoattractant IL-8 .Neutrophil presence also

correlated with the presence of fungi by microscopy.

Macrophage cell percentage counts negatively correlated with BAL IL-10, IL-6 and
TNF-a, and monocytes correlated positively with plasma IL-17, TNF-a, IFN-y, and
BAL IL-4. It is of interest that in our cohort the percentage of macrophages
negatively correlated with BAL IL-10. IL-10, an anti-inflammatory cytokine, regulates
lung inflammation and a decrease in IL-10 might be expected to be associated with

potential worsening in clinical outcome®.
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As in previous studies we found BAL eosinophil levels correlated with plasma and
BAL IL-5 levels. IL-5 is essential for maturation of eosinophils in the bone marrow
and subsequent release into the blood. Furthermore, IL-5 inhibition through
monoclonal antibody therapy has demonstrated clinical effectiveness in treating
patients with severe, eosinophilic asthma®C. IL-17 has been highlighted as a key
component of fungal immunity®’. It is known that pulmonary epithelial cells possess
IL-17 receptors which induce antimicrobial peptide and chemokine production and
resulting Th17 cell induction and neutrophil recruitment*’. Members of our group
have previously demonstrated ability of IL-17 to upregulate release of several
cytokines and chemokines from primary bronchial epithelial cells but in particular
those associated with neutrophilia®’. In our current study, we observed that BAL
fungal presence by qPCR correlated with plasma IL-17. Patient BAL monocyte

percentage counts positively correlated with plasma IL-17.

It has been recently highlighted by Hernandez-Santos et al. that ability of innate
immune cells to kill fungi is dependent on presence of NF-kB mediated production
of chemokines by pulmonary epithelia, which is IL-1R dependent. This chemokine
cascade orchestrates Th17 derived IL-17A and GM-CSF signaling which are known to

aid phagocytic destruction of fungi*’.

Our results have demonstrated through both rapid microscopy and qPCR methods,
that fungi and to a lesser extent A. fumigatus are present in lower airways of a large
proportion of an adult asthmatic cohort regardless of their disease severity.
Serological and antigen testing alone revealed a far lower level of positivity for
Aspergillus. The presence of serum A. fumigatus specific IgE did not always predict
presence of A. fumigatus by qPCR in patients BAL. Positive A. fumigatus-specific IgE
was not linked to disease severity or control. It is therefore possible that while
there are detectable fungal and A. fumigatus communities within the lungs of our
cohort, perhaps this presence is not always provoking an active immune response.
Furthermore, positivity for serum A. fumigatus specific IgE was not associated with
a reduction in FEV1. FEV1 is the Forced Expiratory Volume in the first second and is
a measurement of the expiratory volume in the first second of the FVC (Forced Vital

Capacity) maneuver in spirometry!3, Our findings appear to differ from previously
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published results suggesting that asthma patients sensitised to Aspergillus had
lower FEV13°. FEV1 negatively correlated with BAL IL-5 and BAL galactomannan,
however it should be noted that only 5/69 patients showed BAL galactomannan
positivity. Of the 5 patients who tested positive for galactomannan only one was A.
fumigatus qPCR positive. This appears to suggest that BAL Galactomannan may

relate to airway fungal presence but not necessarily presence of A.fumigatus.

One of the weaknesses of the current study is the lack of control group which we
aim to address in future work. This considerable undertaking is suggested by the
results of our present study and will require a careful ethics case to be made, that
will allows a generally safe but invasive procedure in volunteers. A strength of our
study however was that it did include patients of all asthma severity and indeed
patients on maintenance oral steroids and patients newly diagnosed and yet to
receive any asthma-directed therapy. The decision to exclude patients with ABPA
was made in an effort to specifically interrogate the current definition of SAFS
which excludes this group. Further studies aimed at addressing this group are
planned for the future. Fungal sensitisation is the sudden cutaneous hyperreactivity
to fungal antigen or elevation of fungal specific IgE>2. SAFS is a subphenotype of
severe asthma®3. Fungi are associated with severe asthma through fungal spore
inhalation, sensitisation or the causation of Allergic Bronchopulmonary Mycosis>2.
Previous studies revealed numerous fungal species can cause sensitisation in
asthmatics, however it is not yet known which is implicated to the greatest degree
in SAFS and if it is prevalent within other subgroups of asthma®2. It would therefore
be of interest to investigate this further in order to interrogate the current

definition of SAFS.

Further studies are required to assess whether or not Aspergillus within the
asthmatic airway has a pathological role in the disease. Our study has shown an
almost ubiquitous presence of fungi within the asthmatic airway regardless of
disease severity, treatment taken and presence of systemic sensitisation. It has
become apparent from this study that other fungal species are present within the
lungs of our asthmatic cohort. Whether or not these fungi play a pathophysiological

role or are mere bystanders has yet to be determined.
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Chapter 4

The Microbiome of the Lung

A study to define microbiome subtypes in the adult

asthmatic airway
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1. Abstract

Background: Molecular methods have recently demonstrated that airways harbour
a distinct microbiome. The aim of our study was to characterise the lower airway

microbiota in a cohort of well-defined asthmatics.

Methods: 73 patients, stratified by asthma severity (GINA) and level of control
(ACQ-7) were recruited. Spirometry, FeNO, serum IgE/RAST and eosinophil levels
were documented on the day of bronchoscopy. Bronchoalveolar lavage (BAL) was
obtained from either the right middle lobe or lingula. Cell differentials were
performed on BAL, which was further evaluated for the presence of microbes by

gPCR and next generation sequencing (NGS).

Results: gPCR revealed a wide variety of microbial species present in the lungs of
the asthmatic cohort. 93% (68/73) of patients had detectable levels of bacteria.
Firmicutes (73% (53/73)), Pseudomonas aeruginosa (34% (25/73)), Pseudomonas
fluorescens (88% (64/73)), Escherichia (37% (27/73)), Bordetella (53% (38/73)),
Prevotella (79% (58/73)), Veillonella (80% (59/73)), Mycoplasma pneumoniae (62%
(45/73)), Chlamydophilia pneumoniae (70% (51/73)), Staphylococcus aureus (75%
(55/73)), Neisseria bacilliformis (66% (48/73)), Moraxella catarrhalis (78% (57/73),
Neisseria meningitidis (67% (49/73)), Streptococcus pneumoniae (73% (53/73))
Haemophilus influenzae (67% (49/73)), Rothia (86% (63/73)) and Micromonospora
(85% (62/73)) were all detectable in the BAL obtained from the asthmatic cohort.
Interestingly the WGS data revealed that the Micromonospora species were also
highly prevalent within the BAL of the asthma cohort a finding not currently widely

associated with the microbiome of the lungs.

Conclusions: Our results demonstrate the presence of microbial species within the
previously considered sterile airway of asthmatic patients. Thanks to the
advancement of culture independent techniques the unique microbiota of the lungs
is being elucidated. It is hoped that the novel findings of this study may add to the
growing body of research with respect to the microbiome and asthma and may

potentially offer insights into asthma susceptibility, pathogenesis and prognosis.
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2. Introduction

Until recent years the prevailing dogma with respect to the microbiome of the lungs
was that the lungs were a sterile environment and if bacteria were to be detected
in the lower lungs this was as a result of an abnormal health state of the host. It
has only been since ca. 2010 that advances in research has enabled the

confirmation that the lungs were not sterile as has been previously documented?3.

In the past, poor ineffective microbial culturing techniques were unable to replicate
the lung habitat and culture the microbes from respiratory specimens®. Thanks to
the advancement of culture independent techniques, the unique steady state
microbiota of the lungs is being elucidated®®. It is now established that the lungs
harbour a unique microbiota, irrespective of health or disease and although the
lung contains a smaller bacterial burden than is present in the upper respiratory
tract, there is a distinct microbiota present in the lower airways of healthy
individuals®’. A change in the microbial composition of the lower airway microbiota

may be connected with chronic lung disease such as asthma®?.

Due to the lower bacterial abundance and the difficulty of acquiring lower
respiratory tract samples, the study of the lung microbiome is technically
challenging!®. However the findings that the lungs harbour a unique microbiota
irrespective of health or disease has led to the surge of research now taking place in
an effort to characterise the distinct microbial stated in a variety of lung conditions
and that of the healthy lung'>®. Thanks to advancements in sequencing
technologies research with respect to the lung microbiome is a rapidly advancing

field®.

Asthma rates are increasing and as a result of meta-genomics it is now possible to
define the composition of microbes in the lungs and elucidate whether changes in
the composition of lower airway microbiota influences the complex
pathophysiology of chronic lung disease such as asthma. There is an emerging
consensus that the microbiome potentially plays a critical role in disease

development, including in the pathogenesis of airway conditions such as asthma??.
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Research with respect to the microbiota in asthma has the potential to fully dissect
the role of the microbiome in this chronic respiratory disorder and can ultimately
pave the way for the emergence of new therapeutic strategies to combat this

respiratory condition®?.

A key aim of this study is to investigate the presence of microbial species within the
previously considered sterile airway of a cohort of well-defined asthmatic patients.
The presence of differing species within the airway of asthmatic patients may
provide a rationale for personalised therapeutic targeting of microbes within the
asthmatic lung. Changes in the microbial composition of the lungs could underlie

susceptibility to and progression and chronicity of lung diseases.
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3. Methods

3.1. Patient recruitment

The study was approved by the Clinical Research Ethics Committee of the Cork
Teaching Hospitals. Seventy-three patients with a history of asthma (either
documented change in FEV1 212%/200ml with bronchodilator or a positive
inhalation challenge) were recruited through a dedicated asthma clinic in a tertiary
referral centre, Cork University Hospital, by my clinical supervisor, Dr Des Murphy.
Patients with ABPA were excluded. Patients were scheduled for bronchoscopy, with
spirometry, ACQ-7 and blood sampling performed on the day of bronchoscopy.

Written informed consent was obtained from patients on the day of bronchoscopy.

Spirometry was performed according to ATS/ERS guidelines under the supervision
of a research nurse from the Cork Clinical Research Facility — CCRF immediately
prior to bronchoscopy?®3. Spirometry is a widely used pulmonary function test which
measures the maximal volume of air an individual can inspire and expire with

maximal effort314.

The Asthma Control Questionnaire (ACQ-7) which consists of 7 items, weighted
equally, the mean of which is used to calculate the patients ACQ-7 score, enabling
the measurement of patient asthma control, was carried out by research nurses

from the Cork Clinical Research Facility — CCRF prior to bronchoscopy>7.

Venepuncture was carried out prior to bronchoscopy by the doctor on duty using
aseptic technique and strict adherence to standard precautions. The Vacutainer
System was used for blood drawing and the order in which the blood containers
were filled was in accordance to Cork University Hospital recommendations for

blood draw order.

Patients underwent bronchoscopy according to standard guidelines®®. Flexible
bronchoscopy using video assisted imaging was performed under conscious
sedation with local anaesthetic applied topically to the vocal cords, trachea and

endobronchial tree®®. Bronchoalveolar lavage (BAL) was achieved through the
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instillation of saline via the bronchoscope enabling the collection of specimen
directly from the endobronchial lumen for subsequent cytological or
microbiological investigation®®. Bronchoalveolar lavage (BAL) was obtained as a

standardised 180ml (3X60ml) sample from either the right middle lobe or lingula?°.

Further information with regards to asthmatic patient bronchoscopy and patient

sample collection protocols can be found in Chapter 2 Study Cohorts’.

The cohort was comprised of 73 patients; 26 males (36%) and 47 females (64%).
The cohort was stratified by both severity [mild (GINA 1+2), moderate (GINA 3) and
severe (GINA 4+5)] and asthma control (ACQ-7)*>17:21.22_ See Table 1 for patient
demographics. When stratified by asthma severity 36% were classified as mild
(GINA 1+2), 22% were moderate (GINA 3) and 42% of the cohort were classified as
severe asthmatics (GINA 4+5). When stratified by level of asthma control (ACQ-7),
41% were controlled (ACQ-7 <1.5) while 59% were uncontrolled (ACQ-7 21.5).

3.2. Sample processing

After the bronchoscopy procedure was completed the patient BAL and bloods were
processed in a laminar flow hood under strict aseptic technique practices. 5ml of

the neat BAL was removed and aliquoted for future downstream processing.

Microscopic processing

Approximately 500-1000ul of neat BAL was also aliquoted into a 2ml screwcap tube
for cytocentrifugation, to allow for microscopic examination and scoring of the BAL
sample. A Shandon CytoSpin 4 centrifuge (Thermo Scientific) was used and 200l of
BAL was required per microscope slide. The machine was organised with the
labelled microscope slides and funnel system, using approximately 2-4 microscope
slides per patient. The samples were centrifuged at 400rpm for 2 minutes. The
cytocentrifuge deposited the cells into a clearly defined area of the glass
microscope while constructively flattening the cells to allow for clear nuclear

presentation.
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The slides then underwent staining procedures using a Kwik Diff commercial
staining kit (Thermo Scientific) and a Gram staining kit (Sigma Aldrich). The Kwik Diff
staining kit comprised of 3 reagents; methanol, xanthene dye in buffer salts and
thiazine dye in buffer salts. The reagents were added to three separate staining jars
and the microscope slides, with the deposited BAL cells were added to a slide rack
which was dipped into each of the reagents approximately 10-15 times, ensuring
excess reagent was allowed to drain back into the jar before moving to the next
staining jar. Upon the completion of the final staining step, the slides were rinsed
under deionised water and the slides were then air dried and cover slipped the

following day using DPX histology mountant (Sigma Aldrich).

Gram staining (Sigma Aldrich) to differentially stain for Gram positive and negative
bacteria took place as follows. The microscope slide with the deposited BAL sample
was first flooded with crystal violet for 1 minute before washing the slide gently
under an indirect stream of water for 2 seconds. The slide was then flooded with
Gram’s iodine for 1 minute before washing the stain as before. Acetone-alcohol
decolourised was used to flood the slide and allowed to sit for 15 seconds before
the slide was then flooded with the counterstain safranin and allowed to sit for 1
minute before the slide was washed gently under an indirect stream of water. The
slides were allowed to air dry and were cover slipped the following day using a DPX

histology mountant (Sigma).

DNA collection

BAL was centrifuged at 500g for 10 minutes and the supernatant was removed. The
BAL supernatant was aliquoted into 2-5ml tubes for future analysis. BAL
supernatant was also aliquoted into 10-20 2ml screw cap microcentrifuge tubes
(Sarstedt) and centrifuged at 20,000g for 5 minutes. The supernatant of which was
aliqguoted into 2ml tubes for future cell stimulations and the remaining pellets were
re-suspended and pooled together creating the bacteria pellet fraction (BP) for

future DNA isolation and analysis
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Blood collection

Blood samples were collected in serum specific red and yellow capped Vacuette
tubes and plasma specific purple capped Vacuette tubes (Greiner Bio-One). The
inner wall of the serum specific tube was coated with silica particles which
activated the coagulation process and a specific separator gel at the base of the
tube formed a stable barrier during centrifugation to enable the serum and blood
cells to remain separate. The plasma specific Vacuette tube contained a coating of
either K2EDTA or K3EDTA which acted as an anticoagulant by binding calcium ions
to prevent the clotting cascade from taking place. Both tubes were centrifuged at
200rpm for 20 minutes and the serum and plasma were removed by pipetting and

stored in screw-cap microcentrifuge tubes.

All BAL and blood isolated samples were stored at -80°C for future processing and

analyses.
* 1ml Cytospin <€ 2 « 5ml Neat Supernatant
* 2slides stained —Kwik Diff -80°C

e 2slides stained— Gram

Centrifuge 500g, 10 min

* 10-20 2ml aliquots

* 5ml aliquots for <€ 2 + Centrifuge 20,000g 5 min
future analysis * Pool pellets -> Bacteria
Pellet

Figure 1 Patient BAL processing. Schematic depicting the processing undertaken

with the patient BAL once received in the laboratory on the day of bronchoscopy.
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3.3. Microscopy

A differential cell count was performed on BAL cytospin slides, stained with the
Kwik-Diff kit (Thermo-Fischer) using a light microscope (Olympus) and Olympus DP
software. Immune cell percentage counts for Monocyte, Macrophage, Lymphocyte,
Neutrophil and Eosinophil cells were performed in 10 random fields of view for two
cytospin Kwik-Diff differentiated slides per patient. Microscopic observation of
microbes present within macrophages and outside immune cells occurred while

counting the immune cell percentages in certain patient cytospin slides.

3.4. DNA extraction

DNA extraction was carried out on the bacteria pellet isolated from the patient BAL
due to differential centrifugation. At sample processing on the day of bronchoscopy
to remove host cell DNA, BAL was centrifuged at 500g for 10 minutes, supernatant
collected and centrifuged in 2ml screwcap microcentrifuge tubes at 20,000g for 5
minutes. The supernatant was then removed, and the remaining bacteria pellets

were recombined for DNA extraction.

DNA extraction took place using a QlAamp UPC Pathogen Mini Kit (Qiagen,
Manchester, UK). Patient bacteria pellet samples were centrifuged at 20,000g for 5
minutes, supernatant discarded and 500ul buffer ATL was used to re-suspend the
pellet, which was then added to a pathogen lysis tube containing silica beads and
vortexed at 7000rpm for 1 minute, using a MagNA Lyser machine. The tube was
then centrifuged at 8000g for 30 seconds and supernatant removed to a fresh
microcentrifuge tube without disrupting the silica beads. 40ul of Proteinase K was
added and the tube was vortexed and incubated at 56°C for 10 minutes. 200l
buffer APL2 then added to the sample, the tube was vortexed and incubated at
70°C for 10 minutes. 300ul of ethanol was added to the lysate and the tube was
pulse vortexed for 30 seconds and the lysate was then transferred to a mini spin
column placed in a collection tube and centrifuged at 6000g for 1 minute. This was
repeated until all of the lysate had been transferred and passed through the mini

spin column, discarding the filtrate after each spin. 600ul of Buffer APW1 was
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added to the mini spin column, which was then centrifuged at 6000g for 1 minute,
discarding the filtrate afterwards. 750ul of Buffer APW2 was transferred to the mini
spin column, which was then centrifuged at 20,000g for 3 minutes, transferring the
mini spin column to a new collection tube and repeating centrifugation to eliminate
buffer carryover. The mini spin column was transferred to a new collection tube
and incubated at 56°C for 3 minutes to ensure the membrane was dry and was then
transferred to a new elution tube and 100ul of Buffer AVE was added to the centre
of the membrane and incubated at room temperature for 1 minute before being
centrifuged at 20,000g for 1 minute to elute the DNA. The isolated DNA samples

were then stored at -20°C for further downstream processing.

3.5. DNA quantification

Nano Drop spectrophotometer

The concentration and quality of the extracted DNA was analysed using a Nano
Drop ND1000 spectrophotometer using the settings nucleic acid; DNA-50 (Thermo

Fischer Scientific, Wilmington, Delaware, USA).

The Nano Drop was calibrated using 1ul of DNase/RNase free water. The DNA
extracted from the patient bacteria pellet sample was analysed by pipetting 1ul of
sample onto the lower measure platform of the machine, closing the sampling arm
and initiating spectral measurement using the operating software documenting the
ng/ul and 260:280 values and DNA curve graph. In order to standardise the DNA a
dilution step was performed whereby the undiluted DNA was diluted with
molecular biology grade water (Sigma Aldrich) to ensure a standard value of 5ng/ul

(15ng per reaction) of DNA for each patient sample.
Qubit Fluorometer

DNA quantification was also performed using a Qubit dsDNA High Sensitivity (HS)
assay kit (Life Technologies, Thermo-Fischer) which consisted of Qubit dsDNA HS
assay reagent (200X concentrate in DMSO), Qubit dsDNA HS dilution buffer, Qubit
dsDNA HS standard #1 (Ong/ul in TE buffer) and Qubit dsDNA HS standard #2
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(10ng/ul in TE buffer) and a Qubit 0.2 Fluorometer (Life Technologies, Thermo

Fischer).

The assay was highly selective for double-stranded (dsDNA) and was accurate for
initial sample concentrations of 10pg/ul to 10ng/ul. Specialised Qubit thin wall clear
0.5ml assay tubes were sourced (Life Technologies, Thermo-Fischer) and the
number of tubes required for the samples and two standards were labelled on the

tube lid but not the side as this may interfere with the Qubit Fluorometer reading.

The Qubit working solution was prepared by diluting the Qubit HS reagent 1:200 in
Qubit dsDNA HS buffer using a clean plastic tube each time the Qubit working
solution was prepared. For each sample the working solution consisted of 200ul of
Qubit dsDNA HS buffer and 1pl of Qubit HS assay reagent. The working solution was
prepared in batches of 5 reactions, which consisted of 1ml Qubit dsDNA HS buffer
and 5ul of Qubit HS assay reagent. For the standards 190ul of working solution was
added to each of two standard tubes and 10ul of standard #1 and 10ul of standard
#2 was added to the appropriate tube and the tubes were then vortexed for 3

seconds.

In order to prepare for the DNA sample readings 198ul working solution was added
to the individual pre-labelled assay tubes and to this 2ul of DNA sample was added
to the appropriate assay tubes for a final volume of 200ul. Tubes were vortexed for
3 seconds ensuring no air bubbles were produced. The assay tubes were incubated
at room temperature for 2 minutes. The dsDNA High Sensitivity programme was
selected for on the Qubit Fluorometer machine and in order to calibrate the
machine standard #1 was inserted into the sample chamber and was read before
standard #2 was read in the same manner. Once calibration was complete the DNA
samples were read. In order to standardise the DNA samples before further analysis
such as gPCR and Next Generation Sequencing, samples above 5ng/ul were diluted

to 5ng/ul using molecular grade water.
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3.6. Primers

Primers were designed through analyses of pre-designed validated primers already
present in the literature, through the use of the 16S RNA gene database
Greengenes?? or through literature research to determine specific genes present in
the microorganism of interest and using this information to retrieve the sequence
coding of that gene. All primers designed in house through Greengenes or gene
sequences were formulated using the Universal Probe Library Assay Design Centre
platform (Roche Life Science) by copying the sequence of interest to the platform,
selecting for other organism and deselecting to automatically select for intron
spanning assay. The platform then designed potential primers for the sequence of
interest, ranking them by order of suitability. Primer sequences were analysed using
the NCBI Blastn platform. Two primers sequences were then selected for each

microorganism of interest and were ordered from Sigma.Aldrich (Ireland).

Primers were centrifuged upon arrival to ensure the lyophilised pellet was at the
bottom of the primer tube and primers were re-suspended with molecular grade
water in accordance to individual primer specification (ul for 100uM). Once re-
suspended primers were vortexed and the left and right primer were recombined
toa 1in 10 working solution (20ul L+ 20ul R + 160ul molecular grade water) in a

sterile 1.5ml tube. Primers were stored at -20°C.

Probes corresponding to the primers of interest were sourced from Universal Probe
Library Probes (Roche Life Sciences) and were available within the laboratory. All
primers were validated before use on the individual patient bacteria pellet and cell

pellet DNA. See supplementary table 1 for primer sequences

3.7. gPCR - quantitative Polymerase Chain Reaction

Primers once re-suspended were first tested on pooled sample of extracted DNA
from various patients bacteria pellet (BP) samples at the following concentrations;
neat undiluted, 1:10 and 1:100 diluted in order to validate all primers before they

were tested on each individual sample.
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gPCR was performed on extracted BAL BP DNA in order to verify the presence of
the following bacteria; Total Bacteria, Firmicutes, Staphylococcus aureus,
Streptococcus pneumoniae, Rothia, Micromonospora, Pseudomonas aeruginosa,
Pseudomonas fluorescens, Escherichia, Bordetella, Prevotella, Veillonella,
Mycoplasma pneumoniae, Chlamydophilia pneumoniae, Neisseria bacilliformis,
Moraxella catarrhalis, Neisseria meningitidis and Haemophilus influenzae. See

supplementary table 1 for primer sequences.

gPCR’s were performed using a 384 well plate layout and LightCycler Probes Master
(Roche, Ireland) or LightCycler SYBR Green Master (Roche, Ireland) reagent mix,
dependent on the use of hydrolysis probes or SYBR Green primer sets. Water NTCs
(No Template Control) were used in each reaction in order to identify reaction set
up contamination and to test for the propensity of primers to create primer dimers

in the case of reactions which were carried out with SYBR Green Master.

Reactions were performed on a LightCycler 480 machine (Roche, Ireland). qPCR
conditions were as follows; pre-incubation at 50°C for 2 minutes, ramp rate 4.8°C/s
and 95°C for 10 minutes, ramp rate 4.8°C/s. Amplification at 95°C for 10 seconds,
ramp rate 4.8°C/s, 60°C for 45 seconds, ramp rate 2.5°C/s and 75°C for 1 second,
ramp rate 4.8°C for 45 cycles in total. A melt curve also occurred at 95°C with a
ramp rate of 0.11°C/s for any primer which used LightCycler SYBR Green Master. A
cooling stage then occurred at 40°C, ramp rate 2°C/s at the end of the process.

Fluorescent readings were taken in single acquisition mode.

The primers Neisseria meningitidis, Streptococcus pneumoniae and Haemophilus
influenzae required a change in the acquisition temperature to 67°C due to the
nature of the primer sequences. All NTCs did not produce a product and melt
curves produced clear peaks indicating that the products produced were not an

artefact.
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3.8. REPLI-g

Due to the low volume of DNA (100ul), isolated from the patient bacteria pellet
samples during the DNA extraction process, it was decided in order to have enough
DNA to carry out the gPCR bacterial analysis of the patient bacteria pellet DNA and
whole genome sequencing of patient DNA, it was necessary for patient bacteria
pellet DNA to undergo Repli g mini kit (Qiagen) processing in which the whole
genome amplification from small samples using Multiple Displacement

Amplification (MDA) took place.

The protocol was carried out as per manufacturer’s instructions as follows. Briefly,
denaturation buffer D1 and neutralisation buffer N1 were prepared for the total
number of whole genome amplification reactions to take place. Per every 15
reactions 9ul of reconstituted buffer DLB with 32ul of nuclease-free water was
required to prepare Buffer D1. Per every 15 reactions 12l of stop solution and 68yl
of nuclease-free water was required to prepare Buffer N1. 2.5ul of the previously
standardised template DNA (5ng/ul) was added to a microcentrifuge tube with
2.5ul of Buffer D1. The microcentrifuge tube was then vortexed and centrifuged
briefly before incubation at room temperature occurred for 3 minutes. 5ul of Buffer
N1 was then added to the microcentrifuge tube before vortexing and centrifugation
occurred. The REPLI-g Mini DNA Polymerase was then thawed on ice while the
other kit components were thawed at room temperature before all components
were vortexed and centrifuged briefly. A mastermix was then prepared on ice as
follows; 10ul of nuclease-free water, 29ul of REPLI-g Mini Reaction Buffer and 1ul of
REPLI-g Mini DNA Polymerase per reaction. 10ul of the denatured DNA per sample
was then transferred to pre-labelled 96 well un-skirted PCR plate into which 40ul of
mastermix was added. The 96 well plate was then sealed using a foil PCR seal and
the plate was incubated at 30°C for 16 hours using a benchtop PCR Thermal Cycler
machine (Thermo Fischer Scientific) with the lid of the machine set to 70°C. After 16
hours the machine was then heated to 65°C for 3 minutes in order to inactivate
REPLI-g Mini DNA Polymerase. For downstream qPCR experiments’ the amplified
DNA was then diluted to 1:20 and 3pl of this diluted DNA was then required per
gPCR reaction. The amplified DNA was stored at -20°C.
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3.9. Next Generation Sequencing (NGS)

Prior to sample transfer to the APC Microbiome Institute Sequencing Platform
patient DNA samples underwent an assessment of DNA quantity and purity. DNA
guantification took place using a fluorometric based method, the Qubit dsDNA High
Sensitivity (HS) assay kit (Life Technologies, Thermo-Fischer). A fluorometric based
guantification method was preferred for Next Generation Sequencing DNA library
preparation. However in order to assess DNA purity the Nano Drop ND1000
spectrophotometer (Thermo-Fischer Scientific) platform was implemented as it
enabled the assessment of DNA purity using UV absorbance at 260nm to 280nm to
measure the ratio of absorbance with 260/280 absorbance ratio values between

1.8 to 2.0 indicating a pure DNA sample.

Patient DNA samples, ranging from 0.5ng to 580ng were sent for DNA sequencing
to the Teagasc Food Research Centre, Ireland. The lllumina Nextera XT Library
Preparation Kit (lllumina Inc., San Diego, CA, USA) was used to fragment and add
sequencing adaptors to the extracted DNA, as described in the manufacturer’s
instructions, but with tagmentation time increased to 7 minutes. Following clean-up
of the indexed libraries as described in the manufacturer’s protocols, libraries were
quantified by Qubit High Sensitivity Assay (Life Technologies, Thermo-Fischer) and
the average size of the fragments determined by running each sample on the
Agilent Bioanalyser using a High Sensitivity Assay (Agilent Technologies). The
molarity of each sample was then determined and the samples were then pooled
equimolarly. The final pool was quantified by gPCR using the Kapa Library
Quantification Kit from Illumina (Roche) and then sequences on the lllumina
NextSeq 500 platform using high-output chemistry (2x150bp) according to the
manufacturer’s instructions. The demultiplexed dataset was uploaded to lllumina
Basespace and imported onto One Codex (One Codex, CA, USA). The interpretation
of the sequence data occurred through the use of data visualisation software
present in the BaseSpace Sequence Hub and through the use of the One Codex

microbial reference database
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Lung Microbiome Workflow

Figure 2. Microbiome analysis workflow. Schematic of the microbiome analysis

performed on the patient dataset.
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3.10. Primary analysis of the Next Generation Sequencing (NGS) dataset

The primary analysis of the Next Generation Sequencing (NGS) dataset was
performed in conjunction with One Codex, Dr Christopher Smith, Dr Denise Lynch

and Dr John MacSharry.

All raw sequences were analysed using the One Codex database (OCDB). The One
Codex Database consists of ~¥114K complete microbial genomes, including 62K
distinct bacterial genomes, 48K viral genomes, and approximately 4K fungal,
archaeal and eukaryotic genomes. The human genome was included to screen out
host reads, and a complete list of references is available in the One Codex

application at https://app.onecodex.com/references. The database was assembled

from both public and private sources, with a combination of automated and manual

curation steps to remove low quality or mislabelled records.

Comparing a microbial sample against the One Codex Database consisted of three
sequential steps. First, every individual NGS read were compared against the One
Codex Database by exact alignment using k-mers where k=31 (see Ames et al., 2014
and Wood et al., 2014 for details on k-mer based classification)?*?°. The k-mer
classification results were filtered based on the relative frequency of unique k-mers
in the sample, sequencing artefacts were filtered out of the sample. This filtering
only removed probable sequencing or reference genome based artefacts, and does
not filter out low abundance or low confidence hits. Finally the relative abundance
of each microbial species was estimated based on the depth and coverage of

sequencing across every available reference genome.

Alpha diversity

Alpha diversity measures the ecological diversity within each sample. The Chaol
estimator of diversity, the Simpson index, and the Shannon index were calculated

for each sample.

Chaol estimator: The non-bias corrected Chaol estimator for each sample, which

estimated the richness of the sample, was calculated.
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Simpson index: The Simpson index for each sample, which is an estimator of

evenness of the abundance of all taxa in the sample, was calculated.

Shannon index: The Shannon index for each sample, which is a measure of both

richness and evenness of the sample, was calculated.

Beta diversity

Beta diversity is the relative distance or dissimilarity between communities or
samples. Pairwise comparisons between all pairs of samples was calculated
between all pairs of samples to calculate the dissimilarities, and this data can be
then used to identify similar clusters of samples using analyses such as a Principle
Component Analysis. The beta diversity was represented using the Bray-Curtis

dissimilarity metric.

Bray-Curtis Dissimilarity: An ecological dissimilarity metric that accounts for both

the presence/absence and abundance of organisms in a community.

3.11. Cytokine measurement in BAL and plasma samples

BAL and plasma cytokines were analysed using a custom MSD proinflammatory
panel 1 containing targets for Interleukin (IL)-1B, IL-4, IL-6, IL-8, IL-10, IL-13,
Interferon (IFN)-y and tumour necrosis factor (TNF)-a and a custom MSD cytokine

panel 1 containing targets for IL-5 and IL-17A.

Reagent preparation consisted of the following; calibrator standards were prepared
by suspension of the lyophilised calibrator with 1000ul of the appropriate diluent
(diluent 2 for proinflammatory panel 1 and diluent 43 for cytokine panel 1) and
then transferring 100ul of the re-suspended calibrator with 300ul of appropriate
diluent. This 4 fold serial dilution was repeated 5 additional times to generate 7

calibrators with the diluent alone used as a zero calibrator.

Plasma samples were diluted as follows; 35ul of plasma and 35ul of appropriate

diluent, while BAL samples were undiluted. A detection antibody solution was
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created for the proinflammatory panel by combining 60ul of each SULFO-TAG anti-
human IL-1B, IL-4, IL-6, IL-8, IL-10, IL-13 IFN-y and TNF-a antibody with 2520yl
diluent 3 to bring to a final volume of 3000ul. A detection antibody solution for
cytokine panel 1 consisted of 60ul each of SULFO-TAG Anti-human IL-5 and IL-17A
with 2880yl of diluent 3 for a final volume of 3000ul. Wash buffer consisted of PBS
and 0.05% Tween 20. Read buffer for each plate consisted of 10ml of Read Buffer T

(4X) and 10ml of deionised water for a 2X working solution.

Step 1 of the assay involved washing the plate 3 times with 150ul/well wash buffer.
50ul of prepared calibrators or samples were then added per well, the plate was
sealed before overnight incubation with shaking at 2-8°C occurred. Step 2 involved
washing the plate a further 3 times with 150ul/well wash buffer before the addition
of 25ul detection antibody solution to each well, the plate sealed and a two hour
room temperature incubation with shaking occurred. Step 3; the plate was washed
3 times as before and 150ul of 2X Read Buffer T was added to each well before
analysis of the plate using an electro-chemiluminescence QuickPlex SQ 120 imager

from Meso Scale Discovery (Gaithersburg, MD, USA).

3.12. Glucose assay

Blood glucose levels were routinely tested for in Cork University Hospital. BAL
glucose levels were analysed in the APC Microbiome Ireland using a Glucose Assay
Kit (Calbiochem, Merck) with an assay range of 1-200uM. The kit provided direct
measurement of glucose in the BAL fluid by utilizing the glucose enzyme mix to
specifically oxidase glucose to generate a product that reacts with a dye to generate
colour (lambda=570nm) and fluorescence (Ex/Em=535/587nm) with the generated
colour and fluorescence being proportional to the amount of glucose present in the

sample.

A standard curve for fluorometric analysis was prepared by diluting the glucose
standard solution to 0.1nmol/ul by adding 10ul of the Glucose Standard to 990ul of
the Glucose Assay Buffer and mixing well. 20l of this solution was then added to

180ul of Glucose Assay Buffer and mixed well. 0, 2, 4, 6, 8 and 10ul of this was then
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added to the wells of the 96 well plate in duplicate and the volume was adjusted to
50ul in the wells with Glucose Assay Buffer generating a standard curve of 0, 0.2,
0.4, 0.6, 0.8 and 1.0nmol/well in duplicate.50ul of the BAL samples to be tested
were added to the 96 well plate, corresponding to a pre-determined plate layout.
The reaction mix was prepared as follows and each 50pl reaction mix per well
contained 46ul of Glucose Assay Buffer, 2ul Glucose Probe and 2ul diluted Glucose
Enzyme Mix. 50l of the reaction mix was added to each well containing the diluted
Glucose Standard or test sample and thorough mixing occurred. The plate was then
covered in foil and incubated for 30 minutes at 37°C. The absorbance was read
using a fluorometric plate reader (Synergy HTX Multi Mode Reader, BioTek, USA) at
excitation/emission = 535/590nm. Background noise was corrected for by
subtracting the value derived from the zero glucose control from all the standards
and test samples. The glucose concentrations were derived from the standard curve

generated.

3.13. Statistical analyses

All data was stored in Microsoft Excel files before statistical analyses occurred.
Graph Pad Prism 8 software was used to perform all statistical analyses and to
provide graphical representation of the data. All data was assessed using normality
and lognormality tests and the Shapiro-Wilk test was applied to assess the
normality of the data set. Normally distributed data was presented as the mean *
standard deviation (SD) within the text and figures. Normally distributed data sets
where both the X and Y values were normally distributed were analysed using
Pearson correlation coefficient analysis. Data was considered to be statistically
significant when P<0.05. Non-normally distributed data was presented as median *
interquartile range (IQR) within the text and figures. Non-normally distributed data
sets where both the X and Y values were not both normally distributed were
analysed using the non-parametric Spearman correlation?®. Data was considered to

be statistically significant when P<0.05.
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4. Results

4.1. Patient demographics

The patient cohort consisted of seventy-three adult asthmatic patients, 26 males
and 47 females. 62% (45/73) of the asthmatic patients had never smoked, while
27% (20/73) were ex-smokers and 11% (8/73) were current smokers. 64% (47/73)

of patients lived in a rural location while 36% (26/73) lived in an urban setting.

When stratified by asthma severity 36% (26/73) were classified as mild (GINA 1+2),
22% (16/73) were moderate (GINA 3) and 42% (31/73) of the cohort were classified
as severe asthmatics (GINA 4+5). When stratified by level of asthma control (ACQ-
7), 41% (30/73) were controlled (ACQ-7 <1.5) while 59% (43/73) were uncontrolled
(ACQ-7 21.5).

8 patients within the cohort were in receipt of oral steroids (mg) at time of

bronchoscopy (min 5mg — max 30mg). 14% (10/73) of the asthma cohort were not
in receipt of inhaled corticosteroids (ICS) (FDP 250) at time of bronchoscopy while
86% (63/73) of patients were in receipt of inhaled corticosteroids (ICS) (min 250 —

max 2000 FDP). See Table 1 for patient demographics at bronchoscopy.
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Table 1. Patient demographics at bronchoscopy. Note T FEV-1, Forced Expiratory
Volume in the first second; § FeNO, Fractional exhaled Nitric Oxide; § BMI, Body
Mass Index; ¥ ESR, Erythrocyte Sedimentation Rate; I CRP, C-reactive protein.

Patients
Male
Female
ACQ-7

IgE (KU/L)

FEV-1 (Percent
Predicted)t

FeNO (ppb) §

BMI (kg/m?) 1

Haemoglobin (Hb)
(/L)

White cell count (WBC)

(10°/1)

Blood Lymphocyte
count (10°/L)

Blood Eosinophil count

(10°/1)

Blood Neutrophil
count (10°/L)

ESR (mm/hr)¥

CRP (mg/L)}

Blood glucose (mMol)

BAL glucose (uMol)

n=73 (%)

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

Mild
(GINA 1-2)
26 (36%)
11 (42%)
15 (58%)

[1.1(0.6)]
[0.9 (0.6-1.5)]

[374(642)]
[96.1 (30.7-447)]

(87 (12.8)]
(88 (78.8-96.0)]

[34.1(27.2)]
[23 (12.5-46.5)]

[25.8 (4.5)]
[24 (22.4-30.0)]

[14.3 (1.3)]

[14.2 (13.2-15.4)
6.8 (1.7)]

6.8 (5.3-8.0)]
[2.0 (0.6)]

[2.0 (1.6-2.6)]
[0.3(0.2)]

[0.2 (0.1-0.3)]
[4.0 (1.4)]

[3.9 (3.0-4.7)]

(6.3 (4.4)] [n=25}
[5 (2.0-9.5)

[5.8 (2.0)] [n=26]
5 (5-5)]

[4.9 (0.4)] [n=24}
[4.8 (4.6-5.1)]

(1.8 (2.2)]
[1(1-2)

Moderate
(GINA 3)
16 (22%)
4 (25%)
12 (75%)

[1.9 (1.0)]
[1.9 (1.0-2.4)]

[174.9 (244)
[142 (62.6-180.5)]

[87.6 (21)]
[81(74.3-102.8)]

[21.7 (11.1)]
[21.0 (14-30)]

[27.2 (7)]
[25.4 (22.2-30.8)]

[13.9 (0.9)]

[14.1 (12.9-14.4)]
[7(1.7)]

(6.7 (5.6-8.1)]
[2(0.6)]

[1.2 (1.5-2.3)]
[0.3 (0.4)]

[0.2 (0.1-0.4)]
(4.5 (1.0)]

[4.7 (3.6-5.4)]

(8.6 (6.6)] [n=14]
(7 (2.8-12.3)]

[7.9 (4.6)] [n=5]
[6.1 (5.5-11.1)]

[5 (0.5)] [n=16]
[4.9 (4.6-5.3)]

(1.3 (2.1)]
(1(0-1)]

Severe
(GINA 4-5)
31 (42%)
11 (35%)
20 (65%)

[3.2 (1.1)]
[3.1(2.4-4.1)]

[302.5 (450.5)]
[113 (28.5-299)]

[65.3 (23.2)]
(68 (50-81)]

[24.4 (27.2)]
[15 (10-25)]

[30.4 (6.5)]
[29.8 (25.1-34.1)]

[13.4 (1.4)]

[13.3 (12.6-14.5)]
8.6 (3.4)]

8.1 (6.8-8.8)]
[2.3(1)]
[2.1(1.5-2.9)]
[0.3(0.3)]

[0.2 (0.1-0.3)]
[5.4(2.8)]

[5 (3.6-5.9)]

[11.9 (12.8)] [n=28]
[7(2.8-13.8)]

[10 (15.6)] [n=30]
[5(5-8.3)]

[1.8 (0.8)] [n=20]
[2 (1.0-2.8)]

[2.7 (2.6)] [n=30]
(2 (1-4)]
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Figure 3. Patient asthma severity and level of control. The patient cohort was
stratified by (A) asthma severity (GINA). When GINA stages were grouped into mild
(GINA 1+2), moderate (GINA 3) and severe (GINA 4+5) 36% (26/73) of patients were
mild (GINA 1+2), 22% (16/73) moderate (GINA 3) and 31% (42%) severe (GINA 4+5)
(B). When the patient cohort was stratified by level of control (ACQ-7) 41% (30/73)
were controlled (ACQ-7<1.5) and 59% (43/73) were uncontrolled (ACQ-721.5)

asthmatics (C). n=73
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Figure 4. Patient oral steroids and inhaled corticosteroids. (A) 8 patients were in
receipt of oral steroids at time of bronchoscopy (5mg min — 30mg max) while 65
patients were not in receipt of oral steroids at time of bronchoscopy. (B)
Breakdown of patient inhaled corticosteroid (ICS) (FDP) dose at time of
bronchoscopy. 86% (63/73) of patients were in receipt of ICS while 14% (10/73) of

patients within the cohort were newly diagnosed and ICS naive at the time of

sampling. n=73
150+ 150+
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Figure 5. FEV-1 and FeNO at bronchoscopy. Forced Expiratory Volume in the first
second (FEV-1) is a measurement of the expiratory volume in the first second of the
Forced Vital Capacity (FVC) maneuver. (A) depicts the FEV-1 % predicted
measurements obtained from the cohort on the day of bronchoscopy. (B) Fractional
exhaled Nitric Oxide (FeNO) is a non-invasive marker of inflammation. Patients
underwent FeNO measurements prior to bronchoscopy whereby the level of nitric
oxide in parts per billion (ppb) in the air which was exhaled slowly from their lungs

was measured using a portable FeNO device.
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Figure 6. Location of the patient cohort. (A-B) 64% (47/73) of the asthma cohort

resided in a rural location whilst 36% (26/73) lived in an urban location.
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4.2. Serological detection of Immunoglobulin E (IgE) levels

IgE levels above 80KU/L were considered above the hospitals upper limit of normal.
IgE levels were elevated in 56% (41/73) of the patient cohort (median 108.0; IQR
35.5-329.5). See figure 7 for IgE breakdown by patients (A) and by asthma severity
(GINA) (B) and level of control (ACQ-7) (C).
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Figure 7. Serological testing of asthmatic patient serum IgE levels. Serum was
assessed for total IgE levels (median 108.0; IQR 35.5-329.5). 56% of patients
displayed total IgE levels above the hospitals upper limit of normal (80KU/L), red
dashed line, showing atopic asthma (A). IgE levels upon grouping patients by GINA
stage; mild (GINA 1+2) (median 96.1; IQR 30.7-447.0), moderate (GINA 3) (median
142.0; IQR 62.6-180.5) and severe (GINA 4+5) (median 113.0; IQR 28.5-299.0) (B).
IgE levels upon grouping patients by level of asthma control (ACQ-7); controlled
(ACQ-7<1.5) (median 138.0; IQR 53.5-399.0) and uncontrolled (ACQ-721.5) (median
101.0; IQR 28.5-282.0).
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4.3. Microscopy and BAL immune cell percentage counts

Microscopy enabled the examination of the patient BAL fluid, which had been
previously processed onto microscopy slides and stained using the Kwik Diff
differential staining method ensuring two BAL cytospin slides were prepared for
each patient. BAL immune cell percentage counts were carried out, whereby the
percentage of lymphocytes, monocytes, macrophages, neutrophils and eosinophils
were recorded for each patient. Ball cell differentials revealed that macrophages
were the most dominant immune cell type present within the BAL of the asthmatic
cohort with varying levels of lymphocytes, monocytes, neutrophils and eosinophils

present. n=73

0 4 X '3
‘f\ﬁ.%’f. 'Q: :"5*.#95-1 . e ia
Figure 8. Microscopic examination of patient bronchoalveolar lavage (BAL). (A-F)
Representative microscope images of patient BAL fluid stained with a commercial
Kwik Diff stain displaying lymphocytes, monocytes, macrophages, neutrophils and
eosinophils. All images were taken at 40x magnification where A=patient A27,

B=patient A16, C=patient A12, D=patient Al1, E=patient A27, F=patient A19.
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Figure 9. BAL immune cell percentage counts. (A)BAL immune cell differential

counts revealed macrophages to be the most dominant immune cell type present

with varying levels of lymphocytes, monocytes, neutrophils and eosinophils present

within the patient BAL. n=73

Table 2. BAL Immune cell percentage counts. The [Mean (SD)] and [Median (IQR)]

of the immune cell percentage counts when patients are stratified by GINA stage

where GINA 1+2= Mild, GINA 3= Moderate and GINA 4+5= Severe

BAL Lymphocyte % count

BAL Monocyte % count

BAL Macrophage % count

BAL Neutrophil % count

BAL Eosinophil % count

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

Mild

(GINA 1+2)
[6.9 (5.0)]

[6.4 (2.9-10.2)]

[8.8(7.6)]
[6.7 (1.8-15.9)]

[79.6 (9.2)]
[80.1 (74.3-87.3)]

[2.9(7.1)]
[1.0 (0.6-1.6)]

[1.9 (2.5)]
[0.7 (0.1-2.9)]

Moderate
(GINA 3)
[9.1(11.1)]
[5.9 (1.0-13.4)]

[5.7 (8.1)]
[3.2(1.2-9.1)]

[61.0 (30.4)]
[71.1 (45.1-85.0)]

[8.8 (15.1)]
[2.8 (0.2-6.9)]

[2.9 (5.3)]
[0.7 (0.1-1.4)]

Severe

(GINA 4+5)
[8.9 (10.6)]
[5.6 (2.1-11.4)

[4.2 (5.0)]
[3.1(0.6-6.3)]

[73.4 (22.6)]
[77.3 (63.6-89.1)]

[7.1(15.8)]
[2.6 (0.7-5.2)]

[3.2 (8.0)]
[0.5 (0-2.0)
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4.4. Molecular detection of microbial presence

gPCR revealed a wide variety of microbial species present in the lungs of the
asthmatic cohort, n=73. 93% (68/73) of patients had detectable levels of bacteria
using the total bacteria primer?’. 73% (53/73) of patients had detectable levels of
Firmicutes. Pseudomonas aeruginosa was detectable in 34% (25/73) of asthmatics.
Pseudomonas fluorescens was detectable in 88% (64/73). Escherichia was
detectable in 37% (27/73). Bordetella was detectable in 53% (38/73). Prevotella was
detectable in 79% (58/73). Veillonella was detectable in 80% (59/73). Mycoplasma
pneumoniae was detectable in 62% (45/73). Chlamydophilia pneumoniae was
detectable in 70% (51/73). Staphylococcus aureus was detectable in 75% (55/73).
Neisseria bacilliformis was detectable in 66% (48/73). Moraxella catarrhalis was
detectable in 78% (57/73). Neisseria meningitidis was detectable in 67% (49/73).
Streptococcus pneumoniae was detectable in 73% (53/73). Haemophilus influenzae
was detectable in 67% (49/73). Rothia was detectable in 86% (63/73).
Micromonospora was detectable in 85% (62/73) of BAL from the asthmatic cohort.
See Figure 2 for a schematic of the microbiome analysis performed on the patient
dataset. See Figure 10 for the qPCR cycle threshold (abundance) values for each

primer investigated. n=73.
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Figure 10. qPCR detection of bacteria species in the asthmatic patient BAL. gPCR
was performed on the extracted BAL DNA with respect to a number of microbial

species of interest. n=73.
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4.5. BAL and plasma cytokines

Measurement of secreted human cytokines Interleukin — 1B (IL-1p), IL-4, IL-5, IL-6,
IL-8, IL-10, IL-13, IL-17 and Tumour Necrosis Factor — a (TNF-a) in patient BAL at
bronchoscopy and the secreted human cytokines Interleukin — 1B (IL-1p), IL-4, IL-5,
IL-6, IL-8, IL-10, IL-13, IL-17, Tumour Necrosis Factor — a (TNF-a) and Interferon —y
(IFN-y) in patient plasma at bronchoscopy took place using an electro-
chemiluminescence Quick Plex SQ 120 imager from Meso Scale Discovery
(Gaithersburg, MD, USA) where antibodies labelled with SULFO-TAG™ reagents
emitted light upon electrochemical stimulation. See Figure 11 for the cytokine
levels in the patient BAL and plasma. See Table 3 for the cytokine levels in the

patient BAL and plasma.
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Figure 11. Cytokine levels in patient BAL and plasma. Measurement of secreted
human cytokines interleukin- 1B (IL-1pB), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17,
tumour necrosis factor-a (TNF-a) and interferon-y (IFN-y) in patient BAL (A) and

plasma (B). [Median (IQR)], n=73.
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Table 3. Cytokine levels in patient BAL and plasma. Cytokine levels in patient BAL
and plasma upon stratification of patients by asthma severity (GINA). n=73.

BAL IL-1B (pg/ml)

BAL IL-4 (pg/ml)

BAL IL-5 (pg/ml)

BAL IL-6 (pg/ml)

BAL IL-8 (pg/ml)

BAL IL-10 (pg/ml)

BAL IL-13 (pg/ml)

BAL IL-17 (pg/ml)

BAL TNF-a (pg/ml)

Plasma IL-1B (pg/ml)

Plasma IL-4 (pg/ml)

Plasma IL-5 (pg/ml)

Plasma IL-6 (pg/ml)

Plasma IL-8 (pg/ml)

Plasma IL-10 (pg/ml)

Plasma IL-13 (pg/ml)

Plasma IL-17 (pg/ml)

Plasma TNF-a (pg/ml)

Plasma IFN-y (pg/ml)

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

Mild (GINA 1-2)
[7.8 (29.6)]
[0.7 (0.4-3.2)]

[0.5 (1.8)]
[0.2 (0.1-0.2)]

[0.3 (0.4)]
[0.2 (0.1-0.4)]

(2.4 (2.9)]
[1.1(0.8-3.1)]

[441.5 (849.0)]
[114.2 (24.0-306.0)]

[0.6 (2.2)]
[0.2 (0.1-0.2)]

[4.2 (10.3)]
[2.0 (1.7-2.2)]

[0.7 (0.6)]
[0.6 (0.1-1.1)]

[1.0 (2.3)]
[0.2 (0.1-0.4)]

[2.6 (5.9)]
[0.2 (0.06-3.9)]

[0.6 (1.5)]
[0.3(0.1-0.5)]

[0.7 (0.8)]
[0.5 (0.4-0.8)]

[1.0 (1.7)]
[0.6 (0.3-0.9)]
[5.0(2.3)]
[4.8 (3.8-6.4)]

[1.2 (2.9)]
[0.7 (0.5-0.9)]
[8.1(16.2)]
[5.4 (2.3-6.5)]

[2.7 (1.7)]
[2.1(1.5-3.7)]

[5.1(11.1)]
[3.0 (2.4-3.9)]

[4.7 (2.5)]
[3.7 (3.2-6.7)]

Moderate (GINA 3)
[5.1(16.2)]
[0.9 (0.4-1.2)]

[0.1(0.1)]
[0.1 (0.1-0.2)]

[0.9 (2.4)]
[0.2(0.1-0.4)]

(5.8 (8.7)]
[2.3 (1.0-5.1)]

[812.2 (1837.0)]
[214.3 (86.1-777.0)

[0.2(0.3)]
[0.1 (0.1-0.3)]

(2.2 (1.0)]
[1.9 (1.8-2.4)]

[0.8 (0.6)]
[0.9 (0.1-1.3)]

[0.4 (0.5)]
[0.3 (0.1-0.6)]

[0.2 (1.2)]
[0.2 (0.06-0.4)]

[0.2 (0.1)]
[0.2 (0.07-0.3)]

[1.8 (1.9)]
[1.3 (0.4-1.8)]

[0.9 (0.8)]
[0.6 (0.4-1.1)]
[8.0 (14.0)]
[3.4 (2.9-7.3)]

[0.8 (1.2)]
[0.6 (0.2-0.8)]
(4.6 (4.1)]

[3.2 (1.5-6.6)]

[5.6 (3.3)]
[3.9 (3.1-8.8)]

[2.1(1.0)]
[2.2 (1.2-3.0)]

(5.5 (3.8)]
[4.5 (2.9-7.2)]

Severe (GINA 4-5)
[4.6 (9.9)]
[1.6 (1.0-3.7)]

[1.2 (1.9)]
[0.2 (0.1-2.5)]

[2.1(7.3)]
[0.3 (0.04-0.9)]

[10.4 (20.4)]
[1.8 (1.1-12.2)]

[226.0 (318.3)]
[94.1 (31.8-319.2)]

[1.0 (1.4)]
[0.2 (0.1-1.3)]

(6.1 (6.9)]
(2.2 (1.7-8.6)]

[0.8 (2.1)]
[0.2 (0.02-0.8)]

[1.6 (2.3)]
[0.4 (0.2-2.2)]

[1.9 (2.8)]
[0.7 (0.2-2.6)]

[2.7 (5.2)]
[0.4 (0.2-4.1)]

[1.6 (2.6)]
[0.6 (0.3-1.6)]

3.2 (4.1)]
[1.2 (0.6-5.1)]
[13.3 (28.4)]

(5.9 (4.5-9.4)]

[5.1 (10.0)]
[0.8 (0.4-6.4)]
[24.8 (35.8)]
[6.5 (3.9-45.9)]

[3.3 (2.4)]
[2.9 (1.1-5.1)]

[15.6 (24.1)]
[3.0 (1.7-33.8)]

(6.6 (8.9)]
(4.0 (2.1-7.2)]
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4.6.qPCR correlations

Statistical analysis of the gPCR results in correlation to ACQ-7, inhaled
corticosteroids (ICS), Forced Expiratory Volume (FEV-1), Fractional exhaled Nitric
Oxide (FeNO), total IgE levels, Body Mass Index (BMI), Haemoglobin (Hb), White Cell
Count (WBC), blood lymphocytes, blood eosinophils, blood neutrophils, Erythrocyte
Sedimentation Rate (ESR), C-reactive protein (CRP), blood glucose levels, BAL
glucose levels, immune microscopy counts, plasma cytokines and BAL cytokines.

Statistical analyses were carried out as described in 3.13. Statistical analyses.

Upon the examination of the patients’ bronchoscopy BAL qPCR data a number of
correlations were determined. The presence of gPCR total bacteria correlated with
BAL IL-8 cytokine levels (P<0.05; rs=-0.2971). The presence of Firmicutes in the BAL
by gPCR correlated with plasma cytokine IL-6 levels (P<0.05; rs=-0.3236), plasma
TNE-a (P<0.01; rs=-0.3823), BAL IL-4 (P<0.05; r=-0.3446) and BAL IL-5 (P<0.05; rs=-
0.2955). Pseudomonas aeruginosa presence by qPCR correlated with the White Cell
Count (WBC) (P<0.05; rs=0.4645) and blood neutrophil levels (10°/L) (P<0.05;
rs=0.4910). Pseudomonas fluorescens presence correlated with the IL-5 cytokine

levels in BAL (P<0.05; rs=-0.2601). See Figure 12. n=73

Pseudomonas fluorescens presence correlated with BAL IL-13 cytokine levels
(P<0.05; rs=0.2971) and the immune cell percentage counts of neutrophils (P<0.05;
r-=-0.2887). Escherichia presence in the BAL by gPCR correlated with plasma IL-5
(P<0.05; rs=0.3994), plasma IL-6 (P<0.01; rs=0.5238), plasma IL-10 (P<0.05;
r<=0.4450), IL-17 BAL (P<0.05; rs=-0.4230), and the immune cell percentage count of
neutrophils (P<0.05; rs=-0.4278). Bordetella correlated with the presence of IL-1B in
the plasma (P<0.05; rs=-0.5963). See Figure 13. n=73

Bordetella correlated with plasma IL-4 levels (P<0.05; rs=-0.3523), plasma IL-8 levels
(P<0.05; rs=0.3266), plasma IL-10 levels (P<0.05; rs=-0.3507), plasma TNF-a levels
(P<0.0005; rs=-0.5560), BAL IL-4 levels (P<0.05; rs=-0.4134), BAL IL-17 levels
(P<0.001; rs=-0.5774) and the immune cell percentage count of monocytes
(P<0.005; rs=-0.4893). Prevotella presence by qPCR correlated with plasma IL-10
levels (P<0.05; rs=-0.2709). See Figure 14. n=73
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Prevotella also correlated with plasma TNF-a levels (P<0.05; rs=-0.3256) and BAL IL-
17 levels (P<0.05; rs=-0.2709). Veillonella correlated with plasma IL-8 levels (P<0.05;
rs=-0.2639). Chlamydophilia pneumoniae presence by qPCR correlated with BAL IL-8
levels (P<0.05; rs=-0.2826) and BAL IL-13 levels (P<0.05; rs=-0.3380). Staphylococcus
aureus presence correlated with plasma IL-17 levels (P<0.05; rs=0.3994) and BAL IL-
1B (P<0.01; rs=-0.3777). Neisseria bacilliformis correlated with BAL IL-1pB levels
(P<0.05; rs=-0.3373). See Figure 15. n=73

Moraxella catarrhalis presence by gPCR correlated with BAL IL-13 levels (P<0.05;
rs=0.3141) and the immune cell percentage count of neutrophils (P<0.05; rs=-
0.2639). Neisseria meningitidis presence correlated with plasma IL-8 levels (P<0.05;
r<=-0.3086). Streptococcus pneumoniae presence by qPCR correlated with the
immune cell percentage count of macrophages (P<0.05; rs=0.3424). Rothia
correlated with FEV-1 (percent predicted) (P<0.05; rs=0.2697) and plasma IL-6
(P<0.05; rs=-0.4592). Micromonospora correlated with FeNO (ppb) (P<0.05;
rs=0.3004) and plasma IL-1B levels (P<0.05; rs=-0.4703). See Figure 16. n=73

Micromonospora also correlated with plasma IL-6 (P<0.05; rs=-0.3018) and BAL IL-
1B (P<0.05; rs=-0.2737). See Figure 17. n=73
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Figure 12. BAL qPCR correlations. Total bacteria correlated with BAL IL-8 cytokine

levels (P<0.05; rs=-0.2971) (A). The presence of Firmicutes in the BAL by gPCR

correlated with plasma cytokine IL-6 levels (P<0.05; rs=-0.3236) (B), plasma TNF-a

(P<0.01; rs=-0.3823) (C), BAL IL-4 (P<0.05; rs=-0.3446) (D) and BAL IL-5 (P<0.05; rs=-

0.2955) (E). Pseudomonas aeruginosa presence by qPCR correlated with the White

Cell Count (WBC) (P<0.05; rs=0.4645) (F) and blood neutrophil levels (10°/L)

(P<0.05; rs=0.4910) (G). Pseudomonas fluorescens presence correlated with the IL-5

cytokine levels in BAL (P<0.05; rs=-0.2601) (H).
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Figure 14. BAL qPCR correlations. Bordetella correlated with plasma IL-4 levels
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Figure 15. BAL qPCR correlations. Prevotella correlated with plasma TNF-a levels
(P<0.05; rs=-0.3256) (A) and BAL IL-17 levels (P<0.05; rs=-0.2709) (B). Veillonella
correlated with plasma IL-8 levels (P<0.05; rs=-0.2639) (C). Chlamydophilia
pneumoniae presence by qPCR correlated with BAL IL-8 levels (P<0.05; rs=-0.2826)
(D) and BAL IL-13 levels (P<0.05; rs=-0.3380) (E). Staphylococcus aureus presence
correlated with plasma IL-17 levels (P<0.05; rs=0.3994) (F) and BAL IL-1B (P<0.01;
r<=-0.3777) (G). Neisseria bacilliformis correlated with BAL IL-183 levels (P<0.05; rs=-
0.3373) (H). n=73
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Figure 16. BAL qPCR correlations. Moraxella catarrhalis presence by qPCR
correlated with BAL IL-13 levels (P<0.05; rs=0.3141) (A) and the immune cell
percentage count of neutrophils (P<0.05; rs=-0.2639) (B). Neisseria meningitidis
presence correlated with plasma IL-8 levels (P<0.05; rs=-0.3086) (C). Streptococcus
pneumoniae presence by qPCR correlated with the immune cell percentage count
of macrophages (P<0.05; rs=0.3424) (D). Rothia correlated with FEV-1 (percent
predicted) (P<0.05; rs=0.2697) (E) and plasma IL-6 (P<0.05; rs=-0.4592) (F).
Micromonospora correlated with FeNO (ppb) (P<0.05; rs=0.3004) (G) and plasma IL-
1B levels (P<0.05; rs=-0.4703) (H). n=73
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4.7. Next Generation Sequencing

The One Codex database identifies microbial and host reads and allows for filtering
of the data, removal of host reads and known kit contaminants, and easy download
for use on third party software such as MS Excel and GraphPad Prism. See Figure 18
below for an example of the interface where matched reads, and corresponding
number, abundances and % are calculated. As is evident and expected due to the

sample nature there is a high level of host reads which are filtered out.
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Figure 18. Next Generation Sequencing analyses. Examples of the OneCodex
interface for shotgun sequence analysis of one sample allowing identification of the
dominant microbial species (a) high host reads relative to microbial reads and (b)

percentage microbial reads present in the samples.
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The database allows for analyses at the associated microbial samples at read level
and counts reads with children (reads associated with phylum and subsequently
class, order, family, genus and species) and then calculates the relative abundance
of the microbial species and therefore the diversity. Figure 19 demonstrates the
interface for Bacterial reads by count, normalisation and relative abundance. It is
interesting to note that several of the samples have quite varied biomass (reads)
prior to normalisation and at the genus level there are several dominant genera
including Micromonospora which has hitherto been unreported in lung washes or

BALs.
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Figure 19. Next Generation Sequencing analyses. The One Codex interface allowing

visual comparison of several samples on bacterial read count and taxonomic levels

such as (a) genera, (b) species with (c) read normalisation and (d) relative

abundance. (n=5)
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It is however important to note that relative abundance cannot be calculated for
some samples where the databases may be weaker/less populated, such as with
fungal genomes. As is evident in figure 20 below while there are several fungal
reads associated with the samples as the taxonomic selection is more refined, reads

are not assigned and at the species level there are very few detectable species.

151



500 @
H
s
2
-]
g
&
3000-
2500~
2000~
1500
2000, 897 (0.0091%)
500-
noo-
#07
OCxDB - 94%
Simpson: 0,56
Shannan: 1.5
1304 @
H
3
1204
g
b
@
o=
95 (0.00095%)
100~
—_—
20-
80-
20
60-
50-
a0
304
20
10-
000-
A07
OCX DB - 94%
Simpson: 0.56
shannan; 1.8
167 @
H
5
2
3
1 &
124
10
g No reads match filtering
criteria.
6
4
z
0.00-
AT
00X DB - 94%
Simpson: 0.00
Shannan: 0.0

Figure 20. Next Generation Sequencing analyses — fungal genomes. OneCodex
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interface allowing visual comparison of several samples on fungal read count and

taxonomic levels such as (a) phylum, (b) genus and (c) species. (n=5)
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OneCodex also have a specific viral database which allows for detection of host and

microbial viruses (phage); however this is quite limited for several of the phage

genomes, see figure 21, but does detect several phage associated with dominant

microbial strains.
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Figure 21. Next Generation Sequencing analyses —viral genomes. OneCodex

interface allowing visual comparison of several samples on viral read counts at the

family (a) and species (b) level. n=5.
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Analysis of the entire 70 shotgun data samples shows that the majority of non-host

reads detected in the lung BALs are from the bacterial kingdom, as was also evident

by the qPCR data, see previous figure 10 and figure 22 below. The main focus of the

subsequent analysis was

on the bacterial signals which also allowed to measure

relative abundance of the species present, due to the sequencing and database

depth. There is also evidence of fungal (including dikarya), viral but also other

eukaryota reads present,

A

107+

see figure 22 below.
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Figure 22. Next Generation Sequencing analyses - relative abundance. Analysis of

the Kingdom level of distribution of reads with children matched to the One Codex

database (a) bar plot (b) violin plot level. n=70

154



The relative abundances of the top taxa with the greatest mean abundance across

these samples at the species level was determined. All abundances are calculated

from the filtered results of the One Codex Database classification. The most

abundant strains were determined beginning with a filter from the top 50 to the

top species, see figures 23 and 24 below.
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Figure 23. Next Generation Sequencing —relative abundance charts. Relative

abundance chart for all samples at the species taxonomic level. Samples are sorted

alphabetically from top to bottom. As part of the post-hoc filtering process,

abundances are proportionalized such that the above plots are adjusted for variable

sequencing depth. (a) top 50, (b) top 40, (c) top 30 and (d) top 25 species. n=70.
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Figure 24. Whole Genome Sequencing analyses — relative abundance of samples
at the taxonomic level. Relative abundance chart for all samples at the species
taxonomic level. Samples are sorted alphabetically from top to bottom. As part of
the post-hoc filtering process, abundances are proportionalized such that the above
plots are adjusted for variable sequencing depth. (a) top 15 species, (b) top 10, (c)

top 5 and (d) the top species. n=70.
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The gram-positive spore forming aerobe actinobacteria Micromonospora aurantica
was the most abundant species present. Subsequent analysis focussed on the top
10-20 abundant microbial species. Micromonospora aurantica is the dominant
microbe present in 51/70 of the samples, followed by Veillonella atypica, M.
globosa and Streptococcus mitis, see table 4 for further details. Many of the top 20
species detected were part of similar genera and some phage specifically targeting
the species were evident see figure 25 and 26. Phage specific for Haemophilus
influenzae, several Streptococcus species and human viruses such as human
gammaherpesvirus 4 (Epstein Barr Virus) were also detectable at high levels in the

BAL, see figure 25 and 26 below.
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Table 4. Top 20 relative abundance species present in the asthmatic patient

samples. n=70

Species
Number of values (T0)

Species
Number of values (70)

Species
Number of values {T0)

Species
Number of values (T0)

0.0008419
0.06653
04954
01087
01179
0.01651

Human
gammaherpesvirus
4 (EBV)

8

0.007573
001214
0.3049
0.05193
0.1028
0.03635

0.0003859
0.04959
0.4027
0.09012
0.09767
0.01488

0.004
0.028
0.472
0.06557
0.1019
0.01861

38

0.001197
0.02945
0.3134
0.0539
0.06545
0.01062

13

0.005269
0.02593
0.9245
0.2045
0.3151
0.08738

0.0006116
0.0312
0.1713
0.04748
0.043598
0.008626

0.0004913

0.03549
0.1418

0.04982
0.04205

0.0080964

0.000357
0.03328
0.09998
0.03845
0.02937
0.006262

10

0.0001
0.0285
0.072
0.03001
0.01918
0.006064

0.0002
0.029
0.047
0.02495
0.01266
0.00327

46

0.0002057
0.03034
0.1319
0.04002
0.03012
0.004441

42

0.0002754
0.02483
0.1422
0.03548
0.029
0.004475

0.0003633
0.02271
0.0487
0.02344
0.01157
0.002014

13

0.01415
0.02568
0.2447

0.04887
0.06225
0.01727

13

0.0001
0.019
0.229
0.03053
0.04907
0.01126

17

0.01M
0.034
0.136
0.04682
0.03174
0.007698

17

0.011
0.029
0.071
0.02841
0.0148
0.003615

25

0.0071861
0.0221
0.09449
0.02715
0.02114
0.004228

Veillonela atypica
49

0.0002937
0.03651
0.2977
0.05085
0.05326
0.007608
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Figure 25. Next Generation Sequencing analyses — top 20 relative abundance
species by genera. Top 20 relative abundance species by genera in present in the
asthma patient samples. n=70. (a) Micromonospora, (b) Haemophilus, including
specific phage HP1(blue border, far right), (c) Veillonella, (d) Rothia, (e)

Porphyromonas, (f) Ralstonia. n=70.
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Figure 26. Next Generation Sequencing analyses — top 20 relative abundance

by genera. Top 20 relative abundance species by genera
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Shannon alpha diversity index was calculated for each sample against abundance

this allowed to identify the richness and evenness of the microbial population. The

average diversity was 2.55 with a minimum of 0.2 and 4.248 maximum. The

Micromonospora genera is the predominant species present and that high diversity

within the sample, calculated using the Shannon diversity index, reflects low

bacterial counts while some samples with very high numbers of bacteria have

reduced Shannon diversity, See figure 27 below. Of note, several patient samples

showed blooms of Haemophilus influenzae as is evident in figure 27 below which

had a corresponding Shannon diversity due to the dominance of the species.

Shannon diversity was also grouped via GINA status, however there was no distinct

difference, see figure 28.
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Figure 27. Next Generation Sequencing analyses. Top 20 relative abundance

uouueys

species present in the asthma samples overlaid with Shannon diversity score. n=70.
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Figure 28. Next Generation Sequencing analyses. Shannon alpha diversity plotted

corresponding to patient GINA status, with the distribution highlighted above the

scatter plot. n=70.
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Beta Diversity was calculated using the Bray Curtis Dissimilarity matrix for all
samples. This was performed to compare the samples for similarity and
dissimilarity. This ecological dissimilarity metric accounts for both the
presence/absence and abundance of organisms in a community and allows
subsequent principal component analysis and correlation analysis. As is evident
below several samples were quite similar and in a clear example those which
represent the bloom of Haemophilus influenzae cluster together, see figure 29 (A)
below. Principal Coordinates Analysis (PCoA) was also generated of all samples. As
is evident the H. influenzae cluster also is associated with high BAL TNFa levels, see

figure 29 (B-C).
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Figure 29. Next Generation Sequencing analyses — Diversity and Principal
Coordinates Analysis (PCoA) plot of all samples. (A) Heatmap of Bray-Curtis
dissimilarity between all samples using readcounts at the species level. Samples are
clustered hierarchically. As is evident several samples clustered together (red box)
(B) PCoA, for Haemophilus influenzae, the first and second principal components
are plotted on the x and y axes, respectively. Each dot represents one sample, and
dots are coloured based on the metadata group. PCoA was performed on the
estimated relative abundances at the species level. Percentages on each axis label
are the proportion of variation explained by each respective principal component.

(C) PCoA for BAL TNF-a concentration. n=70

164



Correlation analysis was performed on the samples that were uniquely dominated

by Haemophilus influenzae, to identify the metadata variables that were associated

with this effect. A handful of factors were all positively associated with the relative

abundance of H. influenzae, most notably BAL TNF-a, IL-1p3, IL-8 and Neutrophils,

See figure 30 below. Indeed the HP1 Haemophilus phage was also correlated with

the presence of H. influenzae and the BAL cytokines and neutrophils.
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Factor
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Figure 30. Next Generation Sequencing analyses - correlations and abundance plots of

the relative abundance Haemophilus influenzae blooms. (a) Correlation analysis linking

BAL Haemophilus influenzae and HP1 Phage abundance to BAL (b) IL-8, (c) TNF-a, (d) IL1-B

and (e) Neutrophils.
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Further correlations were performed using GraphPad Prism and the One Codex
Jupyter notebook server to evaluate the patient metadata. Both Pearson’s and
Spearman’s correlations were performed using GraphPad Prism. To visualise the
correlations and for ease of viewing analysis was split into three components; (1)
Patient metadata to compare the microbiome to the patient clinical scoring, (2)
Microbiome vs gPCR for correlation of the NGS data to the gPCR analysis and (3)

Microbiome immune to correlate the microbiome data to the host immune factors.

See figures 31-34 for correlation analysis data. With respect to patient metadata to
compare the microbiome to the patient clinical scoring the correlation analysis
shows that a number of correlations are present. See figure 31. GINA class
correlated with BMI (P<0.05), oral steroids (P<0.05), inhaled corticosteroids

(P<0.0001) and FeNO (P<0.0001).

Comparing Microbiome vs gPCR for correlation of the NGS data to the gPCR
analysis shows that a number of correlations are present gPCR total bacteria
correlated with NGS Micromonospora aurantiaca (P<0.05). gPCR Pseudomonas
aeruginosa correlated with NGS Ralstonia sp. UNCCL144 (P<0.05). gPCR
Pseudomonas fluorescens correlated with NGS Micromonospora aurantiaca
(P<0.005), Micromonospora globosa (P<0.05), Haemophilus influenzae (P<0.05),
Human gammaherpesvirus 4 (P<0.005), Micromonospora sp. RV43 (P<0.05),

Streptococcus parasangiunis (P<0.05) and Veillonella atypica (P<0.05).

gPCR Veillonella correlated with NGS Micromonospora aurantiaca (P<0.05),
Ralstonia pickettii (P<0.05) and Streptococcus mitis (P<0.005). qPCR Veillonella
correlated with NGS Micromonospora aurantiaca (P<0.005) and Micromonospora
globosa (P<0.0005). gPCR Neisseria bacilliformis correlated with NGS
Micromonospora aurantiaca (P<0.005) and Micromonospora globosa (P<0.05),

Human gammaherpesvirus 4 (P<0.005) and Veillonella Atypica (P<0.05).

gPCR Moraxella catarrhalis correlated with NGS Micromonospora aurantiaca
(P<0.005) and Micromonospora globosa (P<0.05), Haemophilus influenzae
(P<0.005) and Streptococcus parasanguinis (P<0.005). Neisseria meningitidis qPCR

correlated with NGS Veillonella atypica (P<0.005). gPCR Streptococcus pneumoniae
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correlated with NGS Micromonospora aurantiaca (P<0.05) and Porphyromonas sp.
oral taxon 279 (P<0.05). qPCR Haemophilus influenzae correlated with NGS
Haemophilus influenzae (P<0.0005), Micromonospora sp RV43 (P<0.05),
Micromonospora sp. WMMB235 (P<0.05), Porphyromonas sp. oral taxon 279
(P<0.005), Ralstonia sp. UNCCL144 (P<0.05) and Streptococcus parasanguinis
(P<0.05).

gPCR Rothia correlated with NGS Micromonospora aurantiaca (P<0.05) and
Micromonospora globosa (P<0.05). gPCR Micromonospora correlated with NGS
Micromonospora aurantiaca (P<0.05), Micromonospora globosa (P<0.05) and

Human gammaherpesvirus 4 (P<0.05).

Correlations were present with respect to the microbiome data and the host
immune factors. See figure 33 and figure 34. The BAL monocyte percentage counts
correlated with NGS Streptococcus parasanguinis (P<0.05) and Veillonella atypica
(P<0.0005). BAL lymphocyte percentage counts correlated with Streptococcus
pseudopneumoniae (P<0.05). BAL eosinophil percentage counts correlated with
NGS Rothia mucilaginosa (P<0.005) and Streptococcus infantis (P<0.05). BAL
neutrophil percentage counts correlated with NGS Human gammaherpesvirus 4

(P<0.0001) and Porphyromonas sp. oral taxon 279 (P<0.05).

BAL cytokine IL-1B correlated with NGS Haemophilus influenzae (P<0.01) and
Porphyromonas sp. oral taxon 279 (P<0.05). BAL cytokine IL-4 correlated with NGS
Haemophilus influenzae (P<0.05), Porphyromonas sp. KLE 1280 (P<0.05) and
Streptococcus pseudopneumoniae (P<0.05). BAL IL-5 correlated with NGS
Streptococcus infantis (P<0.05) and Streptococcus mitis (P<0.05). BAL IL-10
correlated with NGS Haemophilus influenzae (P<0.05) and Porphyromonas sp.
KLE1280 (P<0.05). BAL IL-13 correlated with NGS Micromonospora globosa (P<0.05)
and Ralstonia sp.UNCCL114 (P<0.05). BAL IL-17 correlated with NGS
Micromonospora aurantiaca (P<0.05) and Micromonospora globosa (P<0.05) and
Porphyromonas sp. KLE1280 (P<0.05). BAL TNF-a levels correlated with NGS

Haemophilus influenzae (P<0.01) and Porphyromonas sp. oral taxon 279 (P<0.05).

167



Blood IgE levels correlated with NGS Ralstonia pickettii (P<0.01), human
gammaherpesvirus 4 (P<0.05), Porphyromonas sp. oral taxon 279 (P<0.05) and
Streptococcus thermophilus (P<0.05). Blood haemoglobin levels correlated with
NGS Haemophilus influenzae (P<0.05). Blood eosinophil levels correlated with NGS
Ralstonia sp. (P<0.05) and Streptococcus influenzae (P<0.005). C-reactive protein
(CRP) correlated with human gammaherpesvirus (P<0.05). Blood glucose levels

correlated with NGS Prevotella histicola (P<0.05).

Plasma cytokine IL-1B correlated with NGS Micromonospora aurantiaca (P<0.05),
Micromonospora globosa (P<0.05), Porphyromonas sp. KLE1280 (P<0.05), Ralstonia
sp. UNCCL144 (P<0.005) and Streptococcus mitis (P<0.005). Plasma IL-4 correlated
with NGS Ralstonia sp. UNCCL144 (P<0.0005). Plasma IL-5 correlated with NGS
Streptococcus infantis (P<0.0005). Plasma IL-6 correlated with NGS Ralstonia sp.
UNCCL144 (P<0.005). Plasma IL-8 correlated with Micromonospora aurantiaca
(P<0.0005), Micromonospora globosa (P<0.0001), Ralstonia sp. UNCCL144 (P<0.01)
and Streptococcus mitis (P<0.05). Plasma IL-10 correlated with Ralstonia sp.
UNCCL144 (P<0.01). Plasma IL-13 correlated with Ralstonia sp. UNCCL144
(P<0.005). Plasma IL-17 correlated with Streptococcus pseudopneumoniae (P<0.05).
TNF-a levels in the plasma correlated with Ralstonia sp. UNCCL144 (P<0.005) and
Streptococcus pseudopneumoniae (P<0.05). IFN-y plasma levels correlated with

Haemophilus influenzae (P<0.01).
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Patient Correlations
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Figure 31 Correlations of relative abundance versus patient metadata. (a) Pearson

r correlation (b) Spearman r correlation. n=70
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qPCR Correlations
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Immune Correlations-I
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Figure 33. Correlations of relative abundance versus immune cell and cytokine
data. (a) Pearson r correlation (b) Spearman r correlation. n=70
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Immune Correlations-Il
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Figure 34. Correlations of relative abundance versus immune antibody and cell
data. (A) Pearson r correlation (B) Spearman r correlation. n=70
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5. Discussion

Background

Asthma rates are increasing and as a result of meta-genomics it is now possible to
define the composition of microbes in the lungs and elucidate whether changes in
the composition of lower airway microbiota influences the complex
pathophysiology of chronic lung disease such as asthma’®. There is an emerging
consensus that the microbiome potentially plays a critical role in disease

development, including in the pathogenesis of airway conditions such as asthma®l.

A key aim of this study is to investigate the presence of microbial species within the
previously considered sterile airway of a cohort of well-defined asthmatic patients.
The presence of differing species within the airway of asthmatic patients may
provide a rationale for personalised therapeutic targeting of microbes within the
asthmatic lung. Changes in the microbial composition of the lungs could underlie

susceptibility to and progression and chronicity of lung diseases.

The asthma cohort

The asthma cohort consisted of 73 adult asthmatic patients. When stratified by
asthma severity 36% (26/73) were classified as mild (GINA 1+2), 22% (16/73) were
moderate (GINA 3) and 42% (31/73) of the cohort were classified as severe
asthmatics (GINA 4+5). When stratified by level of asthma control (ACQ-7), 41%
(30/73) were controlled (ACQ-7 <1.5) while 59% (43/73) were uncontrolled (ACQ-7
>1.5), see figure 3.

The availability of a well-defined asthma cohort enabled the investigation into the
presence of microbial species within a previously considered sterile environment,
the lungs, and provided the opportunity to investigate if the airway microbiome

may play a critical role in the pathogenesis of asthma.
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Microscopy and immune cell percentage counts

Through the implementation of various staining protocols such as Kwik Diff it was
possible to differently score the immune cells present within the patient BAL. This
presented valuable insights with respect to the overall immune cell percentage of
lymphocytes, monocytes, macrophages, neutrophils and eosinophils within the
patient BAL and macrophages were found to be the most dominant immune cell
present within the BAL, with varying levels of lymphocytes, monocytes, neutrophils

and eosinophils. See figure 8 and figure 9.

When the patients were stratified by GINA it was observed that the patients
classified as (GINA 1+2) mild asthmatics had lower levels of BAL neutrophils and
eosinophils. Mild asthmatics (GINA 1+2) had eosinophil levels of [Mean (SD)] [2.9
(7.1)] and [Median (IQR)] [1.0 (0.6-1.6) compared to moderate (GINA 3) asthmatics
[8.8 (15.1)]; [2.8 (0.2-6.9)] and severe (GINA 4+5) asthmatics [7.1 (15.8)]; [2.6 (0.7-
5.2)]. Mild asthmatics also overall had lower BAL eosinophil percentage counts [1.9
(2.5)]; [0.7 (0.1-2.9)] compared to moderate asthmatics [2.9 (5.3)]; [0.7 (0.1-1.4)]
and severe asthmatics [3.2 (0.8)]; [0.5 (0-2.0)]. See table 2.

Implementation of molecular detection methods; qPCR and WGS; to investigate

microbial species

Thanks to the advancement of culture independent techniques, the unique steady
state microbiota of the lungs is being elucidated®®. Both quantitative Polymerase
Chain Reaction (gqPCR) and Next Generation Sequencing (NGS) were implemented

in this study in order to develop a robust model system to investigate the presence
of both microbial species of interest, in the case of gPCR, and the overall abundance

of microbial species within the BAL DNA of the asthma cohort, n=73.

gPCR revealed a wide variety of microbial species present in the lungs of the
asthmatic cohort. See figure 10. Through the analyses of the gPCR results a number
of statistically significant correlations to various patient demographics and patient

immune profiles were found.
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Total bacteria

93% (68/73) of patients had detectable levels of bacteria using the total bacteria
primer?’. The presence of qPCR total bacteria correlated with BAL IL-8 cytokine
levels (P<0.05; rs=-0.2971). IL-8 is also known as CXCL8; chemokine (C-X-C motif)
ligand 8. The significant correlation existing between gPCR total bacteria presence
and IL-8 is of interest. The IL-8 cytokine is a neutrophil and mast cell
chemoattractant which is known in asthma to function in inflammatory cell

regulation?®,

Firmicutes

73% (53/73) of patients had detectable levels of the mainly gram-positive
containing phyla; Firmicutes. The presence of Firmicutes in the BAL by gPCR
correlated with plasma cytokine IL-6 levels (P<0.05; rs=-0.3236), plasma TNF-a
(P<0.01; rs=-0.3823), BAL IL-4 (P<0.05; rs=-0.3446) and BAL IL-5 (P<0.05; rs=-0.2955).

Streptococcus pneumoniae, Staphylococcus aureus, Moraxella catarrhalis,

Haemophilus influenzae and Pseudomonas aeruginosa

Studies have previously shown that within a cohort of asthma patients, who at the
time of sputum collection were displaying symptoms of an asthma exacerbation,
the bacteria Streptococcus pneumoniae, Moraxella catarrhalis and Haemophilus
influenzae were reported within 27% of the cohort?®. Within our asthma cohort no

patients were experiencing an asthma exacerbation at the time of bronchoscopy.

However other studies also have detected the same genera of bacteria,
Streptococcus pneumoniae, Moraxella catarrhalis and Haemophilus influenzae
within 15% of patients whereby samples, in the form of induced sputum, were
obtained during a time when the asthma patients were not experiencing an

exacerbation3°.
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Studies have also documented that within a cohort of 56 stable, severe asthmatics,
from whom sputum was cultured from, Haemophilus influenzae, Pseudomonas
aeruginosa and Staphylococcus aureus were the main strains present within the 29

asthmatics with positive bacterial cultures3.

Within our study cohort all samples were obtained during a time when patients
were not experiencing an exacerbation and all samples were obtained as BAL from
the right middle lobe (RML) or lingula. While the aforementioned studies obtained
an asthmatic patient bacterial profile through the use of culture techniques our
study instead focused on the implementation of molecular techniques to
investigate the presence of bacterial species in the lungs of a well-defined asthma

cohort, n=73.

Streptococcus pneumoniae was detectable in 73% (53/73) of patients by gqPCR.
Streptococcus pneumoniae presence by qPCR correlated with the immune cell

percentage count of macrophages (P<0.05; rs=0.3424). See figure 16.

Staphylococcus aureus was detectable in 75% (55/73) of patients BAL by qPCR.
Staphylococcus aureus presence correlated with plasma IL-17 levels (P<0.05;

rs=0.3994) and BAL IL-1B (P<0.01; rs=-0.3777). See figure 15.

Moraxella catarrhalis was detectable in 78% (57/73) of patients BAL by qPCR.
Moraxella catarrhalis presence by qPCR correlated with BAL IL-13 levels (P<0.05;
rs=0.3141) and the immune cell percentage count of neutrophils (P<0.05; rs=-

0.2639). See figure 16.

Haemophilus influenzae was detectable in 67% (49/73) of patients BAL by gPCR.
While Haemophilus influenzae presence by gPCR did not significantly correlated to
patient demographics or immune profiles the detection of Haemophilus influenzae
by Next Generation Sequencing (NGS) did correlate with a number of factors. qPCR
Haemophilus influenzae correlated with NGS Haemophilus influenzae (P<0.0005),
Micromonospora sp RV43 (P<0.05), Micromonospora sp. WMMB235 (P<0.05),
Porphyromonas sp. oral taxon 279 (P<0.005), Ralstonia sp. UNCCL144 (P<0.05) and

Streptococcus parasanguinis (P<0.05).
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Pseudomonas aeruginosa was detectable in 34% (25/73) of asthmatics.
Pseudomonas aeruginosa presence by gPCR correlated with the White Cell Count
(WBC) (P<0.05; rs=0.4645) and blood neutrophil levels (10°/L) (P<0.05; rs=0.4910).

See figure 12.

Pseudomonas fluorescens

Pseudomonas fluorescens was detectable in 88% (64/73) of patients BAL by gPCR.
Pseudomonas fluorescens presence correlated with the IL-5 cytokine levels in BAL
(P<0.05; rs=-0.2601). See figure 12. Pseudomonas fluorescens presence also

correlated with BAL IL-13 cytokine levels (P<0.05; rs=0.2971) and the immune cell

percentage counts of neutrophils (P<0.05; rs=-0.2887). See figure 13.

Escherichia

Escherichia was detectable in 37% (27/73) of patients BAL by qPCR. Escherichia
presence in the BAL by gqPCR correlated with plasma IL-5 (P<0.05; rs=0.3994),
plasma IL-6 (P<0.01; rs=0.5238), plasma IL-10 (P<0.05; r,=0.4450), IL-17 BAL (P<0.05;
rs=-0.4230), and the immune cell percentage count of neutrophils (P<0.05; rs=-
0.4278). See figure 13. Escherichia when classified by gram stain falls within a gram
negative bacteria group32. Escherichia activates a host innate immune response due

to the signal transduction mediated by Toll-like Receptor 4 (TLR-4)32.

Bordetella

Bordetella is a small gram negative coccobacilli bacterium. While Bordetella

pertussis the respiratory pathogen that is the causative agent for whooping cough
would be generally considered to be the most well documented of the Bordetella
species, the Bordetella genus consists of many other species which do not possess

the pertussis toxin (PT) and therefore do not have the virulence factor associated
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with whooping cough in patients33. Bordetella was detectable in 53% (38/73) of
patients BAL by qPCR. Bordetella correlated with the presence of IL-1B in the
plasma (P<0.05; rs=-0.5963). See figure 13. Bordetella correlated with plasma IL-4
levels (P<0.05; rs=-0.3523), plasma IL-8 levels (P<0.05; rs=0.3266), plasma IL-10
levels (P<0.05; rs=-0.3507), plasma TNF-a levels (P<0.0005; rs=-0.5560), BAL IL-4
levels (P<0.05; rs=-0.4134), BAL IL-17 levels (P<0.001; rs=-0.5774) and the immune

cell percentage count of monocytes (P<0.005; rs=-0.4893). See figure 14.

Prevotella

A member of the Bacteroidetes phylum Prevotella species can be classified as gram
negative anaerobic bacteria, classically considered as commensal bacteria3*.
Generally considered to be prevalent within mucosal sites as commensal bacteria,
studies have demonstrated that Prevotella is commonly found within the
respiratory system®3+3>, Studies have documented that while considered a
commensal bacteria; Prevotella can in fact, dependent on the conditions faced and
the strain present, be considered as a pathobiont; promoting chronic
inflammation3. Prevotella was detectable in 79% (58/73) of patients BAL by qPCR.
Prevotella presence by gPCR correlated with plasma IL-10 levels (P<0.05; rs=-
0.2709). See figure 14. Prevotella also correlated with plasma TNF-a levels (P<0.05;
rs=-0.3256) and BAL IL-17 levels (P<0.05; rs=-0.2709). See figure 15.

Veillonella

Veillonella was detectable in 80% (59/73) of patients BAL by qPCR. Veillonella
presence by qPCR correlated with plasma IL-8 levels (P<0.05; rs=-0.2639). See figure
15. The IL-8 cytokine is a neutrophil and mast cell chemoattractant which is known

in asthma to function in inflammatory cell regulation?®.
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Mycoplasma pneumoniae

Mycoplasma pneumoniae was detectable in 62% (45/73) of patients BAL by qPCR.
With regards to the presence of Mycoplasma pneumoniae by gPCR no statistically
significant correlation was found with respect to Mycoplasma pneumoniae
presence and patient demographics and immune profile of the cohort. Mycoplasma
pneumoniae infection is thought to be often underestimated within a population.
Mycoplasma pneumoniae is believed to be a key etiologic agent in patients who

present with community-acquired pneumoniae3®,

Chlamydophilia pneumoniae

Chlamydophilia pneumoniae was detectable in 70% (51/73) of patients BAL by
gPCR. Chlamydophilia pneumoniae presence by qPCR correlated with BAL IL-8 levels
(P<0.05; rs=-0.2826) and BAL IL-13 levels (P<0.05; rs=-0.3380). See figure 15. Studies
have investigated the hypothesis that Chlamydophilia pneumoniae infection in
patients may in fact preceed asthma onset or exacerbation?’. Studies have
documented that when patients experienced repeated or prolonged exposure to
Chlamydophilia pneumoniae a causal relationship may exist with symptoms such as

wheezing or a diagnosis or asthma or asthma bronchitis3®

Neisseria meningitidis

Neisseria meningitidis was detectable in 67% (49/73) of patients BAL by qPCR and

its presence correlated with plasma IL-8 levels (P<0.05; rs=-0.3086). See figure 14

Neisseria bacilliformis

Neisseria bacilliformis was detectable in 66% (48/73) of patients BAL by qPCR.
Neisseria bacilliformis correlated with BAL IL-1B levels (P<0.05; rs=-0.3373). See

figure 15.
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It is of interest that Neisseria bacilliformis correlated with IL-1B presence within the
patient BAL. The cytokine IL-1B is interesting as it is considered pleiotropic, capable
of both pro- and anti- inflammatory effects. It is believed that IL-1B is critical in the
pathobiology of asthma and has been an important player in driving the
inflammatory response and subsequent changes in airway smooth muscle (ASM)

responsiveness making its modulation an attractive therapeutic target°.

Rothia

Rothia was detectable in 86% (63/73) of patients BAL by gPCR. Rothia correlated
with FEV-1 (percent predicted) (P<0.05; rs=0.2697) and plasma IL-6 (P<0.05; rs=-
0.4592). See figure 16. IL-6 is a pleotrophic cytokine with the ability to act in an anti-
inflammatory and pro-inflammatory manner. It is recognised that IL-6 is produced
in response to the recognition of microbes by pattern associated molecular

patterns?®,

Micromonospora

Perhaps one of the most surprising discoveries of this study was the presence of
Micromonospora within the lungs of the asthmatic cohort by both qPCR and NGS
detection methods. Micromonospora was found by NGS first and its presence was
confirmed by gPCR while NGS analyses was underway. To our knowledge there is
an absence of studies which have demonstrated the presence of Micromonospora
within the lungs of asthma patients. Micromonospora is an interesting bacteria;
known to be widely distributed in many different locations in nature®. In nature
Micromonospora is known to produce both antimicrobial and antifungal agents and
as a bacteria Micromonospora possesses a complex lifecycle; possessing the ability

to differentiate into both substrate mycelia and spores**.

With respect to the gPCR detection of Micromonospora it was detectable in 85%

(62/73) of BAL from the asthmatic cohort. Micromonospora correlated with FeNO
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(ppb) (P<0.05; rs=0.3004) and plasma IL-1p levels (P<0.05; rs=-0.4703). See figure
16. Micromonospora also correlated with plasma IL-6 (P<0.05; rs=-0.3018) and BAL
IL-1B (P<0.05; rs=-0.2737). See figure 17.

Looking at the Next Generation Sequencing data Micromonospora was also highly
prevalent within the BAL samples from the asthma cohort. The gram-positive spore
forming aerobe actinobacteria Micromonospora aurantica was the most abundant
species present. Subsequent analysis focussed on the top 10-20 abundant microbial
species. Micromonospora aurantica is the dominant microbe present in 51/70 of
the samples, followed by Veillonella atypica, Micromonospora globosa and

Streptococcus mitis, see table 4 for further details.

Haemophilus influenzae NGS detection

Phage specific for Haemophilus influenzae, several Streptococcus species and
human viruses such as human gammaherpesvirus 4 (Epstein Barr Virus) were also

detectable at high levels in the BAL, see figure 25 and 26.

Correlation analysis was performed on the samples that were uniquely dominated
by Haemophilus influenzae, to identify the metadata variables that were associated
with this effect. A handful of factors were all positively associated with the relative
abundance of H. influenzae, most notably BAL TNF-a, IL-1[3, IL-8 and Neutrophils.
See figure 30. Indeed the HP1 Haemophilus phage was also correlated with the

presence of H. influenzae and the BAL cytokines and neutrophils.

Of note, several patient samples showed blooms of Haemophilus influenzae as is
evident in figure 27 which had a corresponding Shannon diversity due to the

dominance of the species.

Beta Diversity was calculated using the Bray Curtis Dissimilarity matrix for all
samples. This was performed to compare the samples for similarity and
dissimilarity. This ecological dissimilarity metric accounts for both the

presence/absence and abundance of organisms in a community and allows
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subsequent principal component analysis and correlation analysis. As is evident
below several samples were quite similar and in a clear example those which
represent the bloom of Haemophilus influenzae cluster together, see figure 29 (A).
Principal Coordinates Analysis (PCoA) was also generated of all samples. As is
evident the H. influenzae cluster also is associated with high BAL TNFa levels, see

figure 29 (B-C).

Haemophilus influenzae is present as a commensal bacterium within the
nasopharynx of most healthy adults. Colonisation of the upper respiratory tract
begins in infancy and at least 75% of adults are colonised by this bacteria, with
constant turnover of different Haemophilus influenzae strains during life.
Haemophilus influenzae can be grouped into polysaccharide encapsulated strains
and non-encapsulated strains with non-encapsulated strains considered to be
primarily respiratory pathogens. Haemophilus influenzae can be transmitted by
aerosol droplets and through contact with secretions. The nasopharynx is a
potential reservoir for the pathogen which can spread to the lower respiratory tract
in certain individuals dependent on host defence mechanisms and bacteria
mechanisms and virulence factors such as adhesins, pili, Hia and Hap proteins which
can help the bacteria attach to mucosal surfaces and after attachment, the
bacterium possesses mechanisms to aid persistence within the host such as
proteases. Non encapsulated strains of Haemophilus influenzae are known to
invade tissue and target macrophages and epithelial cells increasing their ability to

survive within a susceptible individual*?

The implementation of both gPCR and Next Generation Sequencing

The use of molecular technologies such as gPCR and Next Generation Sequencing
offered the encapsulation of a deeper insight into the microbes present within the
lungs of a cohort of asthma patients than the implementation of only one of the
techniques would have. A fuller picture as to the microbes present within the lungs
of the asthmatic cohort was gained and the two methods were complementary of

each other. In fact correlations were found to exist between the microbial species
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detected by gPCR means and the detection of species through the implementation

of Next Generation Sequencing platforms.

Asthma rates are increasing and as a result of meta-genomics it is now possible to
define the composition of microbes in the lungs and elucidate whether changes in
the composition of lower airway microbiota influences the complex

pathophysiology of chronic lung disease such as asthma®®.

Conclusions

Thanks to the advancement of culture independent techniques, the unique steady
state microbiota of the lungs is being elucidated®®. Poor, ineffective microbial
culturing techniques which created a hurdle when trying to investigate the lung
microbiome due to the difficulties in replicating the lung habitat are no longer a
stumbling block when investigating the microbiome of the lung?®. While due to the
lower bacterial abundance and the difficulty of acquiring lower respiratory tract
samples, the study of the lung microbiome is technically challenging the possibilities
of the lung microbiome playing a potentially critical role in disease development
and pathogenesis highlights the importance of research into the lung microbiome
and in fact thanks to advancements in sequencing technologies, lung microbiome
research is rapidly advancing>%11, It is hoped that the novel findings of this study
may add to the growing body of research with respect to the microbiome and
asthma and may potentially offer insights into asthma susceptibility, pathogenesis

and prognosis.
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6. Supplementary

Supplementary table 1: Validated primer sequences utilised for the detection of

microorganisms of interest. Note K=G or T, R=A or G, S=G or C, W=A or T following

IUPAC code.
Primer Sequence Reference
Total Bacteria F-Bact-1369 5’-CGGTGAATACGTTCCCGG-3’ 27
R-Prok-1492 5’-TACGGCTACCTTGTTACGACTT-
3
Total Bacteria P-TM1389F 5’-CTTGTACACACCGCCCGTC-3’
Probe
Firmicutes Firm-L 5- 4
GGAGYATGTGGTTTAATTCGAAGC
A-3’
Firm-R 5’- AGCTGACGACAACCATGCAC-3’
Staphylococcus | Sa-pl-47-L 5’-ATGCATAGCCGACCTGAGAG-3’ | NCBI:txid1280
aureus
Sa-pl-47-R 5’- AGGAGTCTGGACCGTGTCTC-3’
Streptococcus S.pneu-pl-52-L 5’-GCAAGGTATGCAGGAATCGT-3’ | Modification on
pneumoniae Streptococcus
pneumoniae
alpha fucosidase
gene
NCBI:txid488222
S.pneu-pl-52-R 5’-TCGCTTGAGTATGAACCAACC-3’
Rothia Rothia-Spp-L 5’-GCCTGGGAAACTGGGTCTAAT- | #
3
Rothia-Spp-R 5’-CAAGCTGATAGGCCGTGAG-3’
Micromonospor | Mimo16S-pl-39- | 5’-GGTACAATGGGCTGCGATAC-3’ | Modification on
ia L Micromonospori
a strain ATCC
27029
NCBI:NR_074415
A
Mimo16S-pl-39- | 5'-CGAACTGAGACCGGCTTTT-3’
R
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Pseudomonas ORPL-pl-11-L 5’-CCAGAGCCATGTTGTACTCG-3' | % % Modification
aeruginosa on Pseudomonas
aeruginosa Outer
Membrane
Protein L
NCBI:txid205922
ORPL-pl-11-R 5’-ACACGCGAAAGACCTGAAAG-3’
Pseudomonas Pf-pl-66-L 5’-GACAGAATAAGCACCGGCTAA- | NCBI:txid294
fluorescens 3’
Pf-pl-66-R 5’-ACGCTTGCACCCTCTGTATT-3’

Escherichia UidA405-pl-9-L | 5’-CTGATAGCGCGTGACAAAAA-3’ | Modification on
Beta-
glucuronidase
protein, Uid
A405 gene
NCBI:txid83333

UidA405-pl-9-R | 5’-CGGTTCGTTGGCAATACTC-3’
Bordetella Bordetella-pl- 5’-GAGCCATTGTCGGTGAGC-3’ NCBI:txid517
45-L
Bordetella-pl- 5’-CGCAGTGGCCTACTACCAG-3’
45-R
Prevotella Prevotella-pl- 5’-TGCAGGTACCGCATGAATAA-3’ | NCBI:txid838
66-L
Prevotella-pl- 5’-CCGGACCTTCCGTATTACC-3’
66-R
Veillonella Veillonella-L 5’-CCGTGATGGGATGGAAACTGC- | ¥
3
Veillonella-R 5’-CCTTCGCCACTGGTGTTCTTC-3’

Mycoplasma Myco.pneu-pl- 5’-AGACACGGCCCATACTCCTA-3’ | Greengenes

pneumoniae 16-L GenBank:
CP017343.1

Myco.pneu-pl- 5’-CAAGCTTTCGCTCATTGTGA-3’
16-R

Chlamydophilia | C.pneu-pl-45-L 5’-CGTGAGATGGAGCAAATCCTA- | Greengenes

pneumoniae 3’ GenBank:
CP001713.1
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C.pneu-pl-45-R | 5'-
ACTTCATGTAGTCGAGTTGCAGA-
3
Neisseria Nb-pl-8-L 5’-TGCGTAGAGATGTGGAGGAAT- | Greengenes
bacilliformis 3’ NCBI:txid267212
Nb-pl-8-R 5’-CTGTTTGCTACCCACGCTTT-3’
Moraxella Mc-pl-66-L 5’-CACAGAATAAGCACCGGCTAA- | Greengenes
catarrhalis 3 GenBank:
CP010573.1
Mc-pl-66-R 5’-ACGCTTGCACCCTCTGTATT-3’
Neisseria N.meningitidis- | 5’-ATTCCACTACGGCAAACACC-3’ | *® Modification
meningitidis pl-9-L on Neisseria
meningitidis
SodC gene
NCBI:txid487
N.meningitidis- | 5’-TCGGTGCCTTTGATTTGATT-3’
pl-9-R
Haemophilus H.influ-pl-98-L 5’-AGCTGGTAAAGGTGTTGATGC- | Modification on
influenzae 3’ Peptidoglycan
associated outer
membrane
lipoprotein-OMP
P6
NC_000907.1
H.influ-pl-98-R 5’-GCAGGTTTTTCTTCACCGTAA-3’
Fungi Quant Fungi Quant-F 5’-GGRAAACTCACCAGGTCCAG-3’ | #
Fungi Quant-R 5’GSW CTA TCC CCA KCA CGA-3’
Aspergillus OliAFMB-L-pl- 5’-AGC ACG GCT TGT GTG TTG -3’ | Modification on
fumigatus 103 Aspergillus ITS
KT358862 >°
OliAFMB-R-pl- 5’-GGG TGA CAA AGC CCC ATA C-
103 3
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1. Abstract

Background: Severe asthma accounts for 5-10% of the asthma population, of which
50% of severe asthmatics can be classified as having allergic IgE mediated asthma.
While inhaled corticosteroids (ICS) and long acting beta agonist (LABA)
bronchodilators are effective in 90% of the asthma population, the remaining 10%
require additional therapy to control their asthma. Omailzumab (Xolair®) is an
effective add on therapy for the treatment of severe allergic IgE mediated asthma.
Little is known as to its effect on the lung microbiome. Our aim was to elucidate
potential differences in microbial diversity in a cohort of well-defined severe

asthmatics after treatment with Omalizumab.

Methods: Nine well characterised severe asthmatic patients underwent
bronchoscopy with broncholaveolar lavage (BAL) pre- and post- Omalizumab
treatment. Cell differentials and cytokine levels were determined and DNA
extraction performed. BAL cell pellet (CP, phagocytosed bacteria) and bacteria
pellet (BP, free bacteria) derived DNA underwent gPCR to determine the presence

and identity of microbes pre- and post- Omalizumab.

Results: Microbes such as Prevotella, Veillonella, N. bacilliformis and M. catharralis
remained at consistent levels within the patient cohort irrespective of treatment.
Following Omalizumab therapy there was an increased detection of Bordetella (CP)
(0% to 89%), C. pneumoniae (CP) (11% to 89%) and (BP) (22% to 67%), N.
meningitidis (CP) (22% to 100%) and (BP) (11% to 78%), S. pneumoniae (CP) (33% to
89%), H. influenzae (CP) (44% to 100%) and S. aureus (BP) (0% to 78%). A decrease
in the detection of microbes such as Bordetella (BP) (56% to 22%), M. pneumoniae

(BP) (44% to 22%) and H. influenzae (BP) (78% to 55%) was observed.

Conclusions: These findings suggest monoclonal asthma treatments such as

Omalizumab may affect lung microbial diversity.

192



2. Introduction

Asthma has seen a staggering rise in prevalence in recent years and the burden is
felt globally with more than 300 million people believed to be impacted by this
chronic respiratory disorder which has reached epidemic proportions in the
western world®. In order to control the symptoms of asthma, help improve the
function of the lungs and aid in the reduction of exacerbations asthma patients are
frequently prescribed inhaled corticosteroids (ICS) and/or a combination of long
acting beta (B) agonist (LABA) bronchodilators. For the majority of patients this
proves to be successful. However in about 10% of the asthmatic population further
additional therapy is required in order for these patients to establish control of
their asthma symptoms, improve lung function and reduce the number of
exacerbations suffered’. It is believed that approximately 5-10% of asthma patients
can be classified as severe asthmatics and it is believed that within this population

over 50% can be classified as allergic IgE mediated asthmatics?.

The phenotype of allergic asthma is intrinsically linked to the pathophysiology
specific cellular and molecular mechanisms or endotypes, which include the
exposure and response generated to an allergen to which the patient is sensitised’
Complex multifactorial mechanisms including genetic and environmental factors
are at play within individuals leading to sensitisation to an allergen or exogenous
peptide. The exposure to this exogenous peptide results in responses typical of
asthma and is often in association with other responses such as atopic eczema and

systemic allergic responses’

As IgE plays such a pivotal role in allergic asthma therapies targeting IgE are of
interest in the advancement of asthma care. Upon allergen exposure, circulating
allergen specific IgE binds to the FcRI receptors, on immune cells such as mast cells
and basophils, leading to crosslinking and release of inflammatory mediators?.
Omalizumab (Xolair®) (Novartis-Genentech), the recombinant humanised
monoclonal antibody, binds to the IgE antibody at the Fc portion which reduces the

amount of free IgE, stops IgE from binding to inflammatory cell IgE receptors and
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reduces IgE receptor (F:RI and FRIl) density on effector cells, all of which prevent

an inflammatory cascade from occurring®?®

V=T ]
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B cell IgE, decreasing || expression mediator inflammation
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Figure 1. Mechanism of action of Omalizumab monoclonal antibody on allergic
responses. The proposed effects of the monoclonal anti-IgE specific antibody
Omalizumab on IgE levels, receptor binding and inflammatory mediators on the

allergic inflammation cascade. Figure adapted from Holgate et al.,°.

Omalizumab was approved by the US Food and Drug Administration (FDA) in 2003
in America, to be used subcutaneously in adults and adolescents over 12 years of
age whose symptoms are not controlled by inhaled corticosteroids and who display
moderate to severe persistent asthma, a positive skin prick test or in vitro reactivity
to an allergen. In 2005 the European Medicines Agency (EMA) approved
Omalizumab for use in Europe as an add on therapy for patients who require
additional treatment to their prescribed high dose inhaled corticosteroids and/or
long acting B agonists, which was amended in 2009 to include children aged 6 and

over’.

While long term clinical trials have demonstrated the validity of using Omalizumab
as an add on therapy for the treatment of moderate to severe allergic asthma few
studies have focused on the effects an anti-IgE human monoclonal antibody
therapy may have on the lung microbiome present in adult asthmatics. In this study
we hope to elucidate potential differences in microbial diversity after treatment

with Omalizumab.
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3. Methods

3.1. Patient recruitment

The study was approved by the Clinical Research Ethics Committee of the Cork
Teaching Hospitals. Nine adult patients with a history of asthma (either
documented change in FEV1 212%/200ml with bronchodilator or a positive
inhalation challenge) were recruited through a dedicated asthma clinic in a tertiary
referral centre, Cork University Hospital by my clinical supervisor, Dr Des Murphy.
Baseline bronchoscopy and bronchoscopy post Omalizumab treatment were

performed by Dr Des Murphy.

Patients were scheduled for baseline bronchoscopy, with spirometry and ACQ-7
performed on the day of bronchoscopy. Written informed consent was obtained
from patients on the day of bronchoscopy. Spirometry was performed according to
ATS/ERS guidelines by research nurses from the Cork Clinical Research Facility —
CCRF immediately prior to bronchoscopy?!. Spirometry is a widely used pulmonary
function test which provides an aid in the diagnosis of lung diseases, differentiating
between obstructive and restrictive airway disorders and the monitoring of lung
health!2. Spirometry measures the maximal volume of air an individual can inspire
and expire with maximal effort!2. The Asthma Control Questionnaire (ACQ-7) was
carried out by research nurses from the Cork Clinical Research Facility — CCRF on
the day of bronchoscopy. The ACQ-7 consists of 7 items and all questions in the
ACQ-7 are equally weighted and the mean of the 7 questions is used to calculate
the patients ACQ-7 score which enables the measurement of patient asthma

control®3.

Patients underwent bronchoscopy according to standard guidelines'#. Flexible
bronchoscopy using video assisted imaging was performed under conscious
sedation with local anaesthetic applied topically to the vocal cords, trachea and
endobronchial tree. Bronchoalveolar lavage (BAL) was achieved through the
instillation of saline via the bronchoscope and this enabled the collection of

specimen directly from the endobronchial lumen for subsequent cytological and
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microbiological investigation. Bronchoalveolar lavage (BAL) was obtained as a

standardised 180ml (3X60ml) sample from either the right middle lobe or lingula®®.

Patients were then prescribed the biologic anti-Ig humanised monoclonal antibody
Omalizumab (Xolair®) which was delivered subcutaneously in a dedicated setting at
Cork University Hospital. Patients were scheduled for follow up bronchoscopy with
spirometry, ACQ-7 and bloods taken of the day of bronchoscopy. Spirometry was
performed according to ATS/ERS guidelines?!. Patients underwent bronchoscopy
according to standard guidelines!4. Bronchoalveolar lavage (BAL) was obtained as a
standardised 180ml (3X60ml) sample from either the right middle lobe or lingula as
we have previously described®. Further information with regards to asthmatic
patient bronchoscopy and patient sample collection protocols can be found in

Chapter 2 Study Cohorts’.

3.2. Sample processing

Patient BAL was processed on the day of bronchoscopy in a laminar flow hood and
strict aseptic technique was observed. 5ml of the neat BAL was removed and

aliqguoted for downstream processing.

Microscopic processing

Approximately 500ul of neat BAL was aliquoted for microscopic examination and
scoring of the BAL sample. To do this a Shandon CytoSpin 4 centrifuge (Thermo
Scientific) was used and 200ul of BAL was required per microscope slide.
Approximately 2-4 slides were prepared per patient. The samples were centrifuged
at 400rpm for 2 minutes. The cytocentrifuge deposited the cells into a clearly
defined area of the glass microscope slide while constructively flattening the cells to

allow for clear nuclear presentation.
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The slides then underwent differential staining using a Kwik Diff commercial
staining kit (Thermo Scientific) which comprised of staining the slide with 3
reagents; methanol, xanthene dye in buffer salts and thiazine dye in buffer salts.
The reagents were added to three separate staining jars and the microscope slides
were added to a slide rack which was dipped into each of the reagents
approximately 10-15 times, ensuring the excess reagent was allowed to drain back
into the jar before moving to the next staining jar. Upon the completion of the final
staining step the slides were rinsed under deionised water and slides were then air
dried and cover slipped the following day using DPX histology mountant (Sigma
Aldrich).

Slides were also stained using Gram staining; a differential stain for Gram positive
and negative bacteria (Sigma Aldrich); whereby the slide was first flooded with
crystal violet for 1 minute before washing the slide gently under an indirect stream
of water for 2 seconds. The slide was then flooded with Gram’s iodine for 1 minute
before washing the stain as before. Acetone-alcohol decolouriser was used to flood
the slide and allowed to sit for 15 seconds before the slide was then flooded with
the counterstain safranin and allowed to sit for 1 minute before the slide was
washed gently under an indirect stream of water. The slides were allowed to air dry

and were cover slipped the following day using a DPX histology mountant (Sigma)

DNA collection

BAL was centrifuged at 500g for 10 minutes and the supernatant was removed and
the remaining cell pellet was re-suspended creating the cell pellet fraction (CP) for
future DNA isolation and analysis. The BAL supernatant was aliquoted into 2-5ml
tubes for future analysis. BAL supernatant was also aliquoted into 10-20 x 2ml
screw cap microcentrifuge tubes (Sarstedt) and centrifuged at 20,000g for 5
minutes in a microcentrifuge. The supernatant of which was aliquoted into 2ml
tubes for future cell stimulations and the remaining pellets were re-suspended and
pooled together creating the bacteria pellet fraction (BP) for future DNA isolation

and analysis.
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Blood cytokine collection

Blood samples were collected in serum specific red and yellow capped Vacuette
tubes and plasma specific purple capped Vacuette tubes (Greiner Bio-One). The
inner wall of the serum specific tube was coated with silica particles which
activated the coagulation process and a specific separator gel at the base of the
tube formed a stable barrier during centrifugation to enable the serum and blood
cells to remain separate. The plasma specific Vacuette tube contained a coating of
either K2EDTA or K3EDTA which acted as an anticoagulant by binding calcium ions
to prevent the clotting cascade from taking place. Both tubes were centrifuged at
200g for 20 minutes and the serum and plasma was removed by pipetting and

stored in screw-cap microcentrifuge tubes.

All BAL and blood isolated samples were stored at -80°C for future processing and

analyses.
* 1ml Cytospin <€ 2 + 5ml Neat Supernatant
* 2slides stained — Kwik Diff -80°C

¢ 2slides stained— Gram
Centrifuge 500g x 10 min

. * 10-20 x 2ml aliquots

* Smlaliquots for <€ > + Centrifuge 20,000g x 5 min
future analysis * Pool pellets -> Bacteria

Pellet

Re-suspend pellet -> Cell Pellet

Figure 2. BAL sampling schematic. The processing steps undertaken with the

patient BAL once received in the laboratory on day of bronchoscopy.
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3.3. Microscopy

A differential cell count was performed on BAL cytospin slides, stained with the
Kwik-Diff kit (Thermo-Fischer) using a light microscope (Olympus) and Olympus DP
software. Immune cell percentage counts for Monocyte, Macrophage, Lymphocyte,
Neutrophil and Eosinophil cells were performed in 10 random fields of view for two
cytospin Kwik-Diff differentiated slides per patient. Microscopic observation of
microbes present within macrophages and outside immune cells occurred while

counting the immune cell percentages in certain patient cytospin slides.

3.4. DNA extraction

DNA extraction was carried out for both the BAL isolated bacteria pellet sample and
the BAL isolated cell pellet sample in order to investigate if there was potential
differences in bacteria free within the BAL sample and bacteria potentially within
the macrophage cell population. The DNA isolation protocol was carried out the

same way for both the BAL isolated bacteria pellet and the BAL isolated cell pellet.

As described above to reduce host cell DNA, BAL was centrifuged at 500g for 10
minutes, supernatant collected and centrifuged in 2ml screwcap microcentrifuge
tubes at 20,000g for 5 minutes. The supernatant was then removed and the
remaining bacteria pellets were recombined for DNA extraction. DNA extraction
took place using a QlAamp UPC Pathogen Mini Kit (Qiagen, Manchester, UK).
Patient bacteria pellet samples were centrifuged at 20,000g for 5 minutes,
supernatant discarded and 500ul buffer ATL was used to re-suspend the pellet
which was then added to a pathogen lysis tube containing silica beads and vortexed
at 7000rpm for 1 minute using a MagNA Lyser machine. The tube was then
centrifuged at 8000g for 30 seconds and supernatant removed to a fresh
microcentrifuge tube without disrupting the silica beads. 40ul of Proteinase K was
added and the tube was vortexed and incubated at 56°C for 10 minutes. 200pl
buffer APL2 then added to the sample, the tube was vortexed and incubated at
70°C for 10 minutes. 300ul of ethanol was added to the lysate and the tube was

pulse vortexed for 30 seconds and the lysate was then transferred to a mini spin
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column placed in a collection tube and centrifuged at 6000g for 1 minute. This was
repeated until all of the lysate had been transferred and passed through the mini
spin column, discarding the filtrate after each spin. 600ul of Buffer APW1 was
added to the mini spin column which was then centrifuged at 6000g for 1 minute,
discarding the filtrate afterwards. 750ul of Buffer APW2 was transferred to the mini
spin column which was then centrifuged at 20,000g for 3 minutes, transferring the
mini spin column to a new collection tube and repeating centrifugation to eliminate
buffer carryover. The mini spin column was transferred to a new collection tube
and incubated at 56°C for 3 minutes to ensure the membrane was dry and was then
transferred to a new elution tube and 100ul of Buffer AVE was added to the centre
of the membrane and incubated at room temperature for 1 minute before being
centrifuged at 20,000g for 1 minute to elute the DNA. The isolated DNA samples

were then stored at -20°C for further downstream processing.

3.5. DNA quantification

DNA quantification was performed using a Qubit dsDNA High Sensitivity (HS) assay
kit (Life Technologies, Thermo-Fischer) which consisted of Qubit dsDNA HS assay
reagent (200X concentrate in DMSO), Qubit dsDNA HS dilution buffer, Qubit dsDNA
HS standard #1 (Ong/ul in TE buffer) and Qubit dsDNA HS standard #2 (10ng/ul in TE
buffer) and a Qubit 0.2 Fluorometer (Life Technologies, Thermo Fischer). The assay
was highly selective for double-stranded (dsDNA) and was accurate for initial
sample concentrations of 10pg/ul to 10ng/ul. Specialised Qubit thin wall clear 0.5ml
assay tubes were sourced (Life Technologies, Thermo-Fischer) and the number of
tubes required for the samples and two standards were labelled on the tube lid but
not the side as this may interfere with the Qubit Fluorometer reading. The Qubit
working solution was prepared by diluting the Qubit HS reagent 1:200 in Qubit
dsDNA HS buffer using a clean plastic tube each time the Qubit working solution
was prepared. For each sample the working solution consisted of 200ul of Qubit
dsDNA HS buffer and 1ul of Qubit HS assay reagent. The working solution was
prepared in batches of 5 reactions, which consisted of 1ml Qubit dsDNA HS buffer
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and 5ul of Qubit HS assay reagent. For the standards 190ul of working solution was
added to each of two standard tubes and 10ul of standard #1 and 10ul of standard
#2 was added to the appropriate tube and the tubes were then vortexed for 3
seconds. In order to prepare for the DNA sample readings 198ul working solution
was added to the individual pre-labelled assay tubes and to this 2ul of DNA sample
was added to the appropriate assay tubes for a final volume of 200ul. Tubes were
vortexed for 3 seconds ensuring no air bubbles were produced. The assay tubes
were incubated at room temperature for 2 minutes. The dsDNA High Sensitivity
programme was selected for on the Qubit Fluorometer machine and in order to
calibrate the machine standard #1 was inserted into the sample chamber and was
read before standard #2 was read in the same manner. Once calibration was
complete the DNA samples were read. In order to standardise the DNA samples
before further analyses such as qPCR and Whole Genome Sequencing, samples

above 5ng/ul were diluted to 5ng/ul using molecular grade water.

3.6. Primers

Primers were designed through analyses of pre-designed validated primers in the
literature, through the use of the 16S RNA gene database Greengenes'® or through
literature research to determine specific genes to the microorganism of interest
and using this information to retrieve the sequence coding of that gene. All primers
designed in house through Greengenes or gene sequences were formulated using
the Universal Probe Library Assay Design Centre platform (Roche Life Science) by
copying the sequence of interest to the platform, selecting for other organism and
deselecting to automatically select for intron spanning assay. The platform then
designed potential primers for the sequence of interest, ranking them by order of
suitability. Primer sequences were analysed using the NCBI Blastn platform. Two
primers sequences were then selected for each microorganism of interest and were
ordered from Sigma.Aldrich (Ireland). Primers were centrifuged upon arrival to
ensure the lyophilised pellet was at the bottom of the primer tube and primers
were re-suspended with molecular grade water in accordance to individual primer

201



specification (ul for 100uM). Once re-suspended primers were vortexed and the left
and right primer were recombined by adding 20ul of the left and 20pl of the right
primer with 160ul of molecular grade water in a sterile 1.5ml tube. Primers were
stored at -20°C. Probes corresponding to the primers of interest were sourced from
Universal Probe Library Probes (Roche Life Sciences) and were available within the
laboratory. All primers were validated before use on the individual patient bacteria

pellet and cell pellet DNA. See supplementary table 1 for primer sequences

3.7. Quantitative polymerase chain reaction (qPCR)

Primers were first validated on a pool of bacterial DNA isolated from the bacteria
pellet (BP) and a pool of DNA isolated from the cell pellet (CP) undiluted, 1:10
diluted and 1:100 diluted and primers deemed to be viable by gPCR analyses were
then carried forward and tested on the isolated bacteria and cell pellet DNA from
each individual patient. qPCR was performed on extracted BAL BP and CP DNA pre
and post Omalizumab (Xolair®) treatment to determine presence of Total Bacteria,
Firmicutes, Staphylococcus aureus, Streptococcus pneumoniae, Rothia,
Micromonospora, Pseudomonas aeruginosa, Pseudomonas fluorescens, Escherichia,
Bordetella, Prevotella, Veillonella, Mycoplasma pneumoniae, Chlamydophilia
pneumoniae, Neisseria bacilliformis, Moraxella catarrhalis, Neisseria meningitidis
and Haemophilus influenzae and the fungal primers Fungi Quant and Aspergillus

fumigatus. See supplementary table 1 for primer sequences.

gPCR’s were performed using a 384 well plate layout and LightCycler Probes Master
(Roche, Ireland) or LightCycler SYBR Green Master (Roche, Ireland) reagent mix,
dependent on the use of hydrolysis probes or SYBR Green primer sets. Water NTCs
(No Template Control) were used in each reaction in order to identify reaction set
up contamination and to test for the propensity of primers to create primer dimers
in the case of reactions which were carried out with SYBR Green Master. Reactions
were performed on a LightCycler 480 machine (Roche, Ireland). qPCR conditions

were as follows; pre-incubation at 50°C for 2 minutes, ramp rate 4.8°C/s and 95°C

202



for 10 minutes, ramp rate 4.8°C/s. Amplification at 95°C for 10 seconds, ramp rate
4.8°C/s, 60°C for 45 seconds, ramp rate 2.5°C/s and 75°C for 1 second, ramp rate
4.8°C for 45 cycles in total. A melt curve also occurred at 95°C with a ramp rate of
0.11°C/s for any primer which used LightCycler SYBR Green Master. A cooling stage
then occurred at 40°C, ramp rate 2°C/s at the end of the process. Fluorescent
readings were taken in single acquisition mode. The primers Neisseria meningitidis,
Streptococcus pneumoniae and Haemophilus influenzae required a change in the
acquisition temperature to 67°C due to the nature of the primer sequences. All
NTCs did not produce a product and melt curves produced clear peaks indicating

that the products produced were not an artefact.

3.8. Cytokine measurement

BAL cytokines were analysed using a custom MSD proinflammatory panel 1
containing targets for Interleukin (IL)-1B, IL-4, IL-6, IL-8, IL-10, IL-13 and tumour
necrosis factor (TNF)-a and a custom MSD cytokine panel 1 containing targets for
IL-5 and IL-17A. Reagent preparation consisted of the following; calibrator
standards were prepared by suspension of the lyophilised calibrator with 1000ul of
the appropriate diluent (diluent 2 for proinflammatory panel 1 and diluent 43 for
cytokine panel 1) and then transferring 100ul of the re-suspended calibrator with
300ul of appropriate diluent. This 4 fold serial dilution was repeated 5 additional
times to generate 7 calibrators with the diluent alone used as a zero calibrator.
Plasma samples were diluted as follows; 35ul of plasma and 35ul of appropriate
diluent, while BAL samples were undiluted. A detection antibody solution was
created for the proinflammatory panel by combining 60ul of each SULFO-TAG anti-
human IL-1B, IL-4, IL-6, IL-8, IL-10, IL-13 IFN-y and TNF-a antibody with 2520yl
diluent 3 to bring to a final volume of 3000ul. A detection antibody solution for
cytokine panel 1 consisted of 60ul each of SULFO-TAG Anti-human IL-5 and IL-17A
with 2880ul of diluent 3 for a final volume of 3000ul. Wash buffer consisted of PBS
and 0.05% Tween 20. Read buffer for each plate consisted of 10ml of Read Buffer T

(4X) and 10ml of deionised water for a 2X working solution. Step 1 of the assay
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involved washing the plate 3 times with 150ul/well wash buffer 50ul of prepared
calibrators or samples was added per well, the plate was sealed before overnight
incubation with shaking at 2-8°C. Step 2 involved washing the plate a further 3
times with 150ul/well wash buffer before the addition of 25ul detection antibody
solution to each well, the plate sealed and a two hour room temperature
incubation with shaking occurred. Step 3; the plate was washed 3 times as before
and 150ul of 2X Read Buffer T was added to each well before analysis of the plate
using an electro-chemiluminescence QuickPlex SQ 120 imager from Meso Scale
Discovery (Gaithersburg, MD, USA). The MSD lower limit of detection for the
cytokines tested was as follows; IL-13=0.04pg/ml, IL-4=0.02pg/ml, IL-5=0.22pg/ml,
IL-6=0.06pg/ml, IL-8=0.04pg/ml, IL-10=0.03pg/ml, IL-13=0.24pg/ml, IL-
17A=0.74pg/ml, TNF-a=0.04pg/ml and IFN-y=0.20pg/ml.

3.9. Post-Omalizumab treatment BAL and plasma cytokine analysis

The cytokine levels present within the BAL and plasma samples, obtained at the
follow-up bronchoscopy post-Omalizumab treatment, were analysed by RayBiotech
(RayBiotech, Georgia, USA) using a custom RayBiotech Quantibody Human Cytokine
Array containing targets for Interleukin (IL)-1pB, IL-4,IL-5, IL-6, IL-8, IL-10, IL-13, IL-
17A, tumour necrosis factor (TNF)-a and Interferon-(IFN)-y. Testing was carried out
according to in-house procedures at RayBiotech which consisted of the following
protocol. A capture antibody was bound to a glass surface and incubation occurred
with the BAL and plasma samples, which were diluted to a dilution factor of 2. After
sample incubation was carried out a target cytokine was trapped to the glass solid
surface. A second biotin-labelled detection antibody was added to recognise a
specific epitope of the target cytokines. The cytokine-antibody-biotin complex was
then visualised by the addition of a streptavidin-conjugated Cy3 equivalent dye and
laser scanner. For cytokine quantification, the array specific cytokine standards with
predetermined concentrations were implemented to generate standard curves.
Through simultaneously running the standard cytokines and samples in each array

using the described assay procedure it was possible to compare unknown samples
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to the standard curve thus determining the cytokine concentration of the patient
BAL and plasma samples. The RayBiotech Quantibody array limit of detection for
the cytokines tested was as follows; IL-1B=1.8pg/ml, IL-4=4.7pg/ml, IL-5=3.4pg/ml,
IL-6=4.2pg/ml, IL-8=46.8pg/ml, IL-10=1.3pg/ml, IL-13=0.7pg/ml, IL-17A=2.6pg/ml,
TNF-a=225.9pg/ml and IFN-y=56.0pg/ml.

3.10. Statistical analyses

Graph Pad Prism 8 software was used to perform all statistical analyses and to
provide graphical representation of the data. All data was assessed using normality
and lognormality tests and the Shapiro-Wilk test was applied to assess the

normality of the data set.

Normally distributed data was presented as the mean # standard deviation (SD)
within the text and figures. Normally distributed data sets where both the X and Y
values were normally distributed were analysed using Pearson correlation

coefficient analysis. Data was considered to be statistically significant when P<0.05.

Non-normally distributed data was presented as median # interquartile range (IQR)
within the text and figures. Non-normally distributed data sets where both the X
and Y values were not both normally distributed were analysed using the non-
parametric Spearman correlation!’. Data was considered to be statistically

significant when P<0.05.
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4. Results

4.1. Patient demographics

The cohort of nine adult asthma patients was stratified by both severity (GINA) and
level of control (ACQ-7). The nine patients were grouped as GINA 5 as per normal

guidelines for Omalizumab. The cohort consisted of 7 females and 2 males.

5 patients were in receipt of oral steroids (median 15; min 7.5 — max 20mg) at time
of baseline bronchoscopy and 4 patients were in receipt of oral steroids (median
15; min 5 — max 15mg) at follow-up bronchoscopy displaying an overall reduction in
the number of patients requiring oral steroids and a marked reduction in the

prescribed mg volume per patients still in receipt of oral steroids.

Within the cohort at baseline bronchoscopy there was 1 current smoker and 4 ex-
smokers while 4 patients had never smoked and this remained consistent at the

follow-up bronchoscopy post-Omalizumab treatment.

All 9 patients were in receipt of inhaled corticosteroids at baseline bronchoscopy
(median 1000 FDP; min 800 — max 1000 FDP) and at follow-up bronchoscopy
(median 1000 FDP; min 800 — max 1000 FDP). The number of patients in receipt of
inhaled corticosteroids (FDP) remained consistent at baseline and follow-up
bronchoscopy and the inhaled corticosteroid (FDP) dose prescribed also remained
the same for patients when comparing their prescribed ICS (FDP) dose at baseline

bronchoscopy and at their follow-up bronchoscopy.

Within the cohort 4 patients lived within an urban setting and 5 patients lived

within a rural setting.

Upon analysis of the patient ACQ-7 data it was revealed that at follow-up
bronchoscopy those who underwent the ACQ-7 survey still considered themselves
to be uncontrolled asthmatics (ACQ-721.5) [mean (SD)] [2.9 (0.8)]; [median (IQR)]
[2.9 (2.2-3.5)]. However when patients FEV-1 % predicted results were analysed at
baseline [mean (SD)] [51.6 (22.7)] ; [median (IQR)] [49.0 (28.3-75.0)] and at follow-

up bronchoscopy after patients were in receipt of the anti-IgE monoclonal antibody
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Omalizumab there was an increase in the FEV-1 % predicted [mean (SD)] [54.9
(18.0)]; [median (IQR)] [59.0 (38.0-66.5)]. So while interpreting these spirometry
results in accordance to Irish Thoracic Society guidelines the patients FEV1/FVC ratio
is below 70%, leading to a diagnosis of respiratory disorders such as asthma there is

an improvement overall in the patients ability to exhale air quickly*®.

Patient BMI remained consistent at baseline bronchoscopy [mean (SD)] [33.5 (8.4)];
[median (IQR)] [35.1 (25.5-41.7)] and at follow-up bronchoscopy post Omalizumab
treatment [mean (SD)] [33.5 (8.3)]; [median (IQR)] [34.4 (25.7-41.2)].

See Table 1 for patient demographics at baseline bronchoscopy and at follow up

bronchoscopy post- Omalizumab treatment.
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Table 1. Patient demographics. Patient demographics taken at baseline
bronchoscopy and patient demographics taken at follow-up bronchoscopy after
patients were prescribed the anti IgE biologic drug Omalizumab (Xolair). Note T ICS,
Inhaled Corticosteroids; § FEV-1, Forced Expiratory Volume in the first second; §
FeNO, Forced exhaled Nitric Oxide; 9 BMI, Body Mass Index; ¥ ACQ-7, Asthma

Control Questionnaire.

Baseline
Severe —GINA 5

Treatment
Severe — GINA 5

Patients n=9 (%) 9 9
Male 2 (22%) 2 (22%)
Female 7 (78%) 7 (78%)
Smoker Current 1 1
Ex- 4
Never 4 4
Oral Steroids (mg) Positive 5 4
[Mean (SD)] [13.5 (4.9)] [12.5 (5)]
[Median (I1QR)] [15 (8.8-17.5)] [15 (7.5-15)]
ICS (FDP) * Positive 9 9
[Mean (SD)] [933 (100)] [933.3 (100)]

[Median (1QR)]

[1000 (800-1000)]

[1000 (800-1000)]

FEV-1 (% Predicted) § [Mean (SD)] [51.6 (22.7)] [54.9 (18)]
[Median (IQR)]  [49 (28.3-75.0)] [59 (38.0-66.5)]
FeNO (ppb) Readings from 0 3
[Mean (SD)] [14.3 (3.8)]
[Median (IQR)] [10 (10-17)]
BMI (kg/m?) | [Mean (SD)] [33.5 (8.4)] [33.3(8.3)]

[Median (IQR)]

[35.1 (22.5-41.7)]

[34.5(25.7-41.2)]

ACQ-7 ¥ [Mean (SD)] [2.9 (0.8)]
[Median (IQR)] [2.9 (2.2-3.5)]
IgE (KU/L) [Mean (SD)] [505 (683.1)]
[Median (IQR)] = [222 (85.5-697.0)]
BAL Monocyte % count [Mean (SD)] [13.4 (6.7)] [15.7 (10.4)]

BAL Macrophage % count

[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[14.5 (8.1-17.2)]

[71.5 (18.4)]
[79 (64.8-84.5)]

[19.0 (4.0-23.8)]

[64.4 (21.4)]
[74.8 (55.2-78.6)]

BAL Lymphocyte % count [Mean (SD)] [10.2 (12.1)] [5.6 (5.6)]
[Median (IQR)] [4.2 (3.3-15.4)] [3.7 (1.9-8.5)]

BAL Eosinophil % count [Mean (SD)] [1.2 (2.2)] [1.1(1.5)]
[Median (IQR)]  [0.2 (0.1-1.4)] [0.2 (0-3.7)]

BAL Neutrophil % count [Mean (SD)] [3.8 (4.0)] [13.2 (20.6)]
[Median (IQR)] [3 (1.0-4.8)] [7.8 (1-15)]
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IL-1B BAL (pg/ml)

IL-4 BAL (pg/ml)

IL-5 BAL (pg/ml)

IL-6 BAL (pg/ml)

IL-8 BAL (pg/ml)

IL-10 BAL (pg/ml)

IL-13 BAL (pg/ml)

IL-17 BAL (pg/ml)

TNF-a BAL (pg/ml)

Haemoglobin (HB) (g/L)

White cell count (WBC) (10°/L)

Blood Lymphocyte count (10°/L)

Blood Eosinophil count (10°/L)

Blood Neutrophil count (10°/L)

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

Baseline
[1.6 (1.7)]
[1.2 (0.5-1.7)]

[0.02 (0.06)]
[0 (0-0)]

[0(0)]
[0(0-0)]

(1.8 (1.4)]
[2.0 (0.5-2.5)]

[214 (232.3)]
[92.5 (18.0-372.3)]

[0(0)]
[0(0-0)]

[12.9 (6.5)]
[12.2 (7.2-17.5)]

[0(0)]
[0(0-0)]

[0.7 (0.6)]
[0.4 (0.4-1.3)]

[13.3 (0.6)]
[13.6 (12.7-13.8)]

(8.1 (3.5)]
[7.6 (5.2-10.7)]

[2.3(0.8)]
[2(1.9-2.7)]

[0.3 (0.3)]
[0.2 (0.1-0.6)]

(5.2 (2.8)]
[4.1(3.2-7.5)]

Treatment
[54.1 (161.4)]
[0(0-1)]

[3.2 (4.6)]
[0(0.0-9.1)]

[2.6 (3.7)]
[0 (0.0-4.7)]

[10.8 (18.2)]
[5.2 (0.0-12.6)]

[378.2 (773.5)]
[133.3 (82.7-176.0)

(1(1)]
[1.1(0.0-1.9)]

[9.1(12.2)]
[5.4 (3.2-10.0)]

[0(0)]
[0(0-0)]

(1.7 (5.0)]
[0(0-0)]
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4.2. Microscopy and immune cell percentage counts

BAL cell differential counts were carried out for all n=9 patient samples pre and
post treatment with the humanised monoclonal antibody, Omalizumab,
commercially know as Xolair (Figure 3 A-D). It was observed that macrophages were
the dominant cell type irrespective of therapy (Figure 4 A-B), however differences
in cell type percentages were observed within certain individual patients leading to
the analyses of the immune cell percentage counts pre and post therapy at an

individual level (Figure 5 A-1).

Figure 3. Microscopic examination of asthmatic patient bronchoalveolar lavage
(BAL). (A-D) Representative microscopic images of patient BAL stained with a
commercial Kwik Diff stain displaying the immune cells present within the BAL of
the adult asthmatic cohort (A-D). (A) patient 1,60x magnification, (B) patient 2 40x
magnification, (C) patient 2, 40X magnification, (D) patient 5, 40x magnification. All
images were taken using an Olympus Microscope, with photos taken using Olympus

DP software.
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Figure 4. BAL cytospin counts pre- and post-Omalizumab treatment. BAL immune
cell differential counts from the bronchoscopy patients prior to and post anti-IgE

Omalizumab (Xolair) treatment. n=9
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Figure 5. Immune cell differential counts pre- and post- Omalizumab (Xolair)
therapy of individual patients. In order to further investigate the differences in cell
type percentage counts observed within the cohort pre and post Omalizumab

(Xolair) therapy the individual patient immune cell percentage count pre and post

Omalizumab (Xolair) therapy were analysed.
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4.3. BAL cytokine levels

Cytokines interleukin -1B (IL-1B), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17 and Tumour

Necrosis Factor-a (TNF-a) were measured in BAL samples obtained at baseline

bronchoscopy and at follow-up bronchoscopy after patients were in receipt of the

anti-Igk monoclonal antibody, Omalizumab.
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Figure 6. Cytokine levels in the patient BAL at baseline bronchoscopy and at

follow-up bronchoscopy after patients received anti-IgE (Omalizumab) treatment.

Measurement of secreted human cytokines Interleukin — 1B (IL-1p), IL-4, IL-5, IL-6,

IL-8, IL-10, IL-13, IL-17 and Tumour Necrosis Factor — a (TNF-a) in patient BAL at

baseline bronchoscopy occurred using an electro-chemiluminescence Quick Plex SQ

120 imager from Meso Scale Discovery (Gaithersburg, MD, USA) where antibodies

labelled with SULFO-TAG™ reagents emitted light upon electrochemical stimulation.

Measurement of secreted human cytokines Interleukin — 18 (IL-1p), IL-4, IL-5, IL-6,

IL-8, IL-10, IL-13, IL-17 and Tumour Necrosis Factor — a (TNF-a) in patient BAL at

follow-up bronchoscopy occurred using RayBiotech (Georgia, USA) custom human

cytokine Quantibody arrays. [Mean (SD)] n=9.
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4.4. Plasma cytokine levels

Cytokines interleukin -1B (IL-1B), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17 and Tumour
Necrosis Factor-a (TNF-a) were measured in plasma samples obtained at follow-up
bronchoscopy after patients were in receipt of the anti-IgE monoclonal antibody,

Omalizumab.
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Figure 7. Cytokine levels in the patient plasma at follow-up bronchoscopy after
patients received anti-IgE (Omalizumab) treatment. Measurement of secreted
human cytokines Interleukin — 18 (IL-1pB), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17,
Tumour Necrosis Factor — a (TNF-a) and Interferon (IFN) —y in patient plasma at
follow-up bronchoscopy occurred using RayBiotech (Georgia, USA) custom human

cytokine Quantibody arrays. [Mean (SD)] n=9.
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4.5. Molecular detection of microbial species

Upon microscopic examination of the BAL samples, cytocentrifuged onto
microscope slides and differentially stained using the commercial Kwik Diff stain it
was observed that bacteria was present freely within the immune cell population
but was also observable within the macrophages of certain patient samples (Figure
8). This lead to the differential centrifugation of the BAL sample during patient
processing on the day of bronchoscopy leading to bacteria pellet (BP) and cell pellet

(CP) specific BAL which was later analysed by gPCR for microbial species of interest.

Figure 8. Presence of microbial species evident by microscopy. Immune cell
percentage counts revealed that within the BAL of a number of patients there were
observable bacterial species present (A-D). (A-B) 40x magnification, (C) 60x

magnification, (D) 100x oil immersion magnification.
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Figure 9 qPCR detection of bacteria and fungi species in asthmatic BAL bacteria
pellet at baseline bronchoscopy and follow-up bronchoscopy post anti-IgE

(Omalizumab) treatment. qPCR was performed on the extracted baseline
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bronchoscopy and post Omalizumab treatment bronchoscopy BAL bacteria pellet

(BP) DNA (A-B).Firmicutes (P<0.0001), S. pneumoniae (P<0.05) and Fungi Quant

(P<0.05) expression were significantly different at baseline and follow-up

bronchoscopy using unpaired t-test with Welch’s correction analysis. [Mean (SD)],

n=9
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Figure 10. qPCR detection of bacteria and fungi species in the asthmatic BAL cell
pellet (intracellular) fraction at baseline bronchoscopy and follow-up
bronchoscopy post anti-Ig (Omalizumab) treatment. qPCR was performed on the
extracted baseline bronchoscopy and post-Omalizumab treatment bronchoscopy
BAL cell pellet (CP) DNA (A-B).When analysed using unpaired t-test with Welch’s
correction significance was found between the baseline and follow-up BAL CP
samples with respect to the prevalence of Total bacteria (P<0.0001), Firmicutes
(P<0.0001), Veillonella (P<0.0005), N. bacilliformis (P<0.0005), N. meningitidis
(P<0.001), S. pneumoniae (P<0.0005), H. influenzae (P<0.005), Rothia (P<0.005) and
A. fumigatus (P<0.05). [Mean (SD)], n=9.
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Table 2. Molecular analysis of baseline and post-Omalizumab therapy BAL. Pre-

and post- Omalizumab (Xolair) anti IgE therapy BAL bacteria pellet (BP) and cell

pellet (CP) DNA samples were analysed by qPCR for a variety of bacterial and fungal

targets of interest.
n=9

Total bacteria BP (CT)

Total bacteria CP (CT)

Firmicutes BP (CT)

Firmicutes CP (CT)

Pseudomonas aeruginosa BP (CT)

Pseudomonas aeruginosa CP (CT)

Pseudomonas fluorescens BP (CT)

Pseudomonas fluorescens CP (CT)

Escherichia BP (CT)

Escherichia CP (CT)

Bordetella BP (CT)

Bordetella CP (CT)

Prevotella BP (CT)

Prevotella CP (CT)

Veillonella BP (CT)

Veillonella CP (CT)

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (1QR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive

[Mean (SD)]
[Median (1QR)]
Positive

[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Baseline

Severe —GINA 5
8

[31.3 (2.1)]

[30.8 (30.0-33.6)]
9

[32.3(1.1)]

[32.7 (31.4-33.0)]

7
[39.5 (1.2)]
[40 (40-40)]
9

(40 (0)]

[40 (40-40)]

1
[40(0)]

[40 (40-40)]
1

[40(0)]

[40 (40-40)]

8

[31.7 (0.6)]

[31.8 (31.1-32.2)]
9

[31.1(0.9)]

[31.3 (31.0-31.7)]

2
37 (1.3)]

[37 (36.1-37.9)]
4

[37.4 (2.1)]

[37.2 (35.5-39.5)]

5

[35.8 (2.1)]

[35.4 (34.4-37.4)]
0

6
[32 (2.1)]

[32.3 (29.9-33.9)]
8

[33.9 (1.4)]

[34.3 (32.6-35.1)]

7

[29.1(2)]

[29.3 (27.1-29.9)]
9

[29.4 (2.1)]

[29.2 (28.1-30.7)]

Treatment

8

[29.2 (2.9)]

[29.7 (26.1-31.9)]
9

[23.2(2.8)]

[22.2 (21.1-24.9)]

9

[27.9(1.8)]

[27.7 (26.4-29.6)]
9

[22.1 (2.6)]

[22.8 (19.4-23.7)]

0

4
[38.9 (1)]
[38.9 (38-40)]

9

[32.3(3)]

[33 (32.1-34.4)]
8

[28.5 (3.5)]
[28.1(25.7-32.3)]

3

[36.6 (1.9)]

[36.6 (34.8-38.4)]
3

[37.5(1.2)]

[37 (36.7-39)]

2
[35.1(0.2)]

[35.1 (35.0-35.3)]
8

[31.8 (2)]

[31.3 (29.8-34.0)]

7
[33.1(2)]
[34.1(31.9-34.7)]
8

[30.7 (4.2)]

[30.3 (28.3-31.0)]

8

[30.2 (4.1)]

[29.4 (27.4-32.0)]
9

[24.5 (2.2)]

[24 (23.0-26.9)]
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Mycoplasma pneumoniae BP (CT)

Mycoplasma pneumoniae CP (CT)

Chlamydophila pneumoniae BP (CT)

Chlamydophila pneumoniae CP (CT)

Staphylococcus aureus BP (CT)

Staphylococcus aureus CP (CT)

Neisseria bacilliformis BP (CT)

Neisseria bacilliformis CP (CT)

Moraxella catarrhalis BP (CT)

Moraxella catarrhalis CP (CT)

Neisseria meningitidis BP (CT)

Neisseria meningitidis CP (CT)

Streptococcus pneumoniae BP (CT)

Streptococcus pneumoniae CP (CT)

Haemophilus influenzae BP (CT)

Haemophilus influenzae CP (CT)

Rothia BP (CT)

Rothia CP (CT)

Micromonospora BP (CT)

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (1QR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (1QR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (1QR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (1QR)]

Positive
[Mean (SD)]
[Median (1QR)]

Baseline

4

[35.6 (3)]

[36 (32.6-38.1)]
3

[36.1 (2.8)]

[35.5 (33.6-39.1)]

2
[37 (1.3)]

[37 (36.1-37.9)]

1

[36.1(0)]
[36.1(36.1-36.1)]

0

3
[35.8 (2)]
[36.6 (33.6-37.4)]

8

[32.4 (0.9)]

[32.5 (31.4-33.0)]
9

[32.8 (1.1)]

[33.3 (31.7-33.6)]

8
[30.7 (0.9)]

[30.7 (29.9-31.1)]
9

[31.3 (1.1)]

[31.1 (30.6-31.4)]

1
[34.4(0)]

[34.4 (34.4-34.4)]
2

(40 (0)]

[40 (40-40)]

6

[36.3 (3.5)]

[36.1 (33.8-40.0)]
3

[35.7 (0.2)]

[35.7 (35.4-35.9)]

7
[34.2 (1.7)]

[34.6 (32.3-34.7)]
1

[34.5 (1.1)]

[34.5 (33.5-35.5)]

6
[32.7(2.7)]

[33.6 (29.6-34.5)]
8

[30.5 (1.8)]

[30.2 (29.0-32.3)]

6
[37(2.1)]
[37.1(35.8-38.9)]

Treatment

2

[36.9 (4.4)]

[36.9 (33.7-40)]
4

[37.2 (4.5)]

[39.0 (32.5-40.0)]

6
[36.2 (2.2)]

[36 (34.4-37.9)]
8

[30.5 (3.2)]

[29.5 (27.9-33.9)]

7
[31.9 (2.6)]

[31.6 (31.0-34.4)]
2

[28.7 (6.1)]

[28.7 (24.4-33.0)]

7

[31.8 (2.9)]

[31.8 (28.0-33.8)]
9

[27.3 (3)]

[27.7 (25.9-28.9)]

8

[32.1(3.4)]

[32.5 (31.9-33.2)]
8

[28.6 (3.6)]

[28.4 (25.5-32.3)]

7
[34.2 (2)]

[33.8 (32.7-36.1)]
9

[29.7 (5.7)]

[27.9 (24.6-34.7)]

6

[32.2 (2.8)]

[33.2 (30.8-33.8)]
8

[29 (2.6)]

[28.5 (26.6-31.1)]

5
[32.4 (4.7)]

[34.1 (29.0-34.9)]
9

[28.4 (4.4)]

[29.7 (25.7-30.9)]

7
[33.1(1.5)]

[32.6 (31.7-35.1)]
9

[26 (2.9)]

[26.7 (22.9-29.0)]

6
[36.3 (0.7)]
[36.3 (35.7-36.9)]
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Micromonospora CP (CT)

Fungi Quant BP (CT)

Fungi Quant CP (CT)

Aspergillus fumigatus BP (CT)

Aspergillus fumigatus CP (CT)

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (1QR)]

Baseline

8

[36.3 (0.9)]

[36.4 (35.5-36.9)]

6

[33.4(1.2)]

[33.2 (32.5-34.4)]
8

[33.3(1.1)]
[33.4(32.2-34.1)]

5

(39.7 (0.6)]
[40 (39.3-40.0)
8

[39.6 (1.1)]
[40 (40-40)]

Treatment

5

[33.4 (2.9)]

[32 (31.1-36.4)]

7

[35.4 (1.6)]

[35.5 (34.0-36.6)]
9

[31.1 (3.5)]

[31.6 (27.6-33.9)]

3
[39.6 (0.7)]

[40 (38.7-40)]

7

[36.4 (2.5)]

[35.2 (34.6-40.0)]

220



4.6. Microbial and fungal species pre- and post- Omalizumab treatment

At baseline bronchoscopy, pre-Omalizumab treatment, gPCR analyses revealed that
89% of patients had detectable bacteria, using the primer Total Bacteria, within the
bacteria pellet (BP) BAL sample. At follow-up bronchoscopy, post Omalizumab
treatment, gPCR analyses revealed that 89% of patients had detectable bacteria
within the bacteria pellet (BP) BAL sample. 100% of patients had detectable
bacteria within the BAL cell pellet (CP) sample using the bacterial specific Total
Bacteria primer at baseline bronchoscopy and post-Omalizumab bronchoscopy.
When analysed using unpaired t-test with Welch’s correction significance was
found between the baseline and follow-up BAL CP samples with respect to the

prevalence of Total Bacteria (P<0.0001).

Firmicutes were detectable within 78% of BAL bacteria pellet samples prior to
Omalizumab treatment while post-Omalizumab 100% of patients had detectable
Firmicutes. The prevalence of BAL bacteria pellet Firmicutes (P<0.0001) was
significantly different at baseline and follow-up bronchoscopy using unpaired t-test
with Welch’s correction analysis. Within the BAL cell pellet samples 100% of
patients has detectable levels of Firmicutes both prior to and post-Omalizumab
treatment. When analysed using unpaired t-test with Welch’s correction
significance was found between the baseline and follow-up BAL CP samples with

respect to the prevalence of Firmicutes (P<0.0001).

Escherichia was detectable in 22% of patient BP samples pre-Omalizumab
treatment and was detectable in 33% of patient BP samples post-Omalizumab
treatment. 44% of patient CP samples had detectable levels of Escherichia pre-
Omalizumab treatment while 33% of patient CP samples had detectable levels post-

Omalizumab treatment.

Bordetella was detectable in 56% of patient BP samples prior to Omalizumab
treatment while it was only detectable within 22% of patient BP samples post-
Omalizumab treatment. While Bordetella was undetectable within the patient CP
samples prior to Omalizumab treatment, post-Omalizumab treatment 89% of

patients had detectable levels of Bordetella within the BAL CP samples.

221



Prevotella was detectable within 67% of patient BP samples prior to Omalizumab
treatment and within 78% of patient BP samples post-Omalizumab treatment. 89%
of patient CP samples had detectable Prevotella both prior to and post-Omalizumab

treatment.

Veillonella was detectable within 78% of patient BP samples prior to Omalizumab
treatment and within 89% of BP samples post-Omalizumab treatment. 100% of
patient CP samples had detectable levels of Veillonella both prior to and post-
Omalizumab treatment. When analysed using unpaired t-test with Welch’s
correction significance was found between the baseline and follow-up BAL CP

samples with respect to the prevalence of Veillonella (P<0.0005).

Rothia was detectable within 67% of patient BP samples prior to Omalizumab
treatment and within 78% of BP samples post-Omalizumab treatment. 89% of
patient CP samples had detectable levels of Rothia prior to Omalizumab treatment
while 100% had detectable levels post-Omalizumab. When analysed using unpaired
t-test with Welch’s correction significance was found between the baseline and

follow-up BAL CP samples with respect to the prevalence of Rothia (P<0.005).

Micromonospora was detectable within 67% of patient BP samples both prior to
and post-Omalizumab treatment. 89% of patient CP samples had detectable
Micromonospora prior to Omalizumab treatment while 55% of patient CP samples

had detectable levels post-Omalizumab treatment.

The ITS fungal primer Fungi Quant for the detection of Fungal species was
detectable within 67% of patient BP samples prior to Omalizumab treatment and
within 78% post-Omalizumab treatment. The prevalence of Fungi Quant (P<0.05)
within the BAL BP samples was significantly different at baseline and follow-up
bronchoscopy using unpaired t-test with Welch'’s correction analysis. 89% of patient
CP samples had detectable fungi prior to Omalizumab treatment while 100% had

detectable levels within their CP sample post-Omalizumab treatment.

11% had detectable Pseudomonas aeruginosa within bacteria pellet prior to

Omalizumab treatment, however, post-Omalizumab treatment P. aeruginosa was
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undetectable within the patient BP samples. While 11% of patients had detectable
levels of P. aeruginosa within their CP sample prior to Omalizumab treatment 44%

had detectable levels post-Omalizumab treatment.

89% of patient BP samples taken prior to Omalizumab treatment had detectable P.
fluorescens while 100% had detectable levels post-Omalizumab treatment. P.
fluorescens was detectable in 100% of patient BAL cell pellet samples prior to

Omalizumab treatment and within 87% post-Omalizumab treatment.

Mycoplasma pneumoniae was detectable in 44% of patient BP samples prior to
Omalizumab treatment and within 22% of BP samples post-Omalizumab treatment.
33% of patient CP samples had detectable levels of M. pneumoniae prior to
Omalizumab treatment while 44% of patient CP samples had detectable levels post-

Omalizumab treatment.

Chlamydophilia pneumoniae was detectable within 22% of patient BP samples prior
to Omalizumab treatment while post-Omalizumab treatment C. pneumoniae was
detectable within 67% of patient BP samples. 11% of patient CP samples had
detectable levels prior to Omalizumab treatment while 89% of patient CP samples

had detectable levels of C. pneumoniae post-Omalizumab treatment.

Staphylococcus aureus was undetectable within the patient BP samples prior to
Omalizumab treatment, however, post-Omalizumab treatment 79% of patients had
detectable levels within their BAL bacteria pellet sample. 33% of patients had
detectable S. aureus within their CP sample prior to Omalizumab treatment while
post-Omalizumab treatment 22% of patients had detectable levels within their CP

sample.

89% of patients had detectable Neisseria bacilliformis detectable within the BP
sample prior to Omalizumab treatment while it was detectable in 78% of patient BP
samples post-Omalizumab treatment. 100% of patients had detectable levels of N.
bacilliformis both prior to and post-Omalizumab treatment within their CP sample.

When analysed using unpaired t-test with Welch’s correction significance was
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found between the baseline and follow-up BAL CP samples with respect to the

prevalence of N. bacilliformis (P<0.0005).

Moraxella catarrhalis was detectable within 89% of patient BP samples prior to
Omalizumab treatment and within 89% of patient BP samples post-Omalizumab
treatment. 100% of patient CP samples had detectable levels of M. catarrhalis prior
to Omalizumab treatment while 89% had detectable levels post-Omalizumab

treatment.

Neisseria meningitidis was detectable within 11% of patient BP samples prior to
Omalizumab treatment, however post-Omalizumab treatment, N. menigitidis was
detectable within 78% of patients BP samples. Prior to Omalizumab treatment 22%
of patient CP samples had detectable levels of N. meningitidis while post-
Omalizumab treatment 100% of patients had detectable levels within their BAL CP
sample. When analysed using unpaired t-test with Welch’s correction significance
was found between the baseline and follow-up BAL CP samples with respect to the

prevalence of N. meningitidis (P<0.001).

Streptococcus pneumoniae was detectable within 67% of patient BP samples both
prior to and post-Omalizumab treatment. The prevalence of bacteria pellet
Streptococcus pneumoniae (P<0.05) was significantly different at baseline and
follow-up bronchoscopy using unpaired t-test with Welch’s correction analysis.
While S. pneumoniae was detectable in only 33% of patient CP samples prior to
Omalizumab treatment, post-Omalizumab treatment 89% of patients had
detectable levels within their CP sample. When analysed using unpaired t-test with
Welch’s correction significance was found between the baseline and follow-up BAL

CP samples with respect to the prevalence of S. pneumoniae (P<0.0005).

Haemophilus influenzae was detectable within 78% of patient BP samples prior to
Omalizumab treatment and within 55% of patient BP samples prior to Omalizumab
treatment. 44% of patient CP samples had detectable H. influenzae levels prior to
Omalizumab treatment while 100% of patients had detectable levels within their CP

sample post-Omalizumab treatment. When analysed using unpaired t-test with
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Welch'’s correction significance was found between the baseline and follow-up BAL

CP samples with respect to the prevalence H. influenzae (P<0.005).

Looking specifically at the fungi Aspergillus fumigatus 56% of patients BP samples
had detectable levels prior to Omalizumab treatment while 33% had detectable
levels post-Omalizumab treatment. 89% of patient CP samples had detectable
levels of A. fumigatus prior to receiving Omalizumab treatment while 78% of
patients had detectable levels within their CP sample post-Omalizumab treatment.
When analysed using unpaired t-test with Welch’s correction significance was
found between the baseline and follow-up BAL CP samples with respect to the

prevalence of A. fumigatus (P<0.05).
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4.7 Bacterial and fungal qPCR species correlations

Statistical analyses of qPCR results in correlation to immune cell percentage counts,
total IgE, BMI, FEV-1, FeNo, Oral steroids, Inhaled corticosteroids, Haemoglobin
(Hb), White Cell Count (WBC), Blood lymphocyte, neutrophil and eosinophil counts
and cytokine levels where relevant occurred. Statistical analyses were carried out as

described in 3.10. Statistical analyses.

Upon the examination of patients’ baseline bronchoscopy BAL qPCR data and
patient demographics at baseline bronchoscopy a number of correlations were
determined. Within the baseline analyses the presence of Total bacteria (BP)
correlated with BAL macrophage percentage counts (P<0.01; rs=-0.8571). Total
Bacteria (BP) correlated with BAL neutrophil percentage counts (P<0.05; r=0.8333).
See Figure 11 (A-B). Escherichia (CP) correlated with FEV-1 (P<0.05; r=-0.9540). See
Figure 11 (C). Bordetella (BP) correlated with BAL IL-6 levels (P<0.05; r=0.8793). See
Figure 11 (D). Prevotella (BP) levels correlated with BAL lymphocyte percentage
counts (P<0.05; rs=-0.8857). See Figure 11 (E). Prevotella (CP) correlated with BAL

neutrophil percentage counts (P<0.05; rs=-0.8333). See Figure 11 (F).

The presence of Prevotella (CP) correlated with blood eosinophil counts (P<0.0005;
r=-0.9968). See Figure 12 (A). The presence of Prevotella (CP) correlated with the
presence of the cytokine IL-1f in the BAL (P<0.005; rs=-0.9048). See Figure 12 (B).
The presence of Rothia (BP) correlated with FEV-1 (P<0.05; r=0.9110). See Figure 12
(C). Micromonospora (BP) correlated with total blood IgE levels (KU/L) (P<0.05;
r<=0.8857). See Figure 12 (D). Fungal presence as determined by the qPCR primer
Fungi Quant correlated with total oral steroids (mg) (P<0.05; r=-0.9990). See Figure
12 (E).

Pseudomonas fluorescens (BP) (P<0.05; r=0.9250) presence and Pseudomonas
fluorescens (CP) (P<0.05, rs=0.8407) presence correlated with blood eosinophil
counts (10°/L). See Figure 13 (A-B). Pseudomonas fluorescens (BP) presence
correlated with the presence of the cytokine IL-6 in the BAL (P<0.05; r=0.7398). See
Figure 13 (C). Pseudomonas fluorescens (CP) presence correlated with the presence

of the cytokine IL-8 in the BAL (P<0.05; rs=0.8167). See Figure 13 (D). Pseudomonas
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fluorescens (CP) presence correlated with the presence of the cytokine TNF-a in the
BAL (P<0.05; rs=0.7364). See Figure 13 (E). Mycoplasma pneumoniae (CP) presence

correlated with BAL monocyte percentage counts (P<0.05; r=-0.9975). See Figure 13
(F).

The presence of Neisseria bacilliformis (CP) correlated with total blood IgE levels
(P<0.05; rs=0.7667). See Figure 14 (A). Moraxella catarrhalis (BP) presence
correlated with the presence of the cytokine IL-8 in the BAL (P<0.05; r=0.7116). See
Figure 14 (B).The presence of Streptococcus pneumoniae (CP) correlated with

patient BMI levels (P<0.05; r=0.9996). See Figure 14 (C).

The presence of Haemophilus influenzae (BP) correlated with patient BMI (P<0.005;
r=-0.9425) while Haemophilus influenzae (CP) correlated with patient BMI (P<0.05;
r=0.9848). See Figure 15 (A-B). The presence of Haemophilus influenzae (BP)
correlated with the presence of the cytokine IL-1 in the BAL (P<0.05; rs=-0.8214).
See Figure 15 (C).The presence of Haemophilus influenzae (BP) correlated with the

presence of the cytokine TNF-a in the BAL (P<0.05; r=-0.8021). See Figure 15 (D).
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Figure 11. Baseline BAL qPCR correlations. (A) Total bacteria (BP) levels correlated
with BAL macrophage percentage counts (P<0.01; rs=-0.8571). (B) Total Bacteria
(BP) correlated with BAL neutrophil percentage counts (P<0.05; rs=0.8333). (C)
Escherichia (CP) correlated with FEV-1 (P<0.05; r=-0.9540). (D) Bordetella (BP)
correlated with BAL IL-6 levels (P<0.05; r=0.8793). (E) Prevotella (BP) levels
correlated with BAL lymphocyte percentage counts (P<0.05; rs=-0.8857). (F)
Prevotella (CP) levels correlated with BAL neutrophil percentage counts (P<0.05;

re=-0.8333).
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Figure 12. Baseline BAL qPCR correlations. (A) Prevotella (CP) correlated with blood
eosinophil counts (P<0.0005; r=-0.9968). (B) Prevotella (CP) correlated with IL-1pB in
the BAL (P<0.005; rs=-0.9048). (C) Rothia (BP) correlated with FEV-1 (P<0.05;
r=0.9110). (D) Micromonospora (BP) correlated with total blood IgE levels (KU/L)
(P<0.05; rs=0.8857). (E) Fungal presence as determined by the gPCR primer Fungi
Quant correlated with oral steroids (mg) (P<0.05; r=-0.9990).

229



>

334

Pseudomonas fluorescens (BP)
Cycle Threshold
(abundance)

9
1

31

P<0.05
r=0.9250

O

(abundance)

Blood Eosinophils (10%/L)

P<0.05
r=0.7398

Pseudomonas fluorescens (BP)
Cycle Threshold

m

(abundance)

T T T T 1
1 2 3 4 5

IL-6 BAL (pg/ml)

P<0.05
r4=0.7306

Pseudomonas fluorescens (CP)
Cycle Threshold

T T T
0.0 0.5 1.0 1.5 20

TNF-a. BAL (pg/ml)

@
iy

Cycle Threshold
(abundance)
2
1

L]

Pseudomonas fluorescens (CP) (1]

P<0.05
1,=0.8407
30 T T T T 1
0.0 0.2 04 0.6 0.8 1.0
Blood Eosinophils (1 DQIL)

o
) 33
w
<
8 o 324 Py [
iy
S B E 310"
S =
& £E
g 0 3 307
s 82
§O 2 P<0.05
3 r,=0.8167
3 28 T T T 1
a 0 200 400 600 800

-

Cycle Threshold
(abundance)
w
T

IL-8 BAL (pg/ml)

P<0.05
r=-0.9975

Mycoplasma pneumoniae (CP)

5 10 15 20
Monocytes (BAL %)

Figure 13. Baseline BAL qPCR correlations. Pseudomonas fluorescens (BP) presence

correlated with blood eosinophil counts (10°/L) (P<0.05; r=0.9250) (A). P.

fluorescens (CP) presence correlated with blood eosinophil counts (10°/L) (P<0.05,

r<=0.8407) (B). P. fluorescens (BP) presence correlated with the presence of the

cytokine IL-6 in the BAL (P<0.05; r=0.7398) (C). P. fluorescens (CP) presence

correlated with the presence of the cytokine IL-8 in the BAL (P<0.05; r,=0.8167) (D).

P. fluorescens (CP) presence correlated with the presence of the cytokine TNF-a in

the BAL (P<0.05; rs=0.7306) (E). Mycoplasma pneumoniae (CP) presence correlated

with BAL monocyte percentage counts (P<0.05; r=-0.9975) (F).
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Figure 14. Baseline BAL qPCR correlations. Neisseria bacilliformis (CP) correlated
with total blood IgE levels (P<0.05; rs=0.7667) (A). Moraxella catarrhalis (BP)
presence correlated with the presence of the cytokine IL-8 in the BAL (P<0.05;
r=0.7116) (B).The presence of Streptococcus pneumoniae (CP) correlated with

patient BMI levels (P<0.05; r=0.9996) (C).
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Figure 15. Baseline BAL qPCR correlations. The presence of Haemophilus influenzae
(BP) correlated with patient BMI (P<0.005; r=-0.9425) (A). Haemophilus influenzae
(CP) correlated with patient BMI (P<0.05; r=0.9848) (B). The presence of
Haemophilus influenzae (BP) correlated with the presence of the cytokine IL-1B in
the BAL (P<0.05; rs=-0.8214) (C). The presence of Haemophilus influenzae (BP)
correlated with the presence of the cytokine TNF-a in the BAL (P<0.05; r=-0.8021)
(D).
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Focusing on BAL obtained post Omalizumab treatment it was observed that the
presence of Total Bacteria correlated with BAL neutrophil percentage counts
(P<0.05; rs=-0.7619). See Figure 16 (A). Total bacteria also correlated with BAL IL-6
cytokine levels (P<0.05; rs=-1). See Figure 16 (B). The presence of Firmicutes (BP)
correlated with BAL IL-6 cytokine levels (P<0.05; rs=-0.9429). See Figure 16 (C). The
presence of Bordetella (CP) correlated with the BAL neutrophil percentage counts
(P<0.05; rs=0.8095). See Figure 16 (D). The presence of Prevotella (BP) correlated
with BAL neutrophil percentage counts (P<0.0005; rs=-1). See Figure 16 (E). The
presence of Prevotella (BP) correlated with the cytokine IL-6 in the BAL (P<0.05; rs=-
0.9429). See Figure 16 (F). The presence of Veillonella (BP) correlated with BAL
cytokine IL-6 levels (P<0.05; rs=-0.9429). See Figure 16 (G). The presence of
Micromonospora (CP) correlated with BAL monocyte percentage counts (P<0.05; r=-

0.9502). See Figure 16 (H).

Pseudomonas fluorescens (BP) correlated with patient BMI (P<0.005; rs=0.8833) as
did Pseudomonas fluorescens (CP) (P<0.05; rs=0.7269). See Figure 17 (A-B). P.
fluorescens (BP) presence correlated with the BAL cytokine IL-8 (P<0.005; rs=-
0.8667). See Figure 17 (C). P. fluorescens (CP) correlated with the BAL cytokine IL-8
(P<0.05; rs=-0.7857). See Figure 17 (D). P. fluorescens (BP) correlated with BAL IL- 13
cytokine levels (P<0.05; rs=-0.7619). See Figure 17 (E). Staphylococcus aureus (BP)
correlated with BAL lymphocyte percentage counts (P<0.05; r=-0.7620). See Figure
17 (F).

Both Moraxella catarrhalis (BP) (P<0.05; rs=0.8571) and Moraxella catarrhalis (CP)
(P<0.05; r=0.7104) correlated with patient BMI levels. See Figure 18 (A-B).
Moraxella catarrhalis (BP) (P<0.05; rs=-0.8571) and Moraxella catarrhalis (CP)
(P<0.05; rs=-0.7619) correlated with the levels of BAL cytokine IL-8. See Figure 18
(C-D).

Haemophilus influenzae (CP) correlated with patient BMI (P<0.05; r=0.7340). See
Figure 19 (A). Haemophilus influenzae (BP) (P<0.05; rs=-1) and Haemophilus
influenzae (CP) (P<0.05; rs=-0.7500) correlated with the BAL cytokine IL-8. See
Figure 19 (B-C).
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Figure 16. Post-Omalizumab BAL qPCR correlations. Total Bacteria correlated with BAL
neutrophil percentage counts (P<0.05; rs=-0.7619) (A) and BAL IL-6 cytokine levels
(P<0.05; rs=-1) (B). The presence of Firmicutes (BP) correlated with BAL IL-6 cytokine
levels (P<0.05; rs=-0.9429) (C). The presence of Bordetella (CP) correlated with the
BAL neutrophil percentage counts (P<0.05; rs=0.8095) (D). The presence of
Prevotella (BP) correlated with BAL neutrophil percentage counts (P<0.0005; rs=-1)
(E). Prevotella (BP) correlated with the cytokine IL-6 in the BAL (P<0.05; rs=-0.9429)
(F). The presence of Veillonella (BP) correlated with BAL cytokine IL-6 levels (P<0.05;
rs=-0.9429) (G). The presence of Micromonospora (CP) correlated with BAL
monocyte percentage counts (P<0.05; r=-0.9502) (H).
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Figure 17. Post-Omalizumab BAL qPCR correlations. Pseudomonas fluorescens (BP)
correlated with patient BMI (P<0.005; rs=0.8833) as did Pseudomonas fluorescens
(CP) (P<0.05; rs=0.7269) (A-B). P. fluorescens (BP) presence correlated with the BAL
cytokine IL-8 (P<0.005; rs=-0.8667) (C). P. fluorescens (CP) correlated with the BAL
cytokine IL-8 (P<0.05; rs=-0.7857) (D). P. fluorescens (BP) correlated with BAL IL- 13
cytokine levels (P<0.05; rs=-0.7619) (E). Staphylococcus aureus (BP) correlated with
BAL lymphocyte percentage counts (P<0.05; r=-0.7620) (F).
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BMI levels (A-B). Moraxella catarrhalis (BP) (P<0.05; rs=-0.8571) and Moraxella

catarrhalis (CP) (P<0.05; rs=-0.7619) correlated with BAL cytokine IL-8 (C-D).

236



>

o 401

e

L)

N2 _ 354 ¢

£ 05

L G

S 9 s

=Sl

S £ 7T 30

w5

3903

'—_— 0 ®©

S 257

é—o

% ° r=0.7340

I 20 T T T T 1
0 10 20 30 40 50

BMI (kg/m?)

& 40 P<0.05

% r'S:_

N E 35_

cO%

0L 5

=]

TSl

£ £ T 30-

oF §

S29

£88 25

&0

£

&

T 20 T T 1
0 1000 2000 3000

IL-8 BAL (pg/ml)

a 40 P<0.05

= o rs=-0.7500

ST 357

o —

g &8

g ¢ § 307

£ |‘E "g o

_g o 3 25

'E O @

Yo

o9 204

E

8

T 15 T T 1
0 1000 2000 3000

Figure 19. Post-

IL-8 BAL (pg/ml)

Omalizumab BAL gPCR correlations. Haemophilus influenzae (CP)

correlated with patient BMI (P<0.05; r=0.7340) (A). Haemophilus influenzae (BP)

(P<0.05; rs=-1)

and Haemophilus influenzae (CP) (P<0.05; rs=-0.7500) correlated

with the BAL cytokine IL-8 (B-C).

237



5. Discussion

Asthma treatment

Asthma patients are frequently prescribed inhaled corticosteroids (ICS) and/or a
combination of long acting B-agonist (LABA) bronchodilators. However within
approximately 10% of the asthmatic population further additional therapy is
required in order for these patients to establish control of their asthma symptoms,
improve lung function and reduce the number of exacerbations suffered’. It is
believed that approximately 5-10% of asthma patients can be classified as severe
asthmatics and it is believed that within this population over 50% can be classified
as allergic IgE mediated asthmatics®. As IgE plays such a pivotal role in allergic
asthma therapies targeting IgkE are of interest in the advancement of asthma care.
Upon allergen exposure, circulating allergen specific IgE binds to the F.RI receptors,
on immune cells such as mast cells and basophils, leading to crosslinking and

release of inflammatory mediators®

Monoclonal antibody therapy

Monoclonal antibodies has emerged as a promising therapeutic strategy for asthma
patients who suffer from difficult to control asthma symptoms despite the use of
treatment options such as inhaled corticosteroids and long acting beta agonists?®.
The humanised monoclonal antibody against immunoglobulin E (IgE) (Omalizumab;
Xolair®, Novartis) shows promise as an emerging treatment strategy for severe,
poorly controlled asthmatics?°. Our study consisted of a well-defined severe asthma
cohort in which bronchoscopy was carried out pre and post treatment with the
humanised monoclonal antibody Omalizumab (Xolair®, Novartis) which binds to the
constant region of circulating IgE molecules, preventing the free Igk from binding to
high and low affinity IgE receptors present in certain inflammatory cells’. Little is
known as to its effect on the lung microbiome. Our aim was to elucidate potential
differences in microbial diversity in a cohort of well-defined severe asthmatics after

treatment with Omalizumab.
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Omalizumab and its effect on patient clinical parameters

The study cohort consisted of nine adult GINA 5 asthma patients; 7 females and 2
males. With respect to systemic steroids 5 patients were in receipt of oral steroids
(median 15; min 7.5 — max 20mg) at time of baseline bronchoscopy and 4 patients
were in receipt of oral steroids (median 15; min 5 — max 15mg) at follow-up
bronchoscopy displaying an overall reduction in the number of patients requiring
oral steroids and a marked reduction in the prescribed mg volume per patients still
in receipt of oral steroids. While systemic steroids, often prescribed in the form of
oral treatment, are utilised for the management of severe asthma exacerbations
and long term management of severe, difficult to treat asthma there are risk factors
associated with their use?. Longitudinal studies by Bourdin et al., have
documented a cohort of moderate to severe asthmatics over a period of twenty
years and have found links between systemic steroid use and the increased risk of
mortality?2. While Lee et al., have demonstrated a significant finding that a
potential dose-response relationship exists whereby there is an increase in
mortality risk with an increase in the prescribed dose of systemic steroids in asthma
patients?3. Therefore due to increased risk associated with long term systemic
steroids and the increasing risk dependent on prescribed dose it is promising to see
data from this cohort of severe, adult asthmatics whereby upon receipt of the
monoclonal antibody Omalizumab there was a marked overall reduction in oral
steroid use. Results from this study cohort align with a recent statement released
by the European Respiratory Society and the European Academy of Allergy and
Clinical Immunology recommending that systemic steroid use is avoided in favour
of high dose inhaled corticosteroids, long acting beta agonists and long acting

muscarinic antagonist combinations as well as the use of biologicals?*.

With respect to the use of inhaled corticosteroids within this severe asthma cohort
all 9 patients were in receipt of inhaled corticosteroids at baseline bronchoscopy
(median 1000 FDP; min 800 — max 1000 FDP) and at follow-up bronchoscopy
(median 1000 FDP; min 800 — max 1000 FDP). The number of patients in receipt of
inhaled corticosteroids (FDP) remained consistent at baseline and follow-up

bronchoscopy and the inhaled corticosteroid (FDP) dose prescribed also remained
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the same for patients when comparing their prescribed ICS (FDP) dose at baseline
bronchoscopy and at their follow-up bronchoscopy indicating that the use of the
anti-IgE monoclonal antibody did not result in a change in the patients prescribed

inhaled corticosteroid dose.

Upon analysis of the patient ACQ-7 data it was revealed that at follow-up
bronchoscopy those who underwent the ACQ-7 survey still considered themselves
to be uncontrolled asthmatics (ACQ-7>1.5) [mean (SD)] [2.9 (0.8)]; [median (IQR)]
[2.9 (2.2-3.5)]. However when patients FEV-1 % predicted results were analysed at
baseline [mean (SD)] [51.6 (22.7)] ; [median (IQR)] [49.0 (28.3-75.0)] and at follow-
up bronchoscopy after patients were in receipt of the anti-IgE monoclonal antibody
Omalizumab there was an increase in the FEV-1 % predicted [mean (SD)] [54.9
(18.0)]; [median (IQR)] [59.0 (38.0-66.5)]. So while interpreting these spirometry
results in accordance to Irish Thoracic Society guidelines the patients FEV1/FVC ratio
is below 70%, leading to a diagnosis of respiratory disorders such as asthma there is

an improvement overall in the patients ability to exhale air quickly?®.

With respect to patient BMI it was observed that patient BMI remained consistent
at baseline bronchoscopy [mean (SD)] [33.5 (8.4)]; [median (IQR)] [35.1 (25.5-41.7)]
and at follow-up bronchoscopy post Omalizumab treatment [mean (SD)] [33.5

(8.3)]; [median (IQR)] [34.4 (25.7-41.2)].

See Table 1 for the further breakdown of the patient cohort demographics.

Omalizumab and the immune cells of the BAL

Through the use of differential staining methods and microscopy it was possible to
comprehensively determine the immune cell percentage counts of monocytes,
macrophages, lymphocytes, eosinophils and neutrophils at baseline bronchoscopy
and at follow-up bronchoscopy post-anti-IgE therapy. Upon analysis of the immune
cell percentage counts it was found that while differences may exist with respect to
individual patient’s percentage of specificimmune cells prior to and post-anti-IgE

therapy when the overall patient cohort was examined no statistically significant
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difference was observed post-anti-IgE therapy when compared to the cohorts
immune cell percentage counts prior to therapy. See Figure 4 for overall BAL
immune cells pre- and post- anti-IgE therapy. See Figure 5 for immune cell

differential counts pre- and post- anti-IgE therapy for patients individually.

BAL immune cells and BAL microbes

The BAL immune cell percentage counts were analysed with respect to the BAL
gPCR microbiome data and it was revealed that correlations were present at
baseline bronchoscopy with regards to macrophages and Total Bacteria (P<0.01;
rs=-0.8571), monocytes and Mycoplasma pneumoniae (P<0.05; r=-0.9975),
lymphocytes and Prevotella (P<0.05; rs=-0.8857) and neutrophils and Total Bacteria
(P<0.05; rs=0.8333) and Prevotella (P<0.05; rs=-0.8333). See Figure 11 and Figure 13.
At follow-up bronchoscopy correlations were found with regards to the immune
cell percentage of monocytes and Micromonospora (P<0.05; r=-0.9502),
lymphocytes and Streptococcus aureus (P<0.05; r=0.7620) and neutrophils and
Total Bacteria (P<0.05; rs=-0.7619), Bordetella (P<0.05; rs=0.8095) and Prevotella
(P<0.0005; rs=-1). See Figure 16 and Figure 17.

Investigating the potential differences in the bacteria pellet and cellular pellet

microbiota

An interesting observation of bacteria present both freely and within macrophages
while carrying out immune cell percentage count on the differentially stained BAL
cytospin slides lead to an alteration on previous patient sample processing. The cell
pellet from the 500g 10 minute original BAL centrifugation was saved for DNA
isolation and gPCR analysis in order to investigate the potential intracellular
microbiota of the BAL. This addition to the protocol has led to many interesting
observations. For example, bacterial species which may have been poorly expressed
within the bacteria pellet sample which is the ‘free bacteria’ within the BAL sample

may be highly expressed within the cell pellet sample or vice versa.
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Baseline qPCR microbiota bacteria pellet and cellular pellet differences

Bacteria pellet and cellular pellet fraction microbiota differences were observed
within the baseline gPCR results in many cases, especially in case of Bordetella
where 56% (5/9) of patients had detectable Bordetella by qPCR within the bacteria
pellet (BP) sample, however within the cell pellet (C) sample no patient had
detectable Bordetella. See Table 2. The reverse was observed in Staphylococcus
aureus gPCR detection where no patients had detectable Staphylococcus aureus
within their bacteria pellet (BP) sample however it was detectable within 33% (3/9)
of patients cell pellet (CP) samples. See Table 2. Focusing on fungal species it was
observed that within the bacteria pellet (BP) samples 56% (5/9) of patients had
detectable Aspergillus fumigatus however within the cell pellet (CP) Aspergillus

fumigatus was detectable in 89% (8/9) of patients.

Omalizumab treated patient BAL qPCR bacteria pellet and cellular pellet

differences

Within the BAL samples obtained at the post-Omalizumab treatment bronchoscopy
there were once again differences between the bacteria detected within the
bacteria pellet (BP) DNA samples and within the cell pellet (CP) DNA samples. For
example, Pseudomonas aeruginosa was undetectable within the Omalizumab
treated patient BAL BP samples however it was detectable in 44% (4/9) of patients
CP samples. See Table 2. Haemophilus influenzae was detectable in 56% (5/9) of
patient BP samples however it was detectable in 100% (9/9) of patient CP samples.
See Table 2. Investigating the fungal species Aspergillus fumigatus post-
Omalizumab treatment it was seen that within patient BP 33% (3/9) had detectable
Aspergillus fumigatus while within the CP it was detectable in 78% (7/9) of patients.
While the study cohort of n=9 is a moderate cohort number the importance of
investigating both the bacteria pellet and cellular pellet fractions of the BAL is
highlighted. See Table 2. See Figure 9 and Figure 10 for qPCR detection of bacteria
and fungi species within the asthmatic patient BAL bacteria pellet and cellular pellet

fractions at baseline and follow-up bronchoscopy.
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The role of macrophages in the microbe immune response

Macrophages, major immune sentinel cells, play a key role in promoting the
immune response to microorganisms through the release of cytokines, shaping the
immune cascade of other cells and physically sensing and eradicating invading
microbes, thus protecting the host with a wide range of antimicrobial defence
mechanisms®>. Macrophages possess the ability to phagocytose bacteria, creating a

highly acidic organelle with strong antimicrobial effects?.

Bacteria however have developed mechanisms to survive within this hostile cell
environment, for example Staphylococcus aureus uses the GraXRS regulatory
system to sense and adapt to the hostile, acidic phagolysosome environment
present within macrophages?®. Extracellular bacteria are fully exposed to the
immune cells in a host and the resulting immune protection mechanisms.
Intracellular bacteria however have the ability to evade host immune cell detection
by hiding within the host immune cells such as macrophages, colonising two distinct
regions of the host cell, the cytosol or the vacuole and even possess the
mechanisms required to replicate within macrophages. While host cells possess
mechanisms such as apoptosis, programmed necrosis and pyroptosis to destroy this
replication niche of the intracellular bacteria, the intracellular bacteria can block,
delay or hijack immune cell death as a means of escape into the host, while
reducing the numbers of immune cells available to fight against infection. This
unique replication niche awards intracellular bacteria an competitive advantage
over extracellular bacteria, thus pathogenic intracellular bacteria can significantly

contribute to morbidity and mortality in a wide range of diseases?>.

With regards to fungal species it has recently been shown that macrophages can
inhibit Aspergillus fumigatus germination and neutrophil-mediated fungal killing?’.
Studies have utilised zebrafish larvae to visualise and quantify the behaviour of
macrophages and neutrophils with respect to the inoculation of fungal Aspergillus
fumigatus spores. While strains which were fast germinators were cleared quickly,
slower growing Aspergillus fumigatus strains persisted longer. Macrophages can

inhibit Aspergillus spore germination by forming tight clusters around the spores
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thus preventing neutrophil recruitment and neutrophil mediated killing of the A.
fumigatus as without spore germination of the Aspergillus fumigatus neutrophils
are not recruited which results in the macrophages acting as a protective niche for
the A. fumigatus by preventing fungal germination in this case and awarding
Aspergillus fumigatus virulence factors. The authors of this paper describe this
development as being similar to aspergillomas found in human patients. It should
be noted however that further research into this phenomenon is required as the
authors of the study have at present only utilised zebrafish model systems to

investigate the effect of fungal spores on neutrophil and macrophage action?’.

While it is acknowledged that the cohort of nine patients is a moderate cohort
number this study has highlighted the fact that through carrying out differential
centrifugation of the BAL samples to isolate the bacteria and cell DNA pellets more
novel insights into the mechanisms both the host and the microorganism employ in

their daily interactions will be further elucidated.

The microbiome pre- and post-anti-IgE Omalizumab therapy

Focusing on the differences in microbial populations pre and post treatment with
the monoclonal antibody Omalizumab (Xolair®) it has been noted in this study that
there are clear differences pre and post treatment within the diversity of certain
microbes. While many microbes such as Prevotella, Veillonella and Neisseria
bacilliformis remained at consistent levels within the patient cohort irrespective of
treatment other microbes were present at altered amounts at follow up

bronchoscopy.

Pseudomonas aeruginosa detection in the cell pellet samples increased from 11%
(1/9) in the baseline BAL samples to 44% (4/9) in the post treatment BAL samples.
Bordetella decreased from 56% (5/9) to 22% (2/9) patient detection in the bacteria
pellet samples however Bordetella in the cell pellet samples which was
undetectable at baseline bronchoscopy was detectable in 89% (8/9) of the post

treatment bronchoscopy samples. Chlamydophilia pneumoniae detection increased
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from 22% (2/9) to 67% (6/9) in the BP samples and from 11% (1/9) to 87% (8/9) in
the CP samples. Staphylococcus aureus also increased in the post treatment
bronchoscopy samples from no detection at baseline BP to 78% (7/9) BP detection
post treatment. Neisseria meningitidis also dramatically increased post treatment,
with an increase from 11% (1/9) to 78% (7/9) in the BP samples and 22% (2/9) to
100% (9/9) in the CP samples. Streptococcus pneumoniae increased in the CP
samples from 33% (3/9) to 89% (8/9) while the BP detection remained the same
irrespective of treatment. Micromonospora decreased in the CP samples post
treatment with detection falling from 89% (8/9) to 56% (5/9) and Aspergillus
fumigatus was also seen to decrease in the BP samples from 56% (5/9) to 33%

(3/9).

The increased prevalence of bacteria such as Pseudomonas aeruginosa, Bordetella,
Chlamydophilia pneumoniae, Staphylococcus aureus, Neisseria meningitidis, and
Streptococcus pneumoniae within the cohort at follow up bronchoscopy post
treatment with the monoclonal antibody Omalizumab is of great interest as a
number of these bacteria are responsible for causing lung infections such as
pneumoniae?®?°, However it should also be noted that a reduction of Haemophilus
influenzae, Mycoplasma pneumoniae and BAL bacteria pellet detected Bordetella
was found at follow-up bronchoscopy prior to Omalizumab treatment. Overall
patients appear to respond positively to treatment with Omalizumab, notably with
respect to a reduction in the requirement of oral steroids as part of the patient
treatment plan and an overall improvement in the patient FEV1 percent predicted
value at follow-up bronchoscopy. Therefore further research with respect to the
potential interaction or effect Omalizumab may play with regards to the overall
microbial diversity observed within the lungs of asthmatic patients is needed and
guestions as to whether an improvement in asthma symptoms may lead to
potential changes in the microbial diversity observed within such patients BAL is an
interesting avenue of future research. Previously published studies have
demonstrated significant differences within the bronchial microbiome dependent
upon asthma clinical grouping with Th-2 high asthma patients displaying a lower

bronchial bacterial diversity when compared to other asthma groups3°.
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Comparing the statistically significant correlations present between BAL gPCR data
and data such as patient demographics it was seen that while FEV-1 correlated with
Escherichia (CP) and Rothia (BP) and oral steroids correlated with fungal presence
(Fungi Quant) both FEV-1 and oral steroids did not correlated with microbial gPCR
species post Omalizumab treatment. Inhaled corticosteroids did not correlate with
microbial gPCR results before or after Omalizumab treatment. With respect to
macrolide therapy there was no statistically significant difference between the
gPCR microbiome results for patients in receipt of Azithromycin and patients who

did not receive Azithromycin.

The microbiome of the lung is of increasing interest in the field of respiratory
research. Overall this study highlights the importance of investigating the effects
asthma treatments such as Omalizumab may have on lung microbial diversity.
Investigating both the bacteria pellet and cell pellet DNA samples led to interesting

observations which should be investigated further.
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6. Supplementary

Supplementary table 1 Validated primer sequences utilised for the detection of

microorganisms of interest. Note K=G or T, R=A or G, S=G or C, W=A or T following

IUPAC code.
Primer Sequence Reference
Total Bacteria F-Bact-1369 5’-CGGTGAATACGTTCCCGG-3’ 3
R-Prok-1492 5-TACGGCTACCTTGTTACGACTT-3’
Total Bacteria Probe P-TM1389F 5’-CTTGTACACACCGCCCGTC-3’
Firmicutes Firm-L 5’- GGAGYATGTGGTTTAATTCGAAGCA-3’ 2
Firm-R 5’- AGCTGACGACAACCATGCAC-3’
Staphylococcus aureus Sa-pl-47-L 5’-ATGCATAGCCGACCTGAGAG-3’ NCBI:txid1280
Sa-pl-47-R 5’- AGGAGTCTGGACCGTGTCTC-3’
Streptococcus S.pneu-pl-52-L 5’-GCAAGGTATGCAGGAATCGT-3’ Modification on
pneumoniae Streptococcus
pneumoniae alpha
fucosidase gene
NCBI:txid488222
S.pneu-pl-52-R 5’-TCGCTTGAGTATGAACCAACC-3’
Rothia Rothia-Spp-L 5’-GCCTGGGAAACTGGGTCTAAT-3’ 3
Rothia-Spp-R 5’-CAAGCTGATAGGCCGTGAG-3’

Micromonospora

Mimo16S-pl-39-L

5’-GGTACAATGGGCTGCGATAC-3’

Modification on
Micromonospora strain
ATCC 27029
NCBI:NR_074415.1

Mimo16S-pl-39-R

5’-CGAACTGAGACCGGC -3

Pseudomonas aeruginosa | ORPL-pl-11-L 5’-CCAGAGCCATGTTGTACTCG-3’ 3435 Modification on
Pseudomonas
aeruginosa Outer
Membrane Protein L
NCBI:txid205922

ORPL-pl-11-R 5’-ACACGCGAAAGACCTGAAAG-3’
Pseudomonas fluorescens Pf-pl-66-L 5’-GACAGAATAAGCACCGGCTAA-3’ NCBI:txid294
Pf-pl-66-R 5-ACGCTTGCACCCTCTGTATT-3’

Escherichia UidA405-pl-9-L 5’-CTGATAGCGCGTGACAAAAA-3’ Modification on Beta-
glucuronidase protein,
Uid A405 gene
NCBI:txid83333

UidA405-pl-9-R 5'-CGGTTCGTTGGCAATACTC-3’

Bordetella Bordetella-pl-45-L 5-GAGCCATTGTCGGTGAGC-3’ NCBI:txid517
Bordetella-pl-45-R 5’-CGCAGTGGCCTACTACCAG-3’

Prevotella Prevotella-pl-66-L 5’-TGCAGGTACCGCATGAATAA-3’ NCBI:txid838
Prevotella-pl-66-R 5’-CCGGACCTTCCGTATTACC-3’

Veillonella Veillonella-L 5’-CCGTGATGGGATGGAAACTGC-3’ 36
Veillonella-R 5’-CCTTCGCCACTGGTGTTCTTC-3’

Mycoplasma pneumoniae Myco.pneu-pl-16-L 5’-AGACACGGCCCATACTCCTA-3’ Greengenes

GenBank: CP017343.1

Myco.pneu-pl-16-R

5’-CAAGCTTTCGCTCATTGTGA-3’
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Chlamydophilia C.pneu-pl-45-L 5’-CGTGAGATGGAGCAAATCCTA-3’ Greengenes
pneumoniae GenBank: CP001713.1
C.pneu-pl-45-R 5’-ACTTCATGTAGTCGAGTTGCAGA-3’

Neisseria bacilliformis Nb-pl-8-L 5’-TGCGTAGAGATGTGGAGGAAT-3’ Greengenes
NCBI:txid267212
Nb-pl-8-R 5’-CTGTTTGCTACCCACGCTTT-3’
Moraxella catarrhalis Mc-pl-66-L 5’-CACAGAATAAGCACCGGCTAA-3’ Greengenes
GenBank: CP010573.1
Mc-pl-66-R 5’-ACGCTTGCACCCTCTGTATT-3’

Neisseria meningitidis

N.meningitidis-pl-9-L

5’-ATTCCACTACGGCAAACACC-3’

37 Modification on
Neisseria meningitidis
SodC gene
NCBI:txid487

N.meningitidis-pl-9-R

5'-TCGGTGCCTTTGATTTGATT-3’

Haemophilus influenzae

H.influ-pl-98-L

5'-AGCTGGTAAAGGTGTTGATGC-3’

Modification on
Peptidoglycan
associated outer
membrane lipoprotein-
OMP P6

NC_000907.1

H.influ-pl-98-R

5'-GCAGGTTTTTCTTCACCGTAA-3’

Fungi Quant

Fungi Quant-F

5’-GGRAAACTCACCAGGTCCAG-3’

38

Fungi Quant-R

5'GSW CTA TCC CCA KCA CGA-3’

Aspergillus fumigatus

OliAFMB-L-pl-103

5’-AGC ACG GCT TGT GTG TTG -3’

Modification on
Aspergillus ITS
KT358862 *

OliAFMB-R-pl-103

5'-GGG TGA CAA AGC CCCATA C-3’
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Chapter 6

The Microbiome of the Lung

A study into the effect of anti-IL-5 therapy on the lung

microbiome in a cohort of adult asthmatic patients
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1. Abstract

Background: The cytokine IL-5 is highly involved in eosinophilic development. IL-5
monoclonal antibodies result in downregulation of the eosinophilic inflammatory
pathway and have demonstrated clinical benefit in patients with severe,
eosinophilic asthma. Our aim was to investigate if anti-IL-4 treatment induced

changes in the airway microbiome in severe asthmatics.

Methods: Eight well characterised severe asthmatic patients underwent
bronchoscopy with broncholaveolar lavage (BAL) pre-anti-IL-5 monoclonal antibody
therapy with follow up bronchoscopy within 2 years of first starting anti-IL-5
monoclonal therapy (Reslizumab). Molecular analyses of the BAL composition by

gPCR pre- and post- anti-IL-5 therapy was performed.

Results: Anti-IL-5 therapy reduced BAL eosinophil counts (7.1% to 0.4%).
Differences were also observed in the detection of bacterial strains after anti-IL-5
therapy. The largest increases were seen in M. pneumoniae (25% to 75%), N.
meningitidis (38% to 100%) and H. influenzae (63% to 100%) in BAL by qPCR. At
follow up bronchoscopy BAL monocyte cell counts positively correlated with M.
pneumoniae presence (P<0.01; rs=0.9856). At baseline N. meningitidis negatively
correlated with monocyte cell counts (P<0.05; r=-0.9991), positively with
lymphocyte cell counts (P<0.05; r=0.9979) and negatively with eosinophil counts
(P<0.05; r=-0.9994) but not at follow up. Decreased levels of S. aureus (100% to

50%) and N. bacilliformis (88% to 50%) were also observed following therapy.

Conclusions: Anti-IL-5 therapy modulated the composition of the lung microbiota in
severe asthma. Monitoring of the lung microbiome during treatment may allow for
identification of therapeutic benefit but also susceptibility to respiratory tract
infections. Further understanding of the lung microbiota may aid in the
improvement of outcomes for patients diagnosed with respiratory conditions such

as asthma.
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2. Introduction

Monoclonal antibody therapy offers a highly specific means of treatment for a vast
array of diseases and has greatly gained traction within the last thirty years
becoming successful treatment options for patients with autoimmune and
inflammatory diseases'. Monoclonal antibodies have a long serum half-life which
allows for the therapy to be administered at a less frequent rate as would be the
case with other treatment options making the administration of monoclonal
antibodies an attractive means of treatment for a number of diseases®. While the
use of monoclonal antibodies as a treatment option is expensive the resultant
benefit of such therapies in inflammatory diseases such as severe asthma can often
outweigh the cost of the treatment as patients who have their asthma symptoms
under control are likely to experience less exacerbations, are likely to experience
less time missed from work, less doctor and hospital admissions and overall
patients often experience a better quality of life?. Severe asthma, while affecting 5-
10% of the overall asthma population, accounts for approximately 50% of the direct

and indirect costs associated with asthma3.

The global prevalence of asthma in adults is approximately 4.5% which translates to
300 million people worldwide with asthma and the prevalence of asthma is often
seen to be increased in western countries where the prevalence rate can be as high
as 21.5% within a population?. While patients can experience specific symptom
fluctuations such as triggers like allergens or cold air or a general worsening of
symptoms at night or early morning, most asthmatic patients are equipped to keep
such occurrences under control thanks to inhaled corticosteroids (ICS)and long
acting beta agonists (LABA) which can improve lung function and reduce the rate of

exacerbations?*.

However within the asthma population 5-10% of patients can be defined as having
severe asthma where either persistent symptoms or exacerbations occur despite
the use of maximal maintenance medications such as inhaled corticosteroids and
long acting beta agonists or rescue medications such as short acting beta agonists

and oral steroids?°. In severe asthma where a marked reduction in the burden of

255



the disease is not often seen and in consequence risk of morbidity and mortality is

higher treatment options such as monoclonal antibodies can offer a lifeline?.

Several endotypes are recognised within severe asthma which can then be
characterised by the shared presence of cellular and molecular biomarkers which
can be beneficial in the development of novel therapies for this population and at
present several monoclonal antibodies targeting inflammatory pathways are
commercially available2. 40-60% of severe asthma patients suffer from
eosinophilic airway inflammation, a well-defined endotype of severe asthma®.
Monoclonal antibodies which target this have recently become available for use as
adjunctive therapy options. Three such monoclonal antibody therapies which have
received FDA (USA) and EMA (Europe) approval are Nucala®/Mepolizumab
(GlaxoSmithKline) and Cingaero®/Reslizumab (Teva Pharmaceutical Industries)
which can be described as anti-IL-5 monoclonal antibodies and
Fasenra®/Benralizumab (AstraZeneca) which can be described as an anti-IL-5R

monoclonal antibody, targeting the a chain of the IL-5 receptor?®.

IL-5 is a homodimeric cytokine, secreted by eosinophils, basophils, T cells, mast cells
and Type 2 innate lymphoid cells, which binds to the receptor IL-5Ra, activating the
high affinity IL-5R to transduce intracellular signals upon binding?!. The IL-5 cytokine
is highly involved in eosinophil development and pathobiology within humans?. As
about 50% of severe asthma exacerbations are eosinophilic in nature a reduction in
eosinophils within severe eosinophilic asthma patients with could potentially

reduce exacerbations’.

Mepolizumab (GlaxoSmithKline) and Reslizumab (Teva Pharmaceutical Industries)
are IL-5 antagonist monoclonal antibodies and both bind to soluble IL-5 which
inhibits the binding of IL-5 to its corresponding IL-5 surface receptors resulting in
the downregulation of the IL-5 eosinophil inflammatory pathway. Mepolizumab is
administered to patients subcutaneously or intravenously while Reslizumab is
administered to patients intravenously?°. A schematic depicting monoclonal
antibody interaction in the case of Mepolizumab and Reslizumab can be seen in

figure 1.
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Eosinophils ®ee”

Figure 1. Monoclonal antibody interaction. Mepolizumab and Reslizumab are two
monoclonal antibodies recently released for the treatment of asthma.
Mepolizumab and Reslizumab target free IL-5 cytokines, binding to the IL-5 cytokine
molecules in order to prevent IL-5 cytokines binding to the IL-5 receptor present on
eosinophils, thus preventing the downstream effects of growth activation and
differentiation of eosinophils, a consequence of IL-5 binding to the IL-5 receptor on

these immune cells. Figure adapted from Edris et al., Respiratory Research, 20192,

Benralizumab (AstraZeneca) binds to the IL-5 receptor on the a-chain and prevents
IL-5 from binding to its receptor which results in the inhibition of eosinophil
differentiation and maturation in the bone marrow®. Benralizumab also can bind to
the Rllla region of Fcy receptor on Natural Killer (NK) cells, macrophages and
neutrophils. This results in the induction of cell mediated cytotoxicity for both
circulating eosinophils and tissue resident eosinophils®. Benralizumab is
administered to patients subcutaneously®. A schematic depicting monoclonal

antibody interaction in the case of Benralizumab can be seen in figure 2.
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Figure 2. Interaction of the monoclonal antibody Benralizumab. The monoclonal
antibody Benralizumab binds to the alpha (a) chain of the IL-5 receptor which
enables the prevention of signal transduction. Benralizumab is also capable of
binding to Natural Killer Cells at the FcyllIRa receptor which enables the induction

of eosinophil apoptosis. Figure adapted from Edris et al., Respiratory Research,

20192

Study of the human lung microbiome in the context of pulmonary health and
disease is an area of emerging research interest that is being driven by several
contributing factors. These factors include increased recognition of the diversity of
human-associated microbiota, their roles in health and in disease associated with
chronic inflammation and advancements in technologies and tools that have
facilitated such discoveries about the microbiota in organ systems outside of the
lung®. Therefore through this study the microbiota of the asthma cohort will be
investigated with an emphasis on potential differences in the lung microbiome of

patients with severe asthma receiving novel treatment protocols.
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3. Methods

3.1. Patient recruitment

This study was approved by the Clinical Research Ethics Committee of the Cork
Teaching Hospitals. Eight adult patients with a history of asthma (either
documented change in FEV1 212%/200ml with bronchodilator or a positive
inhalation challenge) were recruited through a dedicated asthma clinic in a tertiary
referral centre, Cork University Hospital, by my clinical supervisor, Dr Des Murphy.
Baseline bronchoscopy and bronchoscopy post anti-IL-5 monoclonal antibody

treatment were performed by Dr Des Murphy.

Patients were scheduled for baseline bronchoscopy, with spirometry and ACQ-7
performed on the day of bronchoscopy. Written informed consent was obtained
from patients on the day of bronchoscopy. Spirometry, a widely used pulmonary
function test which measures the maximal volume of air an individual can inspire
and expire with maximal effort was performed according to ATS/ERS guidelines by
research nurses from the Cork Clinical Research Facility — CCRF immediately prior to
bronchoscopy®°. The Asthma Control Questionnaire (ACQ-7) consists of 7 items,
weighted equally, the mean of which is used to calculate the patients ACQ-7 score,
enabling the measurement of patient asthma control was carried out by research

nurses from the Cork Clinical Research Facility — CCRF prior to bronchoscopy!!13,

Patients underwent bronchoscopy according to standard guidelines'*. Flexible
bronchoscopy using video assisted imaging was performed under conscious
sedation with local anaesthetic applied topically to the vocal cords, trachea and
endobronchial tree. Bronchoalveolar lavage (BAL) was achieved through the
instillation of saline via the bronchoscope and this enabled the collection of
specimen directly from the endobronchial lumen for subsequent cytological and
microbiological investigation. Bronchoalveolar lavage (BAL) was obtained as a

standardised 180ml (3X60ml) sample from either the right middle lobe or lingula®®.

Patients were prescribed an anti-IL-5 monoclonal antibody as an adjunctive therapy

as part of their asthma treatment plan. Patients in this cohort were prescribed the
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anti-1L-5 monoclonal antibody Reslizumab (Cingaero®, Teva Pharmaceutical
Industries). Reslizumab was administered intravenously at a dedicated setting at

Cork University Hospital.

Patients were scheduled for follow-up bronchoscopy, with spirometry, ACQ-7 and
bloods taken on the day of bronchoscopy. Spirometry was performed according to
ATS/ERS guidelines °. Bronchoscopy was performed according to standard
guidelines!*. Bronchoalveolar lavage (BAL) was obtained as a standardised 180ml
(3X60ml) sample from either the right middle lobe or lingula as we have previously
described®. Further information with regards to asthmatic patient bronchoscopy

and patient sample collection protocols can be found in Chapter 2 Study Cohorts’.

3.2. Sample processing

After the bronchoscopy procedure was completed the patient BAL and bloods were
processed in a laminar flow hood under strict aseptic technique practices. 5ml of

the neat BAL was removed and aliquoted for future downstream processing.

Microscopic processing

Approximately 500-1000ul of neat BAL was also aliquoted into a 2ml screwcap tube
for cyto-centrifugation, to allow for microscopic examination and scoring of the BAL
sample. A Shandon CytoSpin 4 centrifuge (Thermo Scientific) was used and 200ul of
BAL was required per microscope slide. The machine was organised with the
labelled microscope slides and funnel system, using approximately 2-4 microscope
slides per patient. The samples were centrifuged at 400rpm for 2 minutes. The
cytocentrifuge deposited the cells into a clearly defined area of the glass
microscope while constructively flattening the cells to allow for clear nuclear

presentation.
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The slides then underwent staining procedures using a Kwik Diff commercial
staining kit (Thermo Scientific) and a Gram staining kit (Sigma Aldrich). The Kwik Diff
staining kit comprised of 3 reagents; methanol, xanthene dye in buffer salts and
thiazine dye in buffer salts. The reagents were added to three separate staining jars
and the microscope slides, with the deposited BAL cells were added to a slide rack
which was dipped into each of the reagents approximately 10-15 times, ensuring
excess reagent was allowed to drain back into the jar before moving to the next
staining jar. Upon the completion of the final staining step, the slides were rinsed
under deionised water and the slides were then air dried and cover slipped the

following day using DPX histology mountant (Sigma Aldrich).

Gram staining (Sigma Aldrich) to differentially stain for Gram positive and negative
bacteria took place as follows. The microscope slide with the deposited BAL sample
was first flooded with crystal violet for 1 minute before washing the slide gently
under an indirect stream of water for 2 seconds. The slide was then flooded with
Gram’s iodine for 1 minute before washing the stain as before. Acetone-alcohol
decolourised was used to flood the slide and allowed to sit for 15 seconds before
the slide was then flooded with the counterstain safranin and allowed to sit for 1
minute before the slide was washed gently under an indirect stream of water. The
slides were allowed to air dry and were cover slipped the following day using a DPX

histology mountant (Sigma).

DNA collection

Neat BAL was centrifuged at 500g for 10 minutes and the supernatant was
removed. While this did not occur for 4 baseline bronchoscopy BAL samples it was
decided that the cell pellet remaining after the BAL centrifugation should also be
analysed and so for following samples this procedure was adopted and the pellet
was re-suspended creating the cell pellet fraction (CP) for future DNA isolation and
analysis. The BAL supernatant was aliquoted into 2-5ml tubes for future analysis.
BAL supernatant was also aliquoted into 10-20 2ml screw cap microcentrifuge tubes

(Sarstedt) and centrifuged at 20,000g for 5 minutes. The supernatant of which was

261



aliguoted into 2ml tubes for future cell stimulations and the remaining pellets were
re-suspended and pooled together creating the bacteria pellet fraction (BP) for

future DNA isolation and analysis

Blood cytokine collection

Blood samples were collected in serum specific red and yellow capped Vacuette
tubes and plasma specific purple capped Vacuette tubes (Greiner Bio-One). The
inner wall of the serum specific tube was coated with silica particles which
activated the coagulation process and a specific separator gel at the base of the
tube formed a stable barrier during centrifugation to enable the serum and blood
cells to remain separate. The plasma specific Vacuette tube contained a coating of
either K2EDTA or K3EDTA which acted as an anticoagulant by binding calcium ions
to prevent the clotting cascade from taking place. Both tubes were centrifuged at
200rpm for 20 minutes and the serum and plasma was removed by pipetting and

stored in screw-cap microcentrifuge tubes.

All BAL and blood isolated samples were stored at -80°C for future processing and

analyses.
* 1ml Cytospin <€ 2 « 5ml Neat Supernatant
* 2slides stained — Kwik Diff -80°C

¢ 2slides stained— Gram
Centrifuge 500g x 10 min

. e 10-20 x 2ml aliquots

* 5mlaliquots f.or <€ > + Centrifuge 20,000g x 5 min
future analysis + Pool pellets -> Bacteria

Pellet

Re-suspend pellet -> Cell Pellet

Figure 3. Patient BAL processing schematic BAL processing began in the laboratory

on the day of bronchoscopy.
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3.3. Microscopy

BAL cytospin slides which were stained with the commercial differentiation staining
kit Kwik Diff (Thermo-Fischer) underwent differential cell counts using a light
microscope (Olympus or Leica DM750). Microscope slides were pictured using
Olympus DP software. Immune cell percentage counts of monocytes, macrophages,
lymphocytes, eosinophils and neutrophils took place over 10 random fields of view
per microscope slide, n=2 slides per patient. Microbes were visibly present within a
number of stain differentiated patient microscope slides both freely among the

immune cells and within the macrophages in certain cases.

3.4. DNA extraction

DNA extraction was carried out for both the BAL isolated bacteria pellet (BP)
sample and the BAL isolated cell pellet (CP) sample in order to investigate if there
was potential differences in bacteria free within the BAL sample and bacteria
potentially within the macrophage cell population. The DNA isolation protocol was
carried out the same way for both the BAL isolated bacteria pellet and the BAL
isolated cell pellet. To remove host cell DNA, BAL was centrifuged at 500g for 10
minutes, supernatant collected and centrifuged in 2ml screwcap microcentrifuge
tubes at 20,000g for 5 minutes. The supernatant was then removed and the

remaining bacteria pellets were recombined for DNA extraction.

DNA extraction took place using a QlAamp UPC Pathogen Mini Kit (Qiagen,
Manchester, UK). Patient bacteria pellet samples were centrifuged at 20,000g for 5
minutes, supernatant discarded and 500ul buffer ATL was used to re-suspend the
pellet which was then added to a pathogen lysis tube containing silica beads and
vortexed at 7000rpm for 1 minute using a MagNA Lyser machine. The tube was
then centrifuged at 8000g for 30 seconds and supernatant removed to a fresh
microcentrifuge tube without disrupting the silica beads. 40ul of Proteinase K was
added and the tube was vortexed and incubated at 56°C for 10 minutes. 200pl

buffer APL2 then added to the sample, the tube was vortexed and incubated at
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70°C for 10 minutes. 300l of ethanol was added to the lysate and the tube was
pulse vortexed for 30 seconds and the lysate was then transferred to a mini spin
column placed in a collection tube and centrifuged at 6000g for 1 minute. This was
repeated until all of the lysate had been transferred and passed through the mini
spin column, discarding the filtrate after each spin. 600ul of Buffer APW1 was
added to the mini spin column which was then centrifuged at 6000g for 1 minute,
discarding the filtrate afterwards. 750ul of Buffer APW2 was transferred to the mini
spin column which was then centrifuged at 20,000g for 3 minutes, transferring the
mini spin column to a new collection tube and repeating centrifugation to eliminate
buffer carryover. The mini spin column was transferred to a new collection tube
and incubated at 56°C for 3 minutes to ensure the membrane was dry and was then
transferred to a new elution tube and 100ul of Buffer AVE was added to the centre
of the membrane and incubated at room temperature for 1 minute before being
centrifuged at 20,000g for 1 minute to elute the DNA. The isolated DNA samples

were then stored at -20°C for further downstream processing.

3.5. DNA quantification

DNA quantification was performed using a Qubit dsDNA High Sensitivity (HS) assay
kit (Life Technologies, Thermo-Fischer) which consisted of Qubit dsDNA HS assay
reagent (200X concentrate in DMSO), Qubit dsDNA HS dilution buffer, Qubit dsDNA
HS standard #1 (Ong/ul in TE buffer) and Qubit dsDNA HS standard #2 (10ng/ul in TE
buffer) and a Qubit 0.2 Fluorometer (Life Technologies, Thermo Fischer). The assay
was highly selective for double-stranded (dsDNA) and was accurate for initial
sample concentrations of 10pg/ul to 10ng/ul. Specialised Qubit thin wall clear 0.5ml
assay tubes were sourced (Life Technologies, Thermo-Fischer) and the number of
tubes required for the samples and two standards were labelled on the tube lid but

not the side as this may interfere with the Qubit Fluorometer reading.

The Qubit working solution was prepared by diluting the Qubit HS reagent 1:200 in
Qubit dsDNA HS buffer using a clean plastic tube each time the Qubit working
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solution was prepared. For each sample the working solution consisted of 200ul of
Qubit dsDNA HS buffer and 1pl of Qubit HS assay reagent. The working solution was
prepared in batches of 5 reactions, which consisted of 1ml Qubit dsDNA HS buffer
and 5ul of Qubit HS assay reagent. For the standards 190ul of working solution was
added to each of two standard tubes and 10ul of standard #1 and 10ul of standard
#2 was added to the appropriate tube and the tubes were then vortexed for 3

seconds.

In order to prepare for the DNA sample readings 198ul working solution was added
to the individual pre-labelled assay tubes and to this 2ul of DNA sample was added
to the appropriate assay tubes for a final volume of 200ul. Tubes were vortexed for
3 seconds ensuring no air bubbles were produced. The assay tubes were incubated

at room temperature for 2 minutes.

The dsDNA High Sensitivity programme was selected for on the Qubit Fluorometer
machine and in order to calibrate the machine standard #1 was inserted into the
sample chamber and was read before standard #2 was read in the same manner.
Once calibration was complete the DNA samples were read. In order to standardise
the DNA samples before further analyses such as gPCR and Whole Genome
Sequencing, samples above 5ng/ul were diluted to 5ng/ul using molecular grade

water.

3.6. Primers

Primers were designed through analyses of pre-designed validated primers already
present in the literature, through the use of the 16S RNA gene database
Greengenes?® or through literature research to determine specific genes present in
the microorganism of interest and using this information to retrieve the sequence

coding of that gene.

All primers designed in house through Greengenes or gene sequences were

formulated using the Universal Probe Library Assay Design Centre platform (Roche
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Life Science) by copying the sequence of interest to the platform, selecting for other
organism and deselecting to automatically select for intron spanning assay. The
platform then designed potential primers for the sequence of interest, ranking
them by order of suitability. Primer sequences were analysed using the NCBI Blastn
platform. Two primers sequences were then selected for each microorganism of

interest and were ordered from Sigma.Aldrich (Ireland).

Primers were centrifuged upon arrival to ensure the lyophilised pellet was at the
bottom of the primer tube and primers were re-suspended with molecular grade
water in accordance to individual primer specification (ul for 100uM). Once re-
suspended primers were vortexed and the left and right primer were recombined
(20ul L+ 20ul R + 160pl molecular grade water) in a sterile 1.5ml tube. Primers were

stored at -20°C.

Probes corresponding to the primers of interest were sourced from Universal Probe
Library Probes (Roche Life Sciences) and were available within the laboratory. All
primers were validated before use on the individual patient bacteria pellet and cell

pellet DNA. See supplementary table 1 for primer sequences

3.7. gPCR - quantitative Polymerase Chain Reaction

Initial qPCRs took place on a pool of the isolated bacterial DNA from both cell pellet
(CP) BAL samples isolated DNA and bacteria pellet (BP) BAL samples isolated DNA at
neat undiluted, 1:10 and 1:100 diluted concentrations in order to validate all

primers before they were tested on each individual sample.

gPCR was performed on extracted BAL BP DNA pre and post anti-IL-5 treatment, on
extracted BAL CP DNA post anti-IL-5 treatment and on a subset of BAL CP DNA pre
anti-IL-5 treatment, as unfortunately cell pellet DNA was not extracted from earlier
BAL samples, as it was not included in earlier protocols. gPCRs took place in order
to determine the presence of Total Bacteria, Firmicutes, Staphylococcus aureus,

Streptococcus pneumoniae, Rothia, Micromonospora, Pseudomonas aeruginosa,
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Pseudomonas fluorescens, Escherichia, Bordetella, Prevotella, Veillonella,
Mycoplasma pneumoniae, Chlamydophilia pneumoniae, Neisseria bacilliformis,
Moraxella catarrhalis, Neisseria meningitidis and Haemophilus influenzae and the
fungal primers Fungi Quant and Aspergillus fumigatus. See supplementary table 1

for primer sequences.

gPCR’s were performed using a 384 well plate layout and LightCycler Probes Master
(Roche, Ireland) or LightCycler SYBR Green Master (Roche, Ireland) reagent mix,
dependent on the use of hydrolysis probes or SYBR Green primer sets. Water NTCs
(No Template Control) were used in each reaction in order to identify reaction set
up contamination and to test for the propensity of primers to create primer dimers
in the case of reactions which were carried out with SYBR Green Master. Reactions
were performed on a LightCycler 480 machine (Roche, Ireland). qPCR conditions
were as follows; pre-incubation at 50°C for 2 minutes, ramp rate 4.8°C/s and 95°C
for 10 minutes, ramp rate 4.8°C/s. Amplification at 95°C for 10 seconds, ramp rate
4.8°C/s, 60°C for 45 seconds, ramp rate 2.5°C/s and 75°C for 1 second, ramp rate
4.8°C for 45 cycles in total. A melt curve also occurred at 95°C with a ramp rate of
0.11°C/s for any primer which used LightCycler SYBR Green Master. A cooling stage
then occurred at 40°C, ramp rate 2°C/s at the end of the process. Fluorescent
readings were taken in single acquisition mode. The primers Neisseria meningitidis,
Streptococcus pneumoniae and Haemophilus influenzae required a change in the
acquisition temperature to 67°C due to the nature of the primer sequences. All
NTCs did not produce a product and melt curves produced clear peaks indicating

that the products produced were not an artefact.

3.8. BAL cytokine measurement

BAL cytokines were analysed using a custom MSD pro-inflammatory panel 1
containing targets for Interleukin (IL)-1B, IL-4, IL-6, IL-8, IL-10, IL-13, and tumour
necrosis factor (TNF)-a and a custom MSD cytokine panel 1 containing targets for

IL-5 and IL-17A. Reagent preparation consisted of the following; calibrator
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standards were prepared by suspension of the lyophilised calibrator with 1000ul of
the appropriate diluent (diluent 2 for pro-inflammatory panel 1 and diluent 43 for
cytokine panel 1) and then transferring 100ul of the re-suspended calibrator with
300ul of appropriate diluent. This 4 fold serial dilution was repeated 5 additional
times to generate 7 calibrators with the diluent alone used as a zero calibrator. BAL
samples were tested undiluted. A detection antibody solution was created for the
pro-inflammatory panel by combining 60ul of each SULFO-TAG anti-human IL-16, IL-
4, 1L-6, IL-8, IL-10, IL-13 and TNF-a antibody with 2580ul diluent 3 to bring to a final
volume of 3000ul. A detection antibody solution for cytokine panel 1 consisted of
60ul each of SULFO-TAG Anti-human IL-5 and IL-17A with 2880yl of diluent 3 for a
final volume of 3000pul. Wash buffer consisted of PBS and 0.05% Tween 20. Read
buffer for each plate consisted of 10ml of Read Buffer T (4X) and 10ml of deionised
water for a 2X working solution. Step 1 of the assay involved washing the plate 3
times with 150ul/well wash buffer 50ul of prepared calibrators or samples was
added per well, the plate was sealed before overnight incubation with shaking at 2-
8°C. Step 2 involved washing the plate a further 3 times with 150ul/well wash
buffer before the addition of 25ul detection antibody solution to each well, the
plate sealed and a two hour room temperature incubation with shaking occurred.
Step 3; the plate was washed 3 times as before and 150ul of 2X Read Buffer T was
added to each well before analysis of the plate using an electro-chemiluminescence

QuickPlex SQ 120 imager from Meso Scale Discovery (Gaithersburg, MD, USA).

3.9. Post anti-IL-5 treatment BAL and plasma cytokine analyses.

BAL and plasma cytokines were analysed using a test service provided by
RayBiotech (RayBiotech, Georgia, USA) using a custom RayBiotech Quantibody
Human Cytokine Array containing targets for Interleukin (IL)-1B, IL-4,IL-5, IL-6, IL-8,
IL-10, IL-13, IL-17A, tumour necrosis factor (TNF)-a and Interferon-(IFN)-y. Testing
was carried out according to in-house procedures at RayBiotech. What occurred
was briefly as follows; a capture antibody was bound to a glass surface and
incubation occurred with the BAL and plasma samples, which were diluted to a

dilution factor of 2. After sample incubation was carried out a target cytokine was
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trapped to the glass solid surface. A second biotin-labelled detection antibody was
added to recognise a specific epitope of the target cytokines. The cytokine-
antibody-biotin complex was then visualised by the addition of a streptavidin-
conjugated Cy3 equivalent dye and through the use of a laser scanner. For cytokine
qguantification, the array specific cytokine standards with predetermined
concentrations are implemented to generate standard curves. Through
simultaneously running the standard cytokines and samples in each array using the
described assay procedure it was possible to compare unknown samples to the
standard curve thus determining the cytokine concentration of the patient BAL and

plasma samples.

3.10. Statistical analyses

Graph Pad Prism 8 software was used to perform all statistical analyses and to
provide graphical representation of the data. All data was assessed using normality
and lognormality tests and the Shapiro-Wilk test was applied to assess the

normality of the data set.

Normally distributed data was presented as the mean + standard deviation (SD)
within the text and figures. Normally distributed data sets where both the X and Y
values were normally distributed were analysed using Pearson correlation

coefficient analysis. Data was considered to be statistically significant when P<0.05.

Non-normally distributed data was presented as median * interquartile range (IQR)
within the text and figures. Non-normally distributed data sets where both the X
and Y values were not both normally distributed were analysed using the non-
parametric Spearman correlation?’. Data was considered to be statistically

significant when P<0.05.
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4. Results

4.1. Patient demographics

The patient cohort consisted of eight adult asthmatic patients, 2 males and 6
females. 7/8 patients (87.5%) had never smoked while one patient (12.5%) was an
ex-smoker. 6/8 patients (75%) lived in a rural setting while 2/8 patients (25%) lived

in an urban location.

At baseline bronchoscopy patient demographics were as follows. When stratified by
asthma severity using GINA groupings of mild (GINA 1-2), moderate (GINA 3) and
severe (GINA 4-5) one patient (12.5%) was grouped as a moderate asthmatic (GINA
3) while 7/8 patients (87.5%) were stratified as severe asthmatics (GINA 4-5). 2/8
patients (25%) were in receipt of oral steroids (min 5mg- max 10mg). All eight
patients were in receipt of inhaled corticosteroids (ICS) (FDP) (min 800 — max 2000
FDP) [Mean (SD)] [1188 (387.1)]; [Median (IQR)] [1000 (1000-1425)].

At follow up bronchoscopy after anti-IL-5 treatment patient demographics were as
follows. Stratified by asthma severity (GINA) all patients were classified as GINA 5
and were grouped as severe asthmatics (GINA 4-5). Using ACQ-7 as a means of
determining asthma control 4 patients were grouped as (ACQ-7<1.5) controlled
while 4 patients were grouped as (ACQ-721.5) uncontrolled. 2 patients at follow up
bronchoscopy were in receipt of oral steroids (min 5mg — max 10mg). All eight
patients were in receipt of inhaled corticosteroids (ICS) (min 800 — max 2400 FDP)
[Mean (SD)] [1125 (523.0)]; [Median (IQR)] [1000 (850-1000)] at time of follow up

bronchoscopy.

While oral steroid dose remained consistent irrespective of anti-IL-5 therapy
patients required inhaled corticosteroid (ICS) (FDP) dose reduced upon treatment
with the monoclonal antibody Reslizumab. Inhaled corticosteroid dose reduced
overall from [Mean (SD)] [1188 (387.1)]; [Median (IQR)] [1000 (1000-1425)].to
[Mean (SD)] [1125 (523.0)]; [Median (IQR)] [1000 (850-1000)] at time of follow up

bronchoscopy indicating a positive clinical improvement for patients.
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Taking into account the patient spirometry results an increase in the FEV-1 was
documented overall upon receipt of anti-IL-5 therapy. Patients FEV-1 (percent
predicted) increased from [Mean (SD)] [60.3 (19.5)]; [Median (IQR)] [50 (45-83)] to
[Mean (SD)] [75.3 (21.7)]; [Median (IQR)] [80 (53.3-95.8)]. Focusing on patients
Fractional exhaled Nitric Oxide (FeNO) (ppb) an increase from [Mean (SD)] [22.8
(7.4)]; [Median (IQR)] [25 (15.3-28.0)] to [Mean (SD)] [38.8 (23)]; [Median (IQR)] [30
(22.8-64.0)] was observed on the day of follow-up bronchoscopy after patients

were in receipt of the anti-IL-5 monoclonal antibody Reslizumab.

As Reslizumab is an IL-5 antagonist monoclonal antibody, binding to soluble IL-5
inhibiting subsequent binding of IL-5 to its corresponding IL-5 surface receptors
thus resulting in the downregulation of the IL-5 eosinophil inflammatory pathway,
patient BAL was examined by microscopy to determine the percentage of BAL
eosinophils at both baseline bronchoscopy and at follow-up bronchoscopy. At
baseline bronchoscopy patient BAL eosinophil counts revealed a mean of 7.1 (SD
7.8) eosinophils while at follow-up bronchoscopy patient BAL eosinophil counts
revealed a mean of 0.4 (SD 0.4) eosinophils. Comparing the eosinophil counts pre-
and post- anti-IL-5 therapy using an unpaired t-test with Welch’s correction
revealed a statistically significant difference in eosinophil counts (P<0.05). See
Figure 4 for BAL Immune cell counts pre- and post- anti-IL-5 therapy. See Figure 5
for immune cell differential counts pre- and post- anti-IL-5 monoclonal antibody

treatment.

See Table 1 for patient demographics at baseline bronchoscopy and at follow-up

bronchoscopy post-anti-IL-5 (Reslizumab) treatment.
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Table 1 Patient demographics. Patient demographics at baseline bronchoscopy
before patients were prescribed anti-IL-5 monoclonal antibody treatment and
patient demographics taken at follow-up bronchoscopy after patients received the
anti-IL-5 monoclonal antibody Reslizumab (Cingaero). Note T ICS, Inhaled
Corticosteroids; ¥ FeNO, Fractional exhaled Nitric Oxide; § FEV-1, Forced Expiratory
Volume in the first second; 9 BMI, Body Mass Index. n=8

n=8
Male
Female

Smoker

Oral Steroids (mg)

ICS (ug) FDP 250 t

FeNO (ppb)

FEV-1 (Percent Predicted) §

BMI (kg/m?) 1

IgE (KU/L)

BAL Monocyte % count

BAL Macrophage % count

BAL Lymphocyte % count

BAL Eosinophil % count

BAL Neutrophil % count

IL-1B8 BAL (pg/ml)

IL-4 BAL (pg/ml)

IL-5 BAL (pg/ml)

IL-6 BAL (pg/ml)

IL-8 BAL (pg/ml)

Current
Ex-
Never

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (1QR)]

[Mean (SD)]
[Median (IQR)]

Baseline
2 (25%)
6 (75%)

1
7

2
[1.9 (3.7)]
[0 (0-3.8)]

8
[1188 (387.1)]
[1000 (1000-1425)]

[22.8 (7.4)]
[25 (15.3-28.0)]

[60.3 (19.5)]
[50 (45-83)]

[31.8 (5.7)]
[31.5 (28.1-36.4)]

[205.8 (353.6)]
[67.7 (16.2-247.5)]

[5.2(6.1)]
[3.3(0.4-10.3)]

[64.3(17.5)]
[63.1 (54.3-78.5)]

(6.9 (6.2)]
[5.6 (1.9-10.6)]

[7.1(7.8)]
[4.1(1.3-12)]

[16.7 (18.3)]
[13.4 (0.9-28.8)]

[9.6 (21.9)]
[[1.8 (0.8-4.3)]

[0.6 (1.3)]
[0.2 (0-0.4)]

(1.3 (3.3)]
[0 (0-0.5)]

[5.6 (7.1)]
[1.5 (1.2-10.8)]

[1123 (2527)]
[84.9 (30-1024)]

Treatment
2 (25%)
6 (75%)

1
7

2
[1.9 (3.7)]
[0 (0-3.8)]

8
[1125 (523)]
[1000 (850-1000)]

[38.8 (23)]
[30 (22.8-64)]

[75.3 (21.7)]
[80 (53.3-95.8)]

[32.6 (5.3)]
[31(29.9-36.3)]

n/a
n/a

[10.3 (10.3)]
[9.3(3.2-11.1)]

[75 (9.6)]
[77.6 (67.4-88.3)]

[7.6 (4.7)]
[5.9 (4.1-12.1)]

[0.4 (0.4)]
[0.4 (0.05-0.7)]

(6.7 (8.6)]
[2.5 (0.3-16.9)]

(0.7 (2.1)]
[0(0-0)]

[3.5(6.8)]
[0(0-7.7)]

(1.2 (3.4)]
[0 (0-0)]

[8.5 (15.4)]
[0 (0-13.6)]

[247.8 (308.7)]
[126.9 (29.9-486.9)]



IL-10 BAL (pg/ml)

IL-13 BAL (pg/ml)

IL-17 BAL (pg/ml)

TNF-a BAL (pg/ml)

Haemoglobin (HB) (g/L)

White cell count (WBC) (10°/L)

Blood Lymphocyte count (10°/L)

Blood Eosinophil count (10°/L)

Blood Neutrophil count (10°/L)

IL-1B plasma (pg/ml)

IL-4 plasma (pg/ml)

IL-5 plasma (pg/ml)

IL-6 plasma (pg/ml)

IL-8 plasma (pg/ml)

IL-10 plasma (pg/ml)

IL-13 plasma (pg/ml)

IL-17 plasma (pg/ml)

TNF-a plasma (pg/ml)

IFN-y plasma (pg/ml)

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (1QR)]

n=
[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (IQR)]

n=
[Mean (SD)]
[Median (IQR)]

Baseline
[0.7 (1.2)]
[1.3 (0-1.2)]

(8 (4.4)]
[8.9 (3.0-11.8)]

(0.2 (0.5)]
[0(0-0)]

[1.5(2.4)]
[0.5(0.4-1.8)]

[14.1 (1.8)]
[14.3 (12.1-15.5)]

(8.3 (3.1)]
(7.4 (6.3-8.6)]

[2.1(1.0)]
[1.7 (1.5-2.8)]

[0.6 (0.3)]
[0.7 (0.4-0.9)]

(5.3 (1.9)]
(5 (4.0-5.4)]

4
[0.4 (0.6)]
[0.1(0.1-1.1)]

4
[6.1(8.0)]
[6.1(0.4-11.7)]

4
[7.5 (2.3)]
[7.5(5.9-9.1)]

4
[3.1(3.0)]
[2.2 (0.7-6.3)]

4
[5.2 (2.2)]
[4.8 (3.3-7.4)]

4
[3.3(5.5)]
[0.7 (0.4-8.9)]

4
[24.7 (35.4)]
[7.8 (6.0-66.3)]

4
[2.1(0.9)]
[2.1(1.4-2.7)]

4
[14.3 (24.4)]
[2.4 (1.6-38.9)]

4
[5.3 (2.4)]
[4.3(3.9-7.8)]

Treatment
[1.5(2.1)]
[0(0-3.5)]

[5.3(3.9)]
[6.6 (0.7-8.2)]

[0(0)]
[0 (0-0)]

[0(0)]
[0(0-0)]

[49.3 (65.3)]
[5.9 (0-121.2)]

8
[150.1 (183)]
[55.6 (1.7-340.3)]

8
(9.6 (13)]
[5.2 (0-15.9)]

8
[1.2(3.3)]
[0 (0-0)]

8
[0(0)]
[0(0-0)]

8
[964.9 (1708)]
[359.7 (129.5-853.8)]

8
[3.1(3.0)]
[3.1(0-5)]

8
(7.8 (6.5)]
(5.8 (2.9-14.6)]

8
[0(0)]
[0 (0-0)]

8
[116.8 (330.3)]
[0 (0-0)]

8
[17.4 (49.1)]
[0 (0-0)]
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4.2. Microscopy

Microscope examination took place for the two microscope slides per patient at the
pre-treatment time-point and then again at the post-treatment time-point, n=8
patients. Immune cell percentage counts took place for all patients, pre-anti-IL-5
treatment and post-anti-IL-5 treatment and the percentage of monocytes,
macrophages, lymphocytes, neutrophils and eosinophils were calculated for each

patient at each time-point.

When the BAL immune cell percentage counts were compared pre- and post-anti-
IL-5 treatment the percentage of eosinophils present in the BAL slides by
microscopy decreased after patients were in receipt of anti-IL-5 therapy. At
baseline bronchoscopy patient BAL eosinophil counts revealed a mean of 7.1 (SD
7.8) eosinophils while at follow-up bronchoscopy patient BAL eosinophil counts
revealed a mean of 0.4 (SD 0.4) eosinophils. Comparing the eosinophil counts pre-
and post- anti-IL-5 therapy using an unpaired t-test with Welch’s correction
revealed a statistically significant difference in eosinophil counts (P<0.05). See
Figure 4 for BAL Immune cell counts pre- and post- anti-IL-5 therapy. See Figure 5
for immune cell differential counts pre- and post- anti-IL-5 monoclonal antibody

treatment.

274



>
vy

100 100~
— b L —

X % 2 80
S N
£ k £

] L4 60
= 50 . =}
Q ] o

(&) . . O 404
— ° =

8 ] : i > ; i T 3 20

0 i g £ - % @
T T T T T T T T T 0-
5 5 5 & *
&ﬁ; & ‘\@fn & 2 & ‘;\\9 & ‘-\\\% & quﬁ" é{‘- &2 0&- & e& ‘.\\\a a& ‘.‘\\9 é'\t
o0 &6‘ &£ /5“& & -§ °°Q \_6\ O ‘5\_@ .(\'b #_6\ & ’D\'& & ’560 R 28 ‘QQ '&&\
O «@\}oo <& 6&'0 :\@ & :\‘a e& & G‘OQ :\,3. @00 '«@ &Q*O :‘@ o,}*‘ ;\@ 0\‘)& ;‘,‘e.
& & & N SR & 0?‘, & S *@e < & &
& &£ & £ K & & F R )
(,‘OQ Q‘é\ &éﬂ\ o,-,‘_,\ éag <"()Q S“
& ) <

« A‘(\Q‘\ & ¢
W

Figure 4. BAL immune cell counts pre- and post- anti-IL-5 therapy. BAL immune cell
differential counts took place for n=8 patients at baseline and follow-up
bronchoscopy before and after patients received the monoclonal anti-IL-5 antibody
therapy. (A) The differences in immune cell differential counts represented in the
form of a scatter plot graph with values represented in the form of mean and
standard deviation. (B) The overall difference in immune cell differential counts at
baseline and follow-up bronchoscopy represented as a box and whiskers graph

plotting the min to max. Eosinophils were significantly reduced within the follow-up

bronchoscopy BAL samples (P<0.05). n=8.
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Figure 5. Imnmune cell differential counts pre and post anti-IL-5 monoclonal
antibody treatment. BAL immune cell differential counts for each patient at
baseline bronchoscopy and at the follow-up bronchoscopy after patients received

treatment with the anti-IL-5 monoclonal antibody.
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4.3. Cytokine analyses

Cytokines interleukin -1B (IL-1B), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17 and Tumour
Necrosis Factor-a (TNF-a) were measured in BAL samples obtained at baseline
bronchoscopy. BAL baseline cytokines were measured using an electro-
chemiluminescence Quick Plex SQ 120 imager from Meso Scale Discovery
(Gaithersburg, MD, USA) where antibodies labelled with SULFO-TAG™ reagents
emitted light upon electrochemical stimulation. n=8. The cytokines Interleukin — 1
(IL-1B), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17, Tumour Necrosis Factor (TNF)— a and
Interferon (IFN) - y were measured in patient plasma samples obtained at baseline
bronchoscopy using an electro-chemiluminescence Quick Plex SQ 120 imager from
Meso Scale Discovery (Gaithersburg, MD, USA) where antibodies labelled with

SULFO-TAG™ reagents emitted light upon electrochemical stimulation. n=4.

Secreted human cytokines Interleukin — 1B (IL-1B), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13,
IL-17, Tumour Necrosis Factor (TNF)— a and Interferon (IFN) - y were measured in
patient plasma and BAL samples obtained at follow up bronchoscopy following anti-
IL-5 monoclonal antibody therapy. Cytokines were measured by RayBiotech

(Georgia, USA) using Quantibody human cytokine arrays. n=8.
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Figure 6. Cytokine levels in the patient BAL at baseline bronchoscopy and at
follow-up bronchoscopy after patients received anti-IL-5 (Reslizumab) therapy.
Measurement of secreted human cytokines Interleukin — 1 (IL-1p), IL-4, IL-5, IL-6,
IL-8, IL-10, IL-13, IL-17 and Tumour Necrosis Factor — a (TNF-a) in patient BAL at
baseline bronchoscopy occurred using an electro-chemiluminescence Quick Plex SQ
120 imager from Meso Scale Discovery (Gaithersburg, MD, USA) where antibodies
labelled with SULFO-TAG™ reagents emitted light upon electrochemical stimulation.
Measurement of secreted human cytokines Interleukin — 18 (IL-1p), IL-4, IL-5, IL-6,
IL-8, IL-10, IL-13, IL-17 and Tumour Necrosis Factor — a (TNF-a) in patient BAL at
follow-up bronchoscopy occurred using RayBiotech (Georgia, USA) custom human

cytokine Quantibody arrays. [Mean (SD)] n=8.
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Figure 7 Cytokine levels in patient plasma at baseline bronchoscopy and at
follow—up bronchoscopy after patients received anti-IL-5 (Reslizumab) therapy.
Measurement of secreted human cytokines Interleukin — 1B (IL-1B), IL-4, IL-5, IL-6,
IL-8, IL-10, IL-13, IL-17, Tumour Necrosis Factor — a (TNF-a) and Interferon —y (IFN-
y) in patient plasma at baseline bronchoscopy occurred using an electro-
chemiluminescence Quick Plex SQ 120 imager from Meso Scale Discovery
(Gaithersburg, MD, USA) where antibodies labelled with SULFO-TAG™ reagents
emitted light upon electrochemical stimulation. [Mean (SD)] n=4. (B) Measurement
of secreted human cytokines Interleukin — 1B (IL-1pB), IL-4, IL-5, IL-6, IL-8, IL-10, IL-
13, IL-17, Tumour Necrosis Factor - a (TNF-a) and Interferon - y (IFN-y) in patient

plasma at follow up bronchoscopy following anti-IL-5 monoclonal antibody therapy.

Cytokines were measured by RayBiotech (Georgia, USA) using Quantibody human

cytokine arrays Circles are pre-, squares are post. [Mean (SD)] n=8.
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4.4. Molecular detection of microbial and fungal species

Microscopy analysis of BAL samples revealed that within certain samples it was
possible to detect microbes present within the macrophage cells. In order to
investigate this further the cell pellet remaining after the BAL centrifugation at 500g
was retained and underwent the same protocols as the BAL bacteria pellet in order
to investigate if there was an observable difference between the bacterial and
fungal DNA isolated from the BAL bacteria pellet fraction sample to the bacterial
and fungal DNA isolated through the BAL cell pellet fraction. BAL bacteria pellet
gPCR data exists for all n=8 patients at baseline and follow-up while BAL cell pellet

gPCR data exists for n=4 patients at baseline and n=8 patients at follow up.
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Figure 8 qPCR detection of bacteria and fungi species in the asthmatic BAL
bacteria pellet (BP) at baseline bronchoscopy and follow-up bronchoscopy post-
anti-IL-5 (Reslizumab) treatment. gPCR was performed on the extracted baseline
BAL bacteria pellet (BP) DNA and post-anti-IL-5 treatment bronchoscopy BAL
bacteria pellet (BP) DNA. [Mean (SD)], n=8.
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Figure 9 qPCR detection of bacteria and fungi species in the asthmatic BAL cell

pellet fraction at baseline bronchoscopy and follow-up bronchoscopy post- anti-

IL-5 treatment. gPCR was performed on the extracted baseline BAL cell pellet (CP)

fraction DNA, n=4 and on the post-anti-IL-5 treatment bronchoscopy BAL cell pellet

(CP) fraction DNA, n=8. [Mean (SD)].
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Table 2 Baseline and follow-up bronchoalveolar lavage (BAL) bacteria pellet and
cellular pellet molecular analyses. Baseline and follow-up bronchoscopy BAL
isolated DNA from the bacteria pellet (BP) samples analysed by qPCR for a variety of
bacterial and fungal targets of interest, whereby baseline BAL BP; n=8, baseline BAL

CP; n=4, follow-up BAL BP; n=8, follow-up BAL CP; n=8. Note CT=Cycle Threshold

Baseline Treatment
Total bacteria BP (CT) Positive 8/8 8/8
[Mean (SD)] [28.9 (3.5)] [26.8 (4.4)]
[Median (IQR)] [27.9 (26.0-32.9)] [27.9 (25.0-29.5)]
Total bacteria CP (CT) Positive % 8/8
[Mean (SD)] [24.2 (3.7)] [20.9 (1.9)]

[Median (1QR)]

[25.8 (20.0-26.9)]

[20.4 (19.1-22.5)]

Firmicutes BP (CT) Positive 6/8 8/8
[Mean (SD)] [27.7 (1.8)] [25.1 (4.0)]
[Median (IQR)] [27.7 (26.4-29.2)] [26.3 (22.5-27.5)]
Firmicutes CP (CT) Positive 4/4 8/8
[Mean (SD)] [22.4 (3)] [18.9 (1.8)]

[Median (IQR)]

[23.5 (19.3-24.5)]

[18.4 (17.7-20.5)]

Pseudomonas aeruginosa BP (CT) Positive 0/8 0/8
Pseudomonas aeruginosa CP (CT) Positive 4/4 2/8
[Mean (SD)] [38.8 (2.4)] [37 (1.1)]

[Median (1QR)]

[40 (36.4-40.0)]

[37 (36.2-37.7)]

Pseudomonas fluorescens BP (CT Positive 7/8 8/8
[Mean (SD)] [30.6 (4.7)] [30.8 (2.8)]
[Median (I1QR)] [32(29.9-32.5)] [31.8 (30.3-32.2)]
Pseudomonas fluorescens CP (CT) Positive 4/4 8/8
[Mean (SD)] [31(2.7)] [26.1(2.9)]

[Median (1QR)]

[31.2 (28.4-33.4)]

[25.1 (23.6-28.6)]

Escherichia BP (CT) Positive 1/8 1/8

[Mean (SD)] [36.5 (0)] [36 (0)]

[Median (IQR)] [36.5 (36.5-36.5)] [36 (36-36)]
Escherichia CP (CT) Positive 0/4 0/8

[Mean (SD)]

[Median (1QR)]
Bordetella BP (CT) Positive 2/8 2/8

[Mean (SD)] [39.6 (0.6)] [32.8 (2.5)]

[Median (IQR)] [39.6 (39-40)] [32.8 (31.0-34.6)]
Bordetella CP (CT) Positive 3/4 8/8

[Mean (SD)] [33.5(0.6)] [31.1(1)]

[Median (IQR)] [33.4 (32.9-34.1)] [31.2 (30.9-31.9)]
Prevotella BP (CT) Positive 7/8 8/8

[Mean (SD)] [33.8 (3.2)] [31(3.7)]

[Median (IQR)] [35.5 (31.6-36.1)] [31.4 (28.5-33.9)]
Prevotella CP (CT) Positive 4/4 8/8

[Mean (SD)] [31.3 (2.3)] [27.4 (1.9)]

[Median (1QR)]

[31.7 (28.8-33.3)]

[26.9 (25.9-29.0)]
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Veillonella BP (CT)

Veillonella CP (CT)

Mycoplasma pneumoniae BP (CT)

Mycoplasma pneumoniae CP (CT)

Chlamydophila pneumoniae BP (CT)

Chlamydophila pneumoniae CP (CT)

Staphylococcus aureus BP (CT)

Staphylococcus aureus CP (CT)

Neisseria bacilliformis BP (CT)

Neisseria bacilliformis CP (CT)

Moraxella catarrhalis BP (CT)

Moraxella catarrhalis CP (CT)

Neisseria meningitidis BP (CT)

Neisseria meningitidis CP (CT)

Streptococcus pneumoniae BP (CT)

Streptococcus pneumoniae CP (CT)

Haemophilus influenzae BP (CT)

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (I1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]

Baseline

7/8

[26.4 (4.3)]

[27.8 (24.4-29.6)]
4/4

[23.5 (1.6)]

[23.8 (21.8-24.8)]

2/8

[30.4(4)]

[30.4 (27.6-33.2)]
2/4

[38.3 (2.5)]

[38.3 (36.5-40.0)]

4/8

[35.3 (6.2)]
[37.1(28.8-40.0)
1/4

(40 (0)]

[40 (40-40)]

8/8

[30.2 (3.1)]

[29.6 (27.8-33.6)]
a/4

[24.4 (3.2)]

[25.6 (21.0-26.5)]

7/8

[29.3 (4.7)]

[30.8 (29.5-31.9)]
4/4

[28.4 (2.4)]
[28.1(26.4-30.9)]

7/8

[30.7 (4.9)]
[32.1(30.2-32.7)]
4/4

[31(2.5)]

[31.2 (28.5-33.3)]

3/8

[31.6 (3.3)]

[32.8 (27.9-34.1)]
3/4

[31.2(1.8)]

[31.5 (29.3-32.9)]

6/8

[31.4 (2.9)]

[31.8 (29.9-33.3)]
3/4

[28.6 (2.6)]

[28.9 (25.8-31.0)]

5/8
[28.8 (7.8)]
[27.9 (22.0-36.1)]

Treatment

8/8

[27.6 (3.7)]

[28.7 (24.4-29.9)]
8/8

[21.8 (1.4)]

[22 (20.8-23.0)]

6/8

[34.8 (5.0)]

[34.6 (31.5-40.0)]
8/8

[33.9 (4.6)]

[33.4 (29.5-39.0)]

6/8

[32.7 (2.4)]

[33 (31.2-34.8)]
8/8

[28.2 (1.3)]

[28.8 (27.4-29.1)]

4/8

[33.6 (1.5)]

[33.4 (32.3-35.1)]
0/8

4/8

[30.4 (6.4)]

[33.2 (23.8-34.3)]
8/8

[27.9 (5.1)]

[27.6 (23.0-32.9)]

8/8

[30.7 (2.6)]

[31.3 (30.3-32.3)]
8/8

[26.1(2.8)]

[25.2 (23.5-28.6)]

8/8

[31.4 (2.8)]

[32.3 (30.8-33.1)]
8/8

[25.2 (3.3)]

[24.5 (22.6-27.7)]

6/8

[32.3 (4.4)]

[33.7 (30.1-35.0)]
8/8

[27.8 (3.4)]

[27.3 (25.1-30.9)]

8/8
[33 (4)]
[34.5 (31.6-35.7)]



Haemophilus influenzae CP (CT)

Rothia BP (CT)

Rothia CP (CT)

Micromonospora BP (CT)

Micromonospora CP (CT)

Fungi Quant BP (CT)

Fungi Quant CP (CT

Aspergillus fumigatus BP (CT)

Aspergillus fumigatus CP (CT)

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (I1QR)]

Positive
[Mean (SD)]
[Median (1QR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (1QR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (1QR)]

Baseline

4/4

[32.4 (1.4)]

[32.3 (31.2-33.9)]

7/8

[31.6 (4.3)]

[33 (26.5-35.4)]
4/4

[30.4 (4.3)]

[31.3 (26.1-33.9)]

5/8

[36.3 (2.3)]

[36.4 (34.3-38.2)]
3/4

[34.7 (2.8)]

[36 (31.5-36.5)]

7/8

[34.8 (1.3)]

[34.9 (33.3-36.2)]
4/4

[32.6 (1.7)]

[33.2 (30.8-33.8)]

3

[36.5 (3.2)]

[35.7 (33.7-40.0)]
4

[39.5 (1.1)]

[40 (38.4-40.0)]

Treatment

8/8

[26.2 (3)]

[24.9 (23.8-29.3)]

7/8

[30.1 (3.8)]

[31.3 (29.3-32.5)]
8/8

[22.8 (2.3)]

[22 (20.8-24.6)]

5/8

[36.3 (1.1)]

[36.7 (35.3-37.1)]
7/8

(32 (2.4)]

[31 (29.9-34.2)]

7/8

[34.2 (2.1)]

[34.5 (33.3-35.8)]
7/8

[29.4 (2.3)]

[29.8 (27.8-31.5)]

3/8

[37.9 (0.6)]

[37.8 (37.4-38.5)]
7/8

[35.7 (0.8)]

[35.5 (34.7-36.5)]
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4.5 Anti-IL-5 monoclonal antibody therapy changes the lung microbiota

At baseline bronchoscopy, before patients received Reslizumab (Cingaero,Teva
Pharmaceutical Industries), gPCR analysis of extracted bacterial DNA from the BAL
bacteria pellet (n=8) or BAL cell pellet (n=4) revealed the presence of bacteria and
fungi within the lungs of the asthma cohort. At follow-up bronchoscopy, after
patients received Reslizumab, gPCR analysis of extracted DNA from the BAL
bacteria pellet (n=8) or BAL cell pellet (n=8) revealed the presence of bacteria and

fungi in varying amounts in comparison to those found at baseline bronchoscopy.

Investigating the qPCR analysis of the BAL bacteria pellet (BP) samples at baseline
bronchoscopy, n=8, and follow-up bronchoscopy, n=8, revealed the presence of
microbes within the lung. The bacterial primer used to detect for bacterial
presence; Total Bacteria primer set, revealed that 100% of patients had detectable
bacteria within the bacteria pellet at baseline bronchoscopy and at follow-up

bronchoscopy.

At baseline bronchoscopy 75% of patients had detectable levels of Firmicutes
within the BAL bacteria pellet while at follow-up bronchoscopy 100% of patients
had detectable levels of Firmicutes. Escherichia was detectable in only one patient
at baseline bronchoscopy and at follow-up bronchoscopy. Bordetella was
detectable within 25% of patients at baseline bronchoscopy and at follow-up
bronchoscopy Bordetella remained at similar levels (25%). Prevotella was
detectable within 88% of patients BAL BP samples at baseline bronchoscopy and

within 100% at follow-up bronchoscopy.

Veillonella was detectable within 88% of patients BAL BP samples at baseline
bronchoscopy and within 100% at follow-up bronchoscopy. Rothia was detectable
within 88% of patients BAL BP samples at baseline bronchoscopy and at follow-up
bronchoscopy. Micromonospora was detectable within 63% of patients BAL BP

samples at baseline bronchoscopy and at follow-up bronchoscopy.
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Fungal presence, as determined by the ITS specific fungal primer Fungi Quant, was
detectable within 88% of patients at baseline bronchoscopy and within the same

percentage at follow-up bronchoscopy.

Pseudomonas aeruginosa was not detectable within the BAL BP samples of the
cohort at baseline sampling or at follow-up bronchoscopy sampling. At baseline
bronchoscopy Pseudomonas fluorescens was detectable within 88% of patient BAL
BP samples while at follow-up bronchoscopy P. fluorescens was detectable within
100% of patient BAL BP samples. Mycoplasma pneumoniae was only detectable
within 25% of patients at baseline bronchoscopy, however at follow-up
bronchoscopy; M. pneumoniae was detectable within 75% of patient BAL BP
samples. Chlamydophilia pneumoniae was detectable within 50% of patients BAL BP

at baseline bronchoscopy and within 75% at follow-up bronchoscopy.

Staphylococcus aureus was detectable in 100% of patient BAL BP samples at
baseline bronchoscopy and within 50% at follow-up bronchoscopy. Neisseria
bacilliformis was detectable within 88% of patients BAL BP at baseline
bronchoscopy and within 50% at follow-up bronchoscopy. Moraxella catarrhalis
was detectable within 88% of patients BAL BP at baseline bronchoscopy and within

100% at follow-up bronchoscopy.

Neisseria meningitidis was detectable within 38% of BAL BP samples at baseline
bronchoscopy, however, at follow-up bronchoscopy 100% of patients displayed
detectable levels of N. meningitidis within their BAL BP sample. Streptococcus
pneumoniae was present within 75% of patient BAL BP at baseline bronchoscopy

and within the same percentage of patients at follow-up bronchoscopy.

Haemophilus influenzae was detectable within 63% of patients BAL BP at baseline
bronchoscopy and within 100% at follow-up bronchoscopy. The fungi Aspergillus
fumigatus was detectable within 38% of patients BAL BP at baseline bronchoscopy

and at follow-up bronchoscopy.
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Investigation of the intracellular bacteria; the cell pellet (CP), was incorporated into
the analysis at a later time-point, therefore CP specific data exists for n=4 patients
within this study cohort. Within this 100% had detectable bacterial presence of
Firmicutes, Pseudomonas aeruginosa, Pseudomonas fluorescens, Prevotella,
Veillonella, Staphylococcus aureus, Neisseria bacilliformis, Moraxella catarrhalis,
Haemophilus influenzae, and Rothia by gPCR. All had detectable fungi and
Aspergillus fumigatus. 75% had detectable Total bacteria, Bordetella, Neisseria
meningitidis, Streptococcus pneumoniae and Micromonospora. 50% had detectable
Mycoplasma pneumoniae while 25% had detectable Chlamydophila pneumoniae
while Escherichia was undetectable in the patient BAL CP samples at baseline

bronchoscopy.

At follow-up bronchoscopy the investigation of the intracellular bacteria, the cell
pellet, was carried out for all eight patients, n=8. 100% of patients had detectable
Total Bacteria, Firmicutes, Pseudomonas fluorescens, Prevotella, Veillonella,
Moraxella catarrhalis, Neisseria meningitidis and Haemophilus influenzae within
their BAL CP by gPCR. Pseudomonas aeruginosa was detectable within 25% of the
patient BAL CP by gPCR while Escherichia and Staphylococcus aureus were
undetectable. Bordetella, Mycoplasma pneumoniae, Chlamydophila pneumonaie,
Neisseria bacilliformis, Rothia and Streptococcus pneumoniae were all detectable in
100% of patient BAL CP samples at follow-up bronchoscopy. Micromonospora was

detectable within 88% of patients BAL CP samples at follow-up bronchoscopy.

Using ITS specific primers for the detection of fungal species it was seen that fungi
was detectable in 88% of patient CP samples using the primer Fungi Quant, while

Aspergillus fumigatus was detectable in 88% of CP samples by gPCR.
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4.6. Bacterial and fungal species patient correlations

At baseline readings monocyte cell percentage counts correlated with Neisseria
meningitidis (BP) gPCR results (P<0.05; r=-0.9991), lymphocyte cell percentage
counts correlated with gPCR Neisseria meningitidis (BP) (P<0.05; r=0.9979)
presence, eosinophil percentage counts correlated with the presence of Neisseria
meningitidis (BP) (P<0.05; r=-0.9994) while neutrophil percentage counts correlated
with qPCR Veillonella (BP) (P<0.01; r=-0.8838), Chlamydophilia pneumoniae (BP)
(P<0.05; r=-0.9889) and Streptococcus pneumoniae (BP) (P<0.005; r=-0.9441)

presence. See Figure 10.

At follow up bronchoscopy BAL monocytes correlated with the presence of
Veillonella (BP) (P<0.05; rs=0.7381), Mycoplasma pneumoniae (BP) (P<0.01;
rs=0.9856) Mycoplasma pneumoniae (CP) (P<0.05; rs=0.8264), and Streptococcus
pneumoniae (BP) (P<0.05; rs=0.8857). BAL macrophage cell percentage counts
correlated with Streptococcus pneumoniae (BP) (P<0.05; rs=0.9429) presence. BAL
lymphocyte cell percentage counts correlated with the presence of Pseudomonas
fluorescence (BP) (P<0.05; rs=-0 7857) and BAL neutrophil cell percentage counts
with gPCR Bordetella (CP) (P<0.05; rs=-0.7381) and Chlamydophilia pneumoniae
(CP) (P<0.05; rs=-0.7381). See Figure 11.

Oral steroids and inhaled corticosteroids (ICS) did not correlate with gPCR bacterial
and fungal presence. Baseline Haemoglobin (HB) levels did correlate with
Haemophilus influenzae (BP) (P<0.05; r=-0.9815) and Rothia (BP) (P<0.05;
r=0.8150). At baseline readings BMI levels were seen to correlate with Firmicutes
(BP) (P<0.05; r=0.8701) and Moraxella catarrhalis (BP) (P<0.05; rs=0.7857). See
Figure 12. At follow up bronchoscopy readings BMI levels were seen to correlate

with fungal presence (Fungi Quant) (CP) (P<0.05; r=-0.7790). See Figure 13.

At baseline bronchoscopy BAL cytokines IL-4, IL-5, IL-8, IL-10, IL-13 and IL-17 levels

did not correlate with bacterial or fungal gPCR presence. IL-1B BAL cytokine levels
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correlated with qPCR Veillonella levels (P<0.05; rs=-0.8214). BAL IL-6 cytokine levels
correlated with qPCR Veillonella levels (P<0.005; rs=-0.9643). TNF-a cytokine levels
correlated negatively with Prevotella qPCR levels (P<0.05; rs=-0.8108). See Figure
14.

At follow up bronchoscopy it was seen that the BAL cytokines IL-1pB, IL-4, IL-5, IL-6,
IL-10, IL-13, IL-17, TNF-a and IFN-y did not significantly correlate with bacteria or

fungi qPCR levels.

Total bacteria (CP) presence by qPCR correlated with BAL IL-8 cytokine levels
(P<0.05; rs=-0.8857). See Figure 15 (A). Firmicutes (CP) correlated with BAL IL-8
cytokine levels (P<0.05; rs=-0.8857). See Figure 15 (B). Streptococcus pneumoniae
(CP) correlated with BAL IL-8 cytokine levels (P<0.05; rs=-0.9429). See Figure 15 (C).
Haemophilus influenzae (CP) correlated with BAL IL-8 cytokine levels (P<0.05; rs=-
0.9429). See Figure 15 (D).

Plasma cytokine levels of IL-1B, IL-5, IL-6, IL-13, IL-17, TNF-a and IFN-y did not
correlate with qPCR levels of bacteria and fungi at follow up bronchoscopy. Rothia
(CP) presence correlated with plasma IL-4 cytokine levels (P<0.005; r=0.9962). See
Figure 16 (A). Bordetella (CP) presence correlated with plasma IL-8 cytokine levels
(P<0.05; rs=-0.8571). See Figure 16 (B). Total bacteria (BP) (P<0.05; r=0.9537),
Firmicutes (BP) (P<0.05; r=0.9317), Veillonella (BP) (P<0.05; r=0.9307) and
Mycoplasma pneumoniae (CP) (P<0.05; r=0.8967) correlated with plasma IL-10

cytokine levels. See Figure 16 (C-F).
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Figure 10 Baseline BAL qPCR —immune cell percentage count correlations.

Monocyte BAL cell percentage counts correlated with Neisseria meningitidis

presence by gPCR (P<0.05; r=-0.9991) (A). Lymphocyte cell percentage counts

correlated with qPCR Neisseria meningitidis presence (P<0.05; r=0.9979) (B).

Eosinophil percentage counts correlated with gPCR Neisseria meningitidis presence

(P<0.05; r=-0.9994) (C). Neutrophil percentage counts correlated with gPCR

Veillonella presence (P<0.01; r=-0.8838)(D), Chlamydophilia pneumoniae presence

(P<0.05; r=-0.9889) (E) and Streptococcus pneumoniae presence (P<0.005; r=-

0.9441) (F).
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Figure 11 Follow-up bronchoscopy BAL qPCR — immune cell percentage count

correlations. BAL Monocytes (%) correlated with the presence of Veillonella (BP)

(P<0.05; rs=0.7381) (A), Mycoplasma pneumoniae (BP) (P<0.01; rs=0.9856) (B)

Mycoplasma pneumoniae (CP) (P<0.05; rs=0.8264) (C), and Streptococcus

pneumoniae (BP) (P<0.05; r,=0.8857) (D). Macrophage cell percentage counts

correlated with Streptococcus pneumoniae (BP) (P<0.05; rs=0.9429) (E), Lymphocyte

cell percentage counts correlated with Pseudomonas fluorescence (BP) (P<0.05; rs=-

0 7857) (F). Neutrophil cell percentage counts correlated with the presence of

Bordetella (CP) (P<0.05; rs=-0.7381) (G) and Chlamydophilia pneumoniae (CP)

(P<0.05; rs=-0.7381) (H).
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Figure 13 Follow-up bronchoscopy BAL qPCR — patient demographics correlations.
At follow up bronchoscopy BMI levels correlated with fungal presence (Fungi

Quant) (CP) (P<0.05; r=-0.7790).
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Figure 15 Follow-up bronchoscopy BAL qPCR — BAL cytokine correlations. Total
bacteria (CP) presence by qPCR correlated with BAL IL-8 cytokine levels (P<0.05; rs=-
0.8857) (A). Firmicutes (CP) correlated with BAL IL-8 cytokine levels (P<0.05; rs=-
0.8857) (B). Streptococcus pneumoniae (CP) correlated with BAL IL-8 cytokine levels
(P<0.05; rs=-0.9429) (C). Haemophilus influenzae (CP) correlated with BAL IL-8
cytokine levels (P<0.05; rs=-0.9429) (D).
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Figure 16 Follow-up bronchoscopy BAL qPCR — plasma cytokine correlations.

Rothia (CP) presence correlated with plasma IL-4 cytokine levels (P<0.005;

r=0.9962) (A). Bordetella (CP) presence correlated with plasma IL-8 cytokine levels

(P<0.05; rs=-0.8571) (B). Total bacteria (BP) (P<0.05; r=0.9537), Firmicutes (BP)

(P<0.05; r=0.9317), Veillonella (BP) (P<0.05; r=0.9307) and Mycoplasma

pneumoniae (CP) (P<0.05; r=0.8967) correlated with plasma IL-10 cytokine levels (C-

F).
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5. Discussion
Monoclonal antibody therapy and asthma

Asthma is a common condition, which is generally well controlled with currently
available treatment such as Inhaled corticosteroids and long acting beta agonists.
Unfortunately, subsets of patients have asthma that is difficult to control despite
the use of these therapies® . Monoclonal antibodies have emerged as a promising
therapeutic for such patients. Humanised monoclonal antibodies against
immunoglobulin E (IgE) as seen with Omalizumab (Xolair, Novartis) or monoclonal
antibodies which target specific cytokines of importance such as the IL-5 antagonist
group of monoclonal antibodies, Mepolizumab (Nucala®, GlaxoSmithKline) and
Reslizumab (Cingaero®, Teva Pharmaceutical Industries) or Benralizumab
(AstraZeneca) which binds to the IL-5 receptor preventing IL-5 from binding to its

receptor show promise in the treatment of severe, poorly controlled asthma®”’.

Investigating the lung microbiome

A shift towards molecular methods has led to insights into the overall microbial
load of the lungs and has shown that there are clear and reproducible differences
present between the microbes present in the healthy and diseased lungs®.
Therefore a key goal of this study was to elucidate key microbial players in a cohort
of well-defined asthmatics in order to investigate potential changes in the microbial
load of patients undergoing established treatment protocols, which could aid in

providing a rationale for targeted treatment interventions.

Comparison of patient clinical parameters pre- and post- anti-IL-5 therapy

The patient cohort consisted of eight adult asthmatic patients, 2 males and 6
females. 25% (2/8) patients were in receipt of oral steroids at the time of baseline
bronchoscopy and this did not change upon receipt of the anti-IL-5 monoclonal

antibody Reslizumab (min 5mg — max 10mg). However the was a reduction in the
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prescribed inhaled corticosteroid (ICS) dose (FDP) required by patients at follow-up

bronchoscopy.

At baseline bronchoscopy inhaled corticosteroid (ICS) dose (FDP) was as follows;
(min 800 — max 2000 FDP) [Mean (SD)] [1188 (387.1)]; [Median (IQR)] [1000 (1000-
1425)]; at follow-up bronchoscopy upon treatment with the anti-IL-5 therapy
Reslizumab there was a observable reduction in the overall prescribed inhaled
corticosteroid dose (FDP) required by patients; (min 800 — max 2400 FDP) [Mean
(SD)] [1125 (523.0)]; [Median (IQR)] [1000 (850-1000)] at time of follow up

bronchoscopy indicating a positive clinical improvement for patients.

Spirometry is a widely utilised pulmonary function test providing an aid in the
diagnosis of lung diseases and the overall monitoring of lung health'°. Forced Vital
Capacity (FVC) is the volume of air delivered during an expiration made as forcefully
and completely as possible with the time recorded from full inspiration®°. Forced
Expiratory Volume in the first second (FEV1) is a measurement of the expiratory
volume in the first second of the FVC maneuver!®. Taking into account the patient
spirometry results an increase in the FEV-1 (percent predicted) was documented
overall upon receipt of anti-IL-5 therapy. Patients FEV-1 (percent predicted)
increased from [Mean (SD)] [60.3 (19.5)]; [Median (IQR)] [50 (45-83)] to [Mean
(SD)] [75.3 (21.7)]; [Median (IQR)] [80 (53.3-95.8)].

Focusing on patients Fractional exhaled Nitric Oxide (FeNO) (ppb) an increase from
[Mean (SD)] [22.8 (7.4)]; [Median (IQR)] [25 (15.3-28.0)] to [Mean (SD)] [38.8 (23)];
[Median (IQR)] [30 (22.8-64.0)] was observed on the day of follow-up bronchoscopy
after patients were in receipt of the anti-IL-5 monoclonal antibody Reslizumab.
Fractional exhaled Nitric Oxide (FeNO) is a non-invasive marker of inflammation and
can elucidate how successful inhaled steroids are at supressing a patient’s
inflammation?®. For cases where a patient displays eosinophilic asthma FeNo has
been reported to be elevated which is apparent in the case of this patient cohort.
Mast cells and antigen specific Th2 cells are activated in cases of eosinophilic
asthma, which results in an upregulation of epithelial inducible nitric oxide®.

Therefore in asthma patients FeNO has been noted to be a good biomarker for
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eosinophilic airway inflammation and predictor of poor or good corticosteroid

response’®.

The effect of Reslizumab on patient BAL eosinophil levels

As Reslizumab is an IL-5 antagonist monoclonal antibody, binding to soluble IL-5
inhibiting subsequent binding of IL-5 to its corresponding IL-5 surface receptors
thus resulting in the downregulation of the IL-5 eosinophil inflammatory pathway,
patient BAL was examined by microscopy to determine the percentage of BAL
eosinophils at both baseline bronchoscopy and at follow-up bronchoscopy?. Within
the cohort at the immune cell level, through the use of microscopy to count the
percentage of immune cells within a patient BAL it was clear that after receiving
anti-IL-5 monoclonal antibody therapy percentage levels of eosinophils had clearly
reduced. At baseline bronchoscopy patient BAL eosinophil counts revealed a mean
of 7.1 (SD 7.8) eosinophils while at follow-up bronchoscopy patient BAL eosinophil
counts revealed a mean of 0.4 (SD 0.4) eosinophils. Comparing the eosinophil
counts pre- and post- anti-IL-5 therapy using an unpaired t-test with Welch’s
correction revealed a statistically significant difference in eosinophil counts
(P<0.05). The cytokine IL-5 is a vital component needed for the maturation and
maintenance of eosinophils?. After the patients within the cohort received
treatment with IL-5 antagonist humanized monoclonal antibodies it was seen that

there was a reduction in eosinophil levels.

Molecular analyses of patient bacterial and fungal species within the patient BAL

At a molecular level qPCRs focusing on bacterial and fungal targets of interest were
carried out. Unfortunately as study protocols were amended after four patients to
include the extraction of the cell pellet from the BAL it was not possible to examine
the difference baseline and follow up with regards to the cell pellet bacteria.
However it is possible to compare BAL bacteria pellets prior and post anti-IL-5

treatment and it is also possible to compare difference between bacterial and
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fungal levels within the bacteria pellet (BP) and cell pellet (CP) at follow up

bronchoscopy.

The presence of the bacteria Pseudomonas aeruginosa (0%), Escherichia (13%),
Bordetella (25%), Streptococcus pneumoniae (75%), Rothia (88%), Micromonospora
(63%), and at the fungal level, Total fungal presence (Fungi Quant) (88%) and
Aspergillus fumigatus (38%) remained at the same levels prior and post anti-IL-5

treatment.

Staphylococcus aureus reduced from 100% prevalence to 50% at follow up
bronchoscopy upon further analysis of the gPCR cycle threshold values it was
determined that there was a statistically significant difference by unpaired t-test
with Welch'’s correction with respect to the baseline cycle threshold qPCR S. aureus
in comparison to the follow-up bronchoscopy S. aureus gPCR cycle threshold values
(P<0.05). Neisseria bacilliformis prevalence also decreased from 88% to 50% at

follow up bronchoscopy.

However levels of Firmicutes (75% to 100%), Pseudomonas fluorescens (88% to
100%), Prevotella (88% to 100%), Veillonella (88% to 100%), Chlamydophila
pneumoniae (50% to 75%), Moraxella catarrhalis (88% to 100%) all increased in
prevalence within the follow up BAL DNA. Perhaps the largest increases were seen
in terms of Mycoplasma pneumoniae (25% to 75%), Neisseria meningitidis (38% to

100%) and Haemophilus influenzae (63% to 100%) detection by gPCR.

Mycoplasma pneumoniae detection by qPCR increased within the patient cohort
from 25% at initial bronchoscopy to 75% at follow up bronchoscopy. After
treatment at follow up bronchoscopy BAL monocytes positively correlated with
gPCR (bacteria pellet) Mycoplasma pneumoniae (BP) (P<0.01; rs=0.9856) and (cell
pellet) Mycoplasma pneumoniae (CP) (P<0.05; rs=0.8264) Mycoplasma pneumoniae
has been seen to align with a variety of clinical cases including acute and chronic
lung infections which in turn is responsible for a wide array of pulmonary and extra-
pulmonary sequelae?®?t. Mycoplasma pneumoniae is believed to be the pathogen
of interest in 20-40% of community acquired pneumoniae cases?°. Within asthma

populations Mycoplasma pneumoniae it is believed to be associated with airway
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complications and exacerbations and is a significant source of morbidity?Z.
Mycoplasma pneumoniae is known to possess a Community-Acquired Respiratory
Distress Syndrome (CARDS) toxin which in murine and primate studies has been
shown to induce inflammatory cytokines among other effects?%?3. Therefore its
increased prevalence in asthma patients post anti-IL-5 monoclonal antibody
therapy is of great interest and required greater examination within a larger cohort

of anti-IL-5 recipients.

Neisseria meningitidis detection increased from 38% to 100% within the patient
cohort at follow up bronchoscopy. Neisseria meningitidis while a commensal ismost
commonly associated with meningitis in human’s, is also responsible for
meningococcal pneumoniae. Meningococcal pneumoniae, the most common non-
neurological organ disease caused by Neisseria meningitidis accounts for 5-10% of
cases in which people are colonised with Neisseria meningitidis. Clinically it is
indistinguishable in its symptoms from pneumoniae caused by other pathogens and
is also indistinguishable through laboratory or radiological features?*. Known to
colonise the oro-nasopharyngeal tract, Neisseria meningitidis been found in healthy
and diseased individuals and colonisation is mediated by virulence factors such as
IgA1l protease, a polysaccharide capsule, and epithelial binding bacterial adhesins.
Neisseria meningitidis can translocate to the lower airways via the blood stream,
aerosol droplets and microaspiration of Neisseria meningitidis enclosed in biofilms.
It is believed that an initial viral infection within a host can trigger meningococcal
bacteraemia and once Neisseria meningitidis has become established within the
lower airways through its virulence factors it can both supress and divert the host
defence mechanisms leading to pulmonary damage and severe infection within a
susceptible host?*. Within the patient cohort Neisseria meningitidis was negatively
correlated with monocyte cell percentage counts (P<0.05; r=-0.9991), lymphocyte
cell percentage counts positively correlated with qPCR Neisseria meningitidis
(P<0.05; r=0.9979) and eosinophil percentage counts negatively correlated with

gPCR Neisseria meningitidis (P<0.05; r=-0.9994).
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Haemophilus influenzae increased from 63% detection by qPCR to 100% detection
within the patient cohort at follow up bronchoscopy. Haemophilus influenzae is
present as a commensal bacterium within the nasopharynx of most healthy adults.
Colonisation of the upper respiratory tract begins in infancy and at least 75% of
adults are colonised by this bacteria, with constant turnover of different
Haemophilus influenzae strains during life. Haemophilus influenzae can be grouped
into polysaccharide encapsulated strains and non-encapsulated strains with non-
encapsulated strains considered to be primarily respiratory pathogens.
Haemophilus influenzae can be transmitted by aerosol droplets and through
contact with secretions. The nasopharynx is a potential reservoir for the pathogen
which can spread to the lower respiratory tract in certain individuals dependent on
host defence mechanisms and bacteria mechanisms and virulence factors such as
adhesins, pili, Hia and Hap proteins which can help the bacteria attach to mucosal
surfaces and after attachment, the bacterium possesses mechanisms to aid
persistence within the host such as proteases. Non encapsulated strains of
Haemophilus influenzae are known to invade tissue and target macrophages and

epithelial cells increasing their ability to survive within a susceptible individual?>.

The investigation of the bacteria pellet and cell pellet fractions of BAL

The isolation of DNA from both the free BAL bacteria (Bacteria Pellet; BP) and from
the intracellular bacteria (Cell Pellet; CP), is an important additional aspect of
patient processing as it can lead to subsequent downstream variations in detection
for example within the follow-up bronchoscopy qPCR analysis Bordetella was
present by qPCR in 25% of patients bacteria pellet (BP) BAL sample. However by
gPCR Bordetella was detectable in 100% of patients cell pellet (CP) samples for the
same BAL sample highlighting the importance of differential centrifugation when
processing the BAL sample for microbial analyses. Bordetella species such as
Bordetella pertussis the causative agent for pertussis; whooping cough, is
predominately an extracellular bacterium however evidence now suggests

Bordetella can survive within respiratory epithelial cells in order to evade the host
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immune defence system, allowing the bacterium to repopulate in the extracellular

environment when conditions are favourable?®.

BAL and plasma cytokine detection and the correlation to BAL qPCR microbial and

fungal species

At the cytokine level IL-1B, IL-6 and TNF-a correlated with the following bacteria at
baseline bronchoscopy BAL. IL-1B BAL cytokine levels correlated with gPCR
Veillonella levels (P<0.05; rs=-0.8214).IL-1B is a pleiotropic cytokine, capable of both
pro- and anti- inflammatory effects. IL-1B is believed to be critical in the
pathobiology of asthma, playing a role in driving the inflammatory response and the
subsequent changes in airway smooth muscle (ASM) responsiveness?’. BAL IL-6
cytokine levels correlated with qPCR Veillonella levels (P<0.005; rs=-0.9643). IL-6 is a
pleiotropic cytokine with the ability to act in an anti-inflammatory and pro-
inflammatory manner. It is recognised that IL-6 is produced in response to the
recognition of microbes by pattern associated molecular patterns?®. Veillonella is
recognised as a biofilm forming commensal identified in a wide array of locations
within the human body including the lungs, mouth and gastrointestinal tract?°.
While recognised as a commensal microbe Veillonella has also been associated with
several diseased states. In fact Veillonella species are known to play a prominent
role within the microbial ecology of oral biofilms and are a prevalent member of the

oral flora associated with dental plague and the oral mucosa®.

TNF-a cytokine levels correlated negatively with Prevotella qPCR levels (P<0.05; rs=-
0.8108). TNF-a has been implicated in systemic inflammation and is classified as a
pro-inflammatory cytokine which has been implicated in asthma. Upon binding to
its receptors, P55 and P75, TNF-a is capable of activating a number of cellular
responses within the host, including activation, differentiation and release of pro-
inflammatory mediatiors and it is noted that one of the most powerful activatiors of
TNF-a production is the presence of lipopolysaccharides3!. Prevotella is a
commensal bacteria found in many locations within the human host including the

lungs. Prevotella contains lipopolysaccharide on their outer membrane. Prevotella
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has been found in the lungs of healthy individuals. In fact studies have shown that
increased corticosteroid use can lead to a decrease in the relative abundance of

Prevotella species within the lungs32.

At follow-up bronchoscopy the chemokine IL-8 correlated with bacterial qPCR
targets of interest. BAL IL-8 cytokine levels correlated with qPCR Total Bacteria (CP)
(P<0.05; rs=-0.8857), Firmicutes (CP) (P<0.05; rs=-0.8857), Streptococcus
pneumoniae (CP) (P<0.05; rs=-0.9429) and Haemophilus influenzae (CP) (P<0.01; rs=-
0.9429) IL-8 (CXCL8) is a CXC chemokine and a neutrophil chemoattractant. It is
recognised that IL-8 plays a key role in the innate immune response to bacterial
infection. IL-8 inflammation upon bacterial pathogen exposure is a well-known key
host immune response, however, in many cases of lung disease such bacterial
exposure and subsequent IL-8 activation can in fact result in damaging the lungs
through overactive inflammation and remodelling of the lungs which can result in
an overall impairment of lung function33. Studies have demonstrated that upon
challenge with bacterial stimuli the subsequent innate and adaptive immune
response including the over-activation of 1I-8 can in fact lead to an increase in

inflammation, remodelling and mucus hypersecretion33.

Plasma cytokine levels of IL-1B, IL-5, IL-6, IL-13, IL-17, TNF-a and IFN-y did not
correlate with BAL gPCR levels of bacteria and fungi at follow up bronchoscopy.
However the pleiotropic cytokine IL-4 correlated with BAL Rothia (CP) (P<0.005;
r=0.9965). The cytokine IL-4 is known to be associated with the development of
allergic inflammation by driving differentiation of naive T helper type 0 (T40)
lymphocytes to a T helper type 2 (Tu2) response3*. The pro-inflammatory
chemokine IL-8 correlated with Bordetella (CP) (P<0.05; rs=0.8571). The anti-
inflammatory plasma IL-10 cytokine levels correlated with Total Bacteria (BP)
(P<0.05; r=0.9537), Firmicutes (BP) (P<0.05; r=0.9317), Veillonella (BP) (P<0.05;
r=0.9307) and Mycoplasma pneumoniae (CP) (P<0.05; r=0.8967). The cytokine IL-10

is expressed by many immune cells and is known for its anti-inflammatory
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properties. The cytokine IL-10 plays a pivotal role in the hosts immune response to
pathogens and in turn protects the host from an over-active immune response to a
pathogenic stimuli, playing a critical role in the prevention of inflammatory and

auto-immune diseased states®®.

Conclusions

Overall this study investigated potential changes in microbial composition within
the lungs of a cohort of adult asthmatics after they receive monoclonal antibody
therapy, anti-IL-5 biologics. Anti-IL-5 therapy modulated the composition of the
lung microbiota in severe asthma. Bacterial respiratory tract infections have been
linked to an a worsening in clinical outcome for patients with conditions such as
asthma?3®. Therefore it is of growing interest, thanks to advancements in molecular
techniques, to investigate the microbiome of patients with diseases such as asthma
as it may allow for identification of therapeutic benefit but also susceptibility to
respiratory tract infections and may aid in the improvement of outcomes for

patients diagnosed with respiratory conditions such as asthma.
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6. Supplementary

Supplementary table 1 Validated primer sequences utilised for the detection of

microorganisms of interest. Note K=G or T, R=A or G, S=G or C, W=A or T following

IUPAC code.
Primer Sequence Reference
Total Bacteria F-Bact-1369 5’-CGGTGAATACGTTCCCGG-3’ 37
R-Prok-1492 5’-TACGGCTACCTTGTTACGACTT-3’
Total Bacteria Probe P-TM1389F 5’-CTTGTACACACCGCCCGTC-3’
Firmicutes Firm-L 5’- GGAGYATGTGGTTTAATTCGAAGCA-3’ 8
Firm-R 5’- AGCTGACGACAACCATGCAC-3’
Staphylococcus Sa-pl-47-L 5’-ATGCATAGCCGACCTGAGAG-3’ NCBI:txid1280
aureus
Sa-pl-47-R 5’- AGGAGTCTGGACCGTGTCTC-3’
Streptococcus S.pneu-pl-52-L 5’-GCAAGGTATGCAGGAATCGT-3’ Modification on
pneumoniae Streptococcus
pneumoniae alpha
fucosidase gene
NCBI:txid488222
S.pneu-pl-52-R 5’-TCGCTTGAGTATGAACCAACC-3’
Rothia Rothia-Spp-L 5-GCCTGGGAAACTGGGTCTAAT-3’ 3
Rothia-Spp-R 5’-CAAGCTGATAGGCCGTGAG-3’

Micromonospora

Mimo16S-pl-39-L

5’-GGTACAATGGGCTGCGATAC-3’

Modification on
Micromonospora strain
ATCC 27029
NCBI:NR_074415.1

Mimo16S-pl-39-R

5’-CGAACTGAGACCGGCTTTT-3’

pneumoniae

Pseudomonas ORPL-pl-11-L 5’-CCAGAGCCATGTTGTACTCG-3’ 4041 Modification on
aeruginosa Pseudomonas
aeruginosa Outer
Membrane Protein L
NCBI:txid205922
ORPL-pl-11-R 5’-ACACGCGAAAGACCTGAAAG-3’
Pseudomonas Pf-pl-66-L 5’-GACAGAATAAGCACCGGCTAA-3’ NCBI:txid294
fluorescens
Pf-pl-66-R 5’-ACGCTTGCACCCTCTGTATT-3'
Escherichia UidA405-pl-9-L 5’-CTGATAGCGCGTGACAAAAA-3’ Modification on Beta-
glucuronidase protein,
Uid A405 gene
NCBI:txid83333
UidA405-pl-9-R 5-CGGTTCGTTGGCAATACTC-3’
Bordetella Bordetella-pl-45-L 5’-GAGCCATTGTCGGTGAGC-3' NCBI:txid517
Bordetella-pl-45-R 5’-CGCAGTGGCCTACTACCAG-3’
Prevotella Prevotella-pl-66-L 5’-TGCAGGTACCGCATGAATAA-3’ NCBI:txid838
Prevotella-pl-66-R 5’-CCGGACCTTCCGTATTACC-3’
Veillonella Veillonella-L 5'-CCGTGATGGGATGGAAACTGC-3’ 42
Veillonella-R 5’-CCTTCGCCACTGGTGTTCTTC-3’
Mycoplasma Myco.pneu-pl-16-L 5’-AGACACGGCCCATACTCCTA-3’ Greengenes

GenBank: CP017343.1

Myco.pneu-pl-16-R

5’-CAAGCTTTCGCTCATTGTGA-3’
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Chlamydophilia C.pneu-pl-45-L 5’-CGTGAGATGGAGCAAATCCTA-3’ Greengenes
pneumoniae GenBank: CP001713.1
C.pneu-pl-45-R 5-ACTTCATGTAGTCGAGTTGCAGA-3’
Neisseria bacilliformis | Nb-pl-8-L 5’-TGCGTAGAGATGTGGAGGAAT-3’ Greengenes
NCBI:txid267212
Nb-pl-8-R 5’-CTGTTTGCTACCCACGCTTT-3’
Moraxella catarrhalis Mc-pl-66-L 5’-CACAGAATAAGCACCGGCTAA-3’ Greengenes
GenBank: CP010573.1
Mc-pl-66-R 5-ACGCTTGCACCCTCTGTATT-3’

Neisseria meningitidis

N.meningitidis-pl-9-L

5’-ATTCCACTACGGCAAACACC-3’

* Modification on
Neisseria meningitidis
SodC gene
NCBI:txid487

N.meningitidis-pl-9-R

5’-TCGGTGCCTTTGATTTGATT-3’

Haemophilus H.influ-pl-98-L 5-AGCTGGTAAAGGTGTTGATGC-3’ Modification on

influenzae Peptidoglycan
associated outer
membrane lipoprotein-
OMP P6
NC_000907.1

H.influ-pl-98-R 5-GCAGGTTTTTCTTCACCGTAA-3’
Fungi Quant Fungi Quant-F 5’-GGRAAACTCACCAGGTCCAG-3’ a4

Fungi Quant-R

5’GSW CTA TCC CCA KCA CGA-3’

Aspergillus fumigatus

OliAFMB-L-pl-103

5’-AGC ACG GCT TGT GTG TTG -3’

Modification on
Aspergillus ITS
KT358862 4

OliAFMB-R-pl-103

5’-GGG TGA CAA AGC CCCATAC-3’
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Chapter 7

Epithelial Response to Inflammatory Stimuli

The response of asthmatic airway bronchial epithelial cells
(BEAS-2B) to microbial compounds, cytokines and

metabolites
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1. Abstract

Background: Asthma is a highly heterogeneous disease with numerous
phenotypes and symptoms in individuals can be triggered by a wide range of stimuli
including allergens, airborne pollutants and infection. Dietary, genetic, microbial

and environmental factors can be contributors to asthma risk.

Methods: BEAS-2B cells were stimulated with TLR2 (Pam3CSK4) and TLR4
(Escherichia coli LPS, Porphyromonas gingivalis LPS and Pseudomonas aeruginosa
LPS) agonists alone or in combination with the cytokines IL-1B, IL-4, IL-7 and IL-17A
or in combination with the metabolites Indole Acetic Acid and Sodium Acetate. qRT-
PCR was performed to in order investigate the genes of interest; IL-6, CXCL8, CCL20,
EGR1, IFNy, TGFB-1, TGFB-2, TGFB-3, TSLP, HDACS, IL-36y, GPR41, GPR109A and
GPR109B and the relative expression of the genes of interest was calculated against

the housekeeper gene, B-actin.

Results: Microbial compounds including LPS derived from Escherichia coli,
Porphyromonas gingivalis and Pseudomonas aeruginosa and Pam3CSK4, cytokines
including IL-1B, IL-4, IL-7 and IL-17A and metabolites including Indole Acetic Acid
and Sodium Acetate alone or in combination resulted in a significant change in the
relative expression of an array of targets of interest including IL-6, CXCLS8, EGR1,

IFN-y, TGFB, TSLP, HDACS, IL-36y, GPR41, GPR109A and GPR109B.

Conclusions: Many facets of allergic sensitisation are controlled by the airway
epithelium and it in turn plays a key role in allergic inflammation, remodelling and
bronchial hyper-reactivity. Therefore experiments targeting the airway epithelium
with the goal of further understanding the pathophysiology of asthma could have
many beneficial ramifications in terms of targets for new therapies and
advancements in general asthma understanding and management. Overall the
research aim to investigate the response of bronchial epithelial cells to microbial
compounds, cytokines and metabolites individually and in combination and to

investigate the resulting immune reaction upon stimulation was carried out.

313



2. Introduction

Airway epithelial cells are the frontline defence mechanism between the host and
the environment and offer a defensive barrier against allergens, microorganisms
and environmental pollutants®. The airway epithelium is further comprised of
ciliated, club, goblet and basal cells which can transdifferentiate®. Airway epithelial
cells are considered key controllers of inflammatory, immune and regenerative
responses. Epithelial cells express pattern recognition receptors (PRRs) such as Toll
like receptors (TLRs), NOD-like receptors, C-type lectins and protease-activated
receptors, which respond to the detection of pathogen-associated molecular
patterns (PAMPs) present in microorganisms, and to damage-associated molecular
patterns (DAMPs), which are released upon tissue damage, cell death or cellular
stress. Upon exposure to pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) the pattern recognition receptors
(PRRs) are turned on which then leads to modulatory compounds, such as cytokine,
chemokine and antimicrobial peptides, to be released which then attract and

activate innate and adaptive immune cells'3.

The airway epithelium offers a barrier function and mucociliary clearance
mechanisms in order to prevent the invasion of allergens. The epithelial barrier
integrity is dependent on apical tight junctions and adherens junctions, however in
many leading respiratory diseases both the structure and function of the epithelial
cells can be altered and it has been documented that in the airways of individuals

with asthma the epithelium can be fragile®*.

Patients with chronic asthma can be subject to a progressive decline in lung
function believed to be as a result of structural remodelling of the airways which is
characterised by sub-epithelial fibrosis and smooth muscle hyperplasia leading to a
compromised airway epithelium?®. It has been noted that in asthma there is a
change in the normal airway epithelium composition and goblet cell metaplasia,
caused by the transdifferentiation of club cells and ciliated cells to goblet cells,
resulting in an increase in the production of mucus within these patients leads to a

progressive deterioration in lung function?.
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Many facets of allergic sensitisation are controlled by the airway epithelium and it
in turn plays a key role in allergic inflammation, remodelling and bronchial hyper-
reactivity. Therefore experiments targeting the airway epithelium with the goal of
further understanding the pathophysiology of asthma could have many beneficial
ramifications in terms of targets for new therapies and advancements in general

asthma understanding and management®.

Asthma is a highly heterogeneous disease with numerous phenotypes and
symptoms in individuals can be triggered by a wide range of stimuli including
allergens, airborne pollutants and infection'®2, Dietary, genetic, microbial and
environmental factors can be contributors to asthma risk®. Airway epithelial cells
play their part in both the innate and adaptive immune responses through
activation of antimicrobial molecules and pro-inflammatory factors3. Studies have
shown that respiratory pathogens, viruses, fungi and bacteria can play a role in
asthma pathophysiology'®!. Intestinal metabolites; small molecules derived from
the host, microbiota or exogenous sources such as the diet; have been shown to
play a part in diseases such as asthma. Clinically relevant metabolites can
contribute to pathogenic changes and it has recently been shown that intestinal

bacterial taxa correlate with intestinal metabolites and childhood asthma®.

It is therefore of interest to investigate the response of bronchial epithelial cells to
microbial compounds, cytokines and metabolites individually and in combination
and to investigate the resulting immune reaction upon stimulation. Microbial
compounds including LPS derived from Escherichia coli, Porphyromonas gingivalis
and Pseudomonas aeruginosa (TLR4 agonists) and Pam3CSK4 (TLR2 agonist),
cytokines including IL-16, IL-4, IL-7 and IL-17A and metabolites including Indole
Acetic Acid and Sodium Acetate were utilised to investigate their effect upon
asthmatic bronchial epithelial cells and the subsequent immune response was

examined.
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3. Methods

3.1. Epithelial cell culture

Beas-2B human bronchial epithelial cells immortalised through the infection of a
replication defective SV40/adenovirus 12 hybrid were acquired from the American
Type Culture Collection (ATCC number CRL-9609) (ATCC, Virginia, USA). Airway
Epithelial Cell Growth Basal Medium supplemented with SupplementMix (Promo
Cell, Brennan & Company, Ireland) was prepared and final supplement
concentrations after addition to the serum free cell culture medium were as
follows; Bovine Pituitary Extract 0.004ml/ml, Epidermal Growth Factor
(recombinant human) 10ng/ml, Insulin (recombinant human) 5ug/ml,
Hydrocortisone 0.5ug/ml, Epinephrine 0.5ug/ml, Triiodo-L-thyronine 6.7ng/ml,

Transferrin (recombinant human) 10ug/ml, and Retinoic Acid 0.1ng/ml.

3.2. Removal of cells from cryopreservation

Beas-2B human epithelial cells were stored in aliquots in liquid nitrogen cell bank 1,
rack 1.5. Cryovials containing 1x10° Beas-2B cells per vial were removed from the
cell bank and placed in a 37°C water bath. Once defrosted cells were aliquoted into
15ml falcon tubes which contained 5mls of warmed Airway Epithelial Cell Growth
Basal Medium (Promo Cell; Brennan & Company, Ireland) ensuring all cells were
removed from the cryovial. The 15ml falcon tube was inverted several times,
centrifuged at 200g for 10 minutes, supernatant removed and cell pellet re-
suspended with cell culture media pre-warmed in Greiner CELLSTAR 75cm? cell
culture flasks with red filter screw caps (Cruinn, Ireland). Flasks containing 12mls of

medium and cells were then incubated at 37°C with 5% CO..
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3.3. Cell culture maintenance

Cell culture growth was monitored daily using an inverted microscope (Olympus).
Cell medium was changed every 2-3 days to replenish nutrients and ensure correct
pH was maintained. This involved removal of 90% of the medium by aspiration and
the addition of 12mls of Airway Epithelial Cell Growth Basal Medium. In order to
avoid squamous terminal differentiation the cells had to be subcultured before
reaching confluence. Once 60-70% cell confluence was reached cell culture medium
was removed and the cells were washed with Ca**/Mg?* Phosphate Buffered Saline
(PBS) (Sigma Aldrich). 2ml of trypsin which consisted of 0.05% Trypsin and EDTA in
PBS (Gibco, Thermo Fisher Scientific)and 2ml of 1x Cell Dissociation Solution (Sigma
Aldrich) was added to the cells in the T75 flask, ensuring all cells were coated. The
flask was then incubated at 37°C, 5% CO, for 5-10 minutes, and cells were checked
regularly under an inverted microscope for dispersal of the cell layer. Once this was
observed 5ml of Airway Epithelial Cell Growth Basal Medium was added and cells
were aspirated by gentle pipetting. The cell suspension was then transferred to a
15ml falcon tube and centrifuged at 200g for 10 minutes. The supernatant was
removed and the cell pellet re-suspended in 10ml of fresh cell medium. Trypan Blue
(Invitrogen, UK) was utilised to determine cell viability and cell numbers. Healthy
cells have ability to exclude Trypan Blue however non-viable cells cannot and are
stained blue. Briefly 10ul of cell suspension and 10ul of Trypan Blue was combined
in an Eppendorf tube and 10ul of this suspension was pipetted uniformly into one
of the two chambers of the cover-slipped Brightline Haemocytometer (Sigma
Aldrich) and 4 squares per chamber were counted under an inverted microscope
(Olympus) at 10x objective. When counting a system was employed whereby cells
were only counted when they were within the set of 16 squares and on the right
hand boundary line of the overall large square. The average cell count from each of
the 4 sets of the 16 corner squares was calculated. This value was then multiplied
by the volume of the cell suspension, the trypan blue dilution factor of 2 and
10,000. The value obtained from this calculation was then divided by 4 to account

for the 4 squares of the haemocytometer chamber counted to obtain the total cells
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per ml value. T75 flasks had a seeding density of 2.1x10° and 24 well culture plates

(Corning Life Sciences, NY, USA) had a seeding density of 0.05x10° per well.

3.4. Cryopreservation of cell lines

Cell cultures can be frozen indefinitely to preserve the cells and ensure a backup of
cells are available. Before cells are frozen they were maintained in an actively
growing state to ensure that cells were at maximum health and had the best chance
of recovery. Beas-2 cells underwent the same protocol as to subculture the cells
and the cell suspension was counted and viability noted in the same manner using a
Haemocytometer. The viability of the cells should be 90% in order to ensure the
cells survive the freezing process. The cell suspension was centrifuged for 10
minutes at 200g and supernatant was discarded. 10% DMSO which consisted of 9ml
Foetal Bovine Serum (FBS) (Sigma Aldrich) and 1ml Dimethylsulfoxide (DMSO)
(Sigma Aldrich) was prepared. 10% DMSO was used to re-suspend the cell pellet;
the volume used was determined by the cell count number in order that each
cryovial contained 1x10° cells per ml. The labelled cryovials were gradually frozen
by first freezing the cryovials in a bio-freezing vessel stored at -80°C for 24 hours

before transferring the cryovials to liquid nitrogen for long term storage.

3.5. Preparation of cell stimulants

Stock concentrations of the microbial compounds Escherichia coli LPS 100ug/ml
(Invivogen) (TLR4 agonist), Porphyromonas gingivalis LPS 1mg/ml (Invivogen) (TLR4
agonist), Pseudomonas aeruginosa LPS 5mg/ml (Sigma Aldrich) (TLR4 agonist),
Pam3CYSK4 1000ng/ul (Invivogen) (TLR2 agonist), the cytokines IL-1B 2ug,
(Peprotech), IL-4 5ug (Peprotech), IL-7 2ug (Peprotech), IL-17 5ug (Peprotech) and
the metabolites Sodium Acetate 3M (Invitrogen, Thermo Fischer Scientific), Indole 3
Acetic Acid 5g (Sigma Aldrich) were diluted to working stock concentrations as per
manufacturer’s instructions. Concentrations used were determined by best practice
from previous cell experiments within the laboratory group and through literature

review. Briefly BEAS-2B cells were exposed to 100ng/ul Escherichia coli LPS,
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100ng/ul Porphyromonas gingivalis LPS, 100ng/ul Pseudomonas aeruginosa LPS,
1000ng/pl Pam3CSK4, 10ng/pl IL-1B, 10ng/pl 1L-4, 10ng/pl IL-7, 50ng/pl IL-17, 2mM
(20ul/ml) Sodium Acetate and 2mM (20ul/ml) Indole 3 Acetic Acid.

3.6. Stimulation of submerged Beas-2B cells grown in 24 well plates

24 well culture plates (Corning Life Sciences, NY, USA) were seeded with Beas-2B
cells at a density of 0.05x10° cells per well and cells were maintained in a 37°C 5%
COzincubator and were fed every two days. Once cells were confluent cells were
stimulated with various combinations of microbial compounds, cytokines and
metabolites of interest. BEAS-2B cells were exposed the following concentrations;
100ng/ul Escherichia coli LPS (TLR4 agonist), 100ng/ul Porphyromonas gingivalis LPS
(TLR4 agonist), 100ng/ul Pseudomonas aeruginosa LPS (TLR4 agonist), 1000ng/ul
Pam3CSK4 (TLR2 agonist), 10ng/ul IL-1B, 10ng/ul IL-4, 10ng/ul IL-7, 50ng/ul IL-17,
2mM (20pl/ml) Sodium Acetate and 2mM (20ul/ml) Indole 3 Acetic Acid. See layout
1-4 for plate design. Cells were stimulated with components in triplicate within

each 24 well plate and each plate layout was repeated in triplicate.

Unstimulated LPS E.coli

LPS P. aeruginosa LPS P. gingivalis
PAM3CSK4 IL-1B

IL-4 IL-7

Layout 1: Plate layout 1, in which cells were stimulated with Escherichia coli LPS
(TLR4 agonist), Pseudomonas aeruginosa LPS (TLR4 agonist), Porphyromonas
gingivalis LPS (TLR4 agonist), Pam3CSK4 (TLR2 agonist), IL-1B, IL-4 and IL-7 in

triplicate. Three wells of Beas-2B cells remained unstimulated as the study control.
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IL17 LPS PA +IL-1B
LPSPA +1L-4 LPS PA +1L-7
LPS PA +IL-17 LPSPG +IL-1B
LPSPG+IL-4 LPS PG +IL-7

Layout 2: Plate layout 2, in which cells were stimulated with IL-17, and the
following combinations of compounds; Pseudomonas aeruginosa LPS and IL-1B,
Pseudomonas aeruginosa LPS and IL-4, Pseudomonas aeruginosa LPS and IL-7,
Pseudomonas aeruginosa LPS and IL-17, Porphyromonas gingivalis LPS and IL-1p,

Porphyromonas gingivalis LPS and IL-4, Porphyromonas gingivalis LPS and IL-7 in

triplicate.
LPS PG +IL-17A PAM3CSK4 +IL-1B
PAM3CSK4 +IL-4 PAM3CSK4 + IL-7

PAM3CSK4 +IL-17

Layout 3: Plate layout 3, in which cells were stimulated with Porphyromonas
gingivalis LPS and IL-17, Pam3CSK4 and IL-13, Pam3CSK4 and IL-4, Pam3CSK4 and

IL-7 and Pam3CSK and IL-17 in triplicate.

Indole Acetic Acid IAA +LPS PA

IAA + LPS PG IAA + PAM3CSK4

Sodium Acetate Sodium Acetate + LPS PA
Sodium Acetate + LPS PG Sodium Acetate + PAM3CSK4

Layout 4: Plate layout 4, in which cells were stimulated with Indole 3 Acetic Acid,
Indole 3 Acetic Acid and Pseudomonas aeruginosa LPS, Indole 3 Acetic Acid and
Porphyromonas gingivalis LPS, Indole 3 Acetic Acid and Pam3CSK4, Sodium Acetate,
Sodium Acetate and Pseudomonas aeruginosa LPS, Sodium Acetate and

Porphyromonas gingivalis LPS and Sodium Acetate and Pam3CSK4.

Plates were stimulated for 24 hours in a 37°C 5% COz incubator. After 24 hours cells
were visualised by microscopy and stimulation was stopped removing the

supernatant and by lysing the cells with Solution TR1 and B-mercaptoethanol from

the RNeasy Powerlyzer Tissue and Cells Kit (Qiagen).
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3.7. RNA extraction

RNA was extracted using the RNeasy PowerLyzer Tissue and Cells Kit (Qiagen). After
Beas-2B cells in a 24 well plate were stimulated for 24 hours the stimulation was
stopped by lysing the cells. The cell culture medium was removed from each of the
24 wells. Solution TR1 was prepared by adding 10ul of B-mercaptoethanol for every
1ml of Solution TR1, therefore for 24 samples 120ul of B-mercaptoethanol in 12ml
of Solution TR1 was required, 500ul of which was added to each well of the plate
ensuring the cells were thoroughly homogenised by vigorous pipetting of the
solution 15-20 times in the well, ensuring the pipette tip was changed after each
well. The 24 well cell culture plate containing the homogenised samples in Solution
TR1 was then carefully sealed and stored at -80°C until ready. Once ready to
complete the RNA extraction protocol the 24 well cell culture plate was defrosted
and 500ul of Solution TR2 was added to the lysate in each well and was mixed
thoroughly by pipetting. Solution TR2 consisted of 70% ethanol, ensuring optimal
binding conditions were prepared for RNA capture on the MB RNA spin column
filter membrane. 600yl of the lysate was then transferred to the corresponding
labelled MB RNA spin column in a 2ml collection tube and centrifuged at 10,000g
for 1 minute. The flow through was discarded and this step was repeated with the
remaining lysate. The RNA was bound to the membrane of the spin column. The
spin column was washed with 500ul of Solution WB, centrifuged at 10,000g for 1
minute and the spin column was placed in a new collection tube. This step removed
proteins from the spin column membrane. The spin column membrane was then
washed with 500ul of Solution RW, centrifuged at 10,000g for 1 minute. The flow
through was discarded and the spin column was washed again with 500ul Solution
RW, centrifuged at 10,000g for 1 minute ensuring that the ethanol in Solution RW
removed salts present in Solution WB. The spin column was then placed in a new
collection tube and centrifuged for 2 minutes at 13,000g to completely dry the
membrane so the RNA may be released efficiently in the next step. The spin column
was placed in a new collection tube and 100ul RNase-free water was directly added

to the membrane and incubated at room temperature for 1 minute before being
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centrifuged at 10,000g for 1 minute to elute the RNA which was then stored at -

80°C until required for further downstream processing.

3.8. RNA quantification and dilution

The concentration and quality of the extracted RNA was analysed using a Nano
Drop ND1000 spectrophotometer using the settings nucleic acid; RNA-40 (Thermo
Fischer Scientific, Wilmington, Delaware, USA). The Nano Drop was calibrated using
1ul of DNase/RNase free water. The RNA extracted from the Beas-2B cell
stimulations was analysed by pipetting 1ul of sample onto the lower measure
platform of the machine, closing the sampling arm and initiating spectral
measurement using the operating software documenting the ng/ul and 260:280
values and RNA curve graph. See Supplementary Table S1, S2 and S3. In order to
standardise the RNA a dilution step was performed where the undiluted RNA was
diluted with DEPC treated molecular biology grade water (Calbiochem, Sigma
Aldrich) to ensure a standard value of 20ng/ul (200ng per reaction) of RNA for each

patient sample.

3.9. Reverse transcriptase PCR

The mRNA isolated from the Beas-2B cell stimulations and diluted to 20ng/ul was
reverse transcribed to cDNA. Mastermix per sample reaction consisted of 4ul 5X
Transcriptor Buffer, 2ul dNTP (ATGC) 10mM, 1ul Transcriptor RT/RNAsin mix which
consisted of Reverse Transcriptase and Protector RNase Inhibitor in a 1:1 volume
ratio and 3pl of Random Primer (Roche, Merck-Sigma Aldrich, Germany). A No RT
Mastermix consisted of 4ul 5X Transcriptor Buffer, 2ul dNTP (ATGC) 10mM, 3ul
Random Primer and 1ul DEPC treated molecular biology grade water (Calbiochem,
Sigma Aldrich, Germany). 10ul of Mastermix or no RT Mastermix was pipetted into
a 96 well unskirted PCR plate (Thermo Fisher Scientific, Bio Sciences, Ireland) and
10ul of 20ng/ul mRNA, extracted from the Beas-2B cell stimulations, was pipetted
into the wells to ensure the mRNA from each stimulation was transcribed to cDNA.

The 96 well plate was sealed with a foil plate seal and spun using a microplate
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centrifuge (VWR, Dublin, Ireland) to ensure the mastermix and RNA is dispersed to
the bottom of the wells. A benchtop 2720 Thermal Cycler machine (Applied
Biosystems, Thermo Fisher Scientific, Ireland) was programmed to include 10
minutes at 25°C, 30 minutes at 55°C and 5 minutes at 85°C before cooling to 4°C
while the PCR lid was heated to 100°C to prevent reagent loss. Once the Reverse
Transcriptase PCR cycles were complete the cDNA was diluted by adding 80ul DEPC
treated molecular biology grade water to each well. The cDNA was then stored at -

20°C for further downstream applications.

3.10. Primers

Primers were designed using the Universal Probe Library Assay Design Centre
(Roche Life Sciences) programme. See Supplementary Table S4 for primer
sequences and corresponding probe numbers. Primers were chosen based on
scientific literature with an emphasis on cytokines and chemokines in relation to
bronchial epithelial cells. When designing the primers using the Universal Probe
Library Assay Design Centre Homo sapiens was selected as the organism of choice
and the target gene of interest was entered by name leading to the design of
numerous primer pairs for that gene. Two primer pairs were designed for each
gene of interest based on the software ranking system. Primers were supplied by
Eurofins Genomics (Ireland) or Sigma Aldrich (Ireland). Primers were centrifuged
upon arrival to ensure the lyophilized pellet remained at the bottom of the 2ml
screw-cap tube and then were re-suspended with molecular grade water according
to individual primer specification (ul for 100uM). Once primers were re-suspended
they were then vortexed and combined by adding 20ul of right primer and 20ul of
left primer and 160ul of molecular grade water to a sterile labelled Eppendorf tube.
Primers were then stored at -20°C. Universal Probe Library (PL) Probes sets (Roche
Life Sciences) were available within the laboratory. Primers for which there was not
a corresponding probe available for underwent SYBR green gRT-PCR conditions.
Primers were tested on a pool of Beas-2B cDNA and primers were considered viable
depending on Absolute Quantification/2"? Derivative Max Cp values and Tm calling

analysis.
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3.11. qRT-PCR

gRT-PCR’s were performed using a 384 well plate layout and LightCycler Probes
Master (Roche, Ireland) or LightCycler SYBR Green Master (Roche) reagent mix,
dependent on the use of hydrolysis probes or SYBR Green primer sets. Water NTCs
(No Template Control) were used in each reaction in order to identify reaction set
up contamination and to test for the propensity of primers to create primer dimers
in the case of reactions which were carried out with SYBR Green Master. Reactions
were performed on a LightCycler 480 machine (Roche). gRT-PCR conditions were as
follows; pre-incubation at 50°C for 2 minutes, ramp rate 4.8°C/s and 95°C for 10
minutes, ramp rate 4.8°C/s. Amplification at 95°C for 10 seconds, ramp rate
4.8°C/s, 60°C for 45 seconds, ramp rate 2.5°C/s and 75°C for 1 second, ramp rate
4.8°C for 45 cycles in total. A melt curve also occurred at 95°C with a ramp rate of
0.11°C/s for any primer which used LightCycler SYBR Green Master. A cooling stage
then occurred at 40°C, ramp rate 2°C/s at the end of the process. Fluorescent
readings were taken in single acquisition mode. All NTCs did not produce a product
and melt curves produced clear peaks indicating that the products produced were
not an artefact. qRT-PCR was carried out on stimulated Beas-2B cDNA with a focus
on the following genes of interest; B-actin (pl11), IL-6 (pl16), IL-17F (SYBR), CXCL8
(SYBR), CCL11 (SYBR), CCL20 (SYBR), EGR1 (SYBR), IFN-y (SYBR), TSLP (SYBR), TGFB1
(pl31), TGFB2 (pl44), TGFB3 (pl38), GPR4A1 (SYBR), GPR109A (pl23), GRP109B (pl62),
IL36-y (p!54) and HDAC6 (SYBR).

3.12. Statistical analyses

gRT-PCR raw data was analysed using ddCT analysis using Microsoft Excel software.
The housekeeper gene, beta (B)-actin raw gPCR data was compared to the raw
gPCR Ct (Cycle threshold) data for the gene of interest. To do this, the average of
the Ct values for the housekeeping gene (HK), beta (B)-actin was calculated for both
the control (unstimulated Beas-2B samples) and the qPCR Ct beta (B)-actin results
for all the samples tested in that gqRT-PCR run. The average of the Ct values for the
gene of interest (GOI) gPCR Ct raw data was also calculated with regards to the

average Ct value for the gene of interest (GOI) from the unstimulated Beas-2B
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samples and also from the average of the GOI Ct values for all samples tested in
that qRT-PCR run. Four averages were generated; the GOl average experimental Ct
value, the GOI average control Ct value, the HK average experimental Ct value and

the HK average control Ct value.

The difference between the GOI average experimental Ct value and the HK average
experimental Ct value was calculated and the difference between the GOl average
control Ct value and HK average control Ct value was also calculated. This created
the delta Ct (ACt) values. Either the delta Ct control or delta Ct experimental value
was then used as a calibrator control to calculate the difference between it and the
delta Ct of each individual sample, creating the delta delta Ct (AACt) value for each

individual sample. The fold change of the samples was then calculated by 2*-AACt.

The graphical representation and statistical analysis of data was then carried out
using GraphPad Prism 8 software. Results were considered statistically significant
when P<0.05. An unpaired t test with welch’s correction was used to analyse the
relative expression data as the standard deviation between the two conditions was

not equal.
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4. Results

4.1. Analysis of microbial compounds and cytokine stimulations

gRT-PCR analyses of the in vitro gene expression in Beas-2B; immortalized human
bronchial epithelial cells, using an unstimulated control and the stimulants
Escherichia coli LPS (TLR4 agonist), Pseudomonas aeruginosa (PA) LPS (TLR4
agonist), Porphyromonas gingivalis (PG) LPS (TLR4 agonist), Pam3CSK4 (TLR2
agonist), IL-1B, IL-4 and IL-7, IL-17A, Pseudomonas aeruginosa (PA) LPS and IL-1,
Pseudomonas aeruginosa (PA) LPS and IL-4, Pseudomonas aeruginosa (PA) LPS and
IL-7, Pseudomonas aeruginosa (PA) LPS and IL-17, Porphyromonas gingivalis (PG)
LPS and IL-1B, Porphyromonas gingivalis (PG) LPS and IL-4, Porphyromonas
gingivalis (PG) LPS and IL-7, Porphyromonas gingivalis (PG) LPS and IL-17,
Pam3CSK4 and IL-18, Pam3CSK4 and IL-4, Pam3CSK4 and IL-7 and Pam3CSK4 and IL-
17 took place in order to investigate if the stimulants alone or a combination of
stimulants induced a significant immune response. All cell stimulation conditions
were examined, n=3 per stimulation experiment and all experiments were carried

out in triplicate.

IL-6, CXCL8, CCL20, EGR1, IFN-y, TGFB-1, TGFB-2, TGFB-3, TSLP, HDAC-6, IL-36y,
GPR41, GPR109A and GPR109B levels were analysed using relative expression (2
ddCT) analysis and statistical significance was calculated and graphs were
generated using GraphPad Prism 8 software. See Figure 1 — Figure 14 for graphical
representation of results. Values are expressed as mean + SD, n=3, with the asterisk
indicative of the level of significance. All cell stimulation conditions were examined,

n=3, per stimulation experiment and all experiments were carried out in triplicate.
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Figure 1. IL-6 mRNA Expression following cytokine and microbial component
stimulations for 24 hours. (A) Cells stimulated with the ligand Pam3CSK (P<0.05),
the cytokine IL-1 (P<0.05) and a combination of LPS PA+IL-13 (P<0.01) and
Pam3CSK+IL-1B (P<0.01) had significant increase in the levels of cytokine IL-6
compared to unstimulated Beas-2B cells (US), n=3. (B) Pam3CSK (P<0.05) and a
combination of LPS PA+IL-4 (P<0.05), LPS PG+IL-4 (P<0.05) and Pam3CSK+IL-4
(P<0.0001) had a significant increase in IL-6 compared to US cells, however IL-4
alone did not have an effect, n=3. (C) Pam3CSK (P<0.05), the cytokine IL-7 (P<0.005)
and a combination of LPS PA+IL-7 (P<0.05), LPS PG+IL-7 (P<0.005) and Pam3CSK+IL-
7 (P<0.0005) had a significant increase in IL-6 compared to US cells, n=3. (D)
Pam3CSK (P<0.05) and a combination of LPS PA+IL-17A (P<0.05), LPS PG+IL-17A
(P<0.005) and Pam3CSK+IL-17A (P<0.05) had a significant increase in IL-6 compared

to US cells, n=3.
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Figure 2. CXCL8 mRNA Expression following cytokine and microbial component
stimulations for 24 hours. Beas-2B cells stimulated with Escherichia coli derived LPS
(P<0.01), and the TLR2 agonist Pam3CSK (P<0.01) showed a significant level of the
chemokine CXCLS (IL-8) compared to unstimulated (US) cells (A-D). (A) Cells
stimulated with the cytokine IL-1B (P<0.05) and with a combination of LPS PG+IL-1
(P<0.01) and Pam3CSK+IL-1B (P<0.0005) showed a significant CXCL8 response
however when cells were stimulated with a combination of LPS PA+IL-1B there was
not a significant CXCL8 difference. (B) Cells stimulated with a combination of
Pam3CSK+IL-4 (P<0.005) had a significant increase in CXCL8 compared to US cells,
but there was no significance found in IL-4 stimulation alone or in combination with
LPS PA or LPS PG. (C) Stimulation with LPS PG+IL-7 (P<0.05) and Pam3CSK+IL-7
(P<0.01) showed a significant CXCL8 response as did cells stimulated with LPS
PA+17-17A (P<0.05) and Pam3CSK+IL-17A (P<0.005) (D). n=3.
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Figure 3. CCL20 mRNA Expression following cytokine and microbial component
stimulations for 24 hours. Beas-2 cells when stimulated with various bacterial

compounds and cytokines had little statistical significance in CCL20 expression;
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however this may be due to the large variation observed in expression levels

between the 3 individual experiments where the cells were stimulated with the

various compounds of interest. Statistical significance was observed when cells

were stimulated with IL-4 (P<0.05), IL-7 (P<0.05) and a combination of

Porphyromonas gingivalis (PG) derived LPS and IL-4 (P<0.05). n=3.
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Figure 4. EGR1 mRNA Expression following cytokine and microbial component
stimulations for 24 hours. Beas-2B cells stimulated with the TLR2 agonist Pam3CSK
(P<0.05) showed a significant increase in EGR1 levels in comparison to the
unstimulated (US) Beas-2B cells (A-D). (A) Cells stimulated with the cytokine IL-1B
(P<0.0001) and with combinations of LPS PA+IL-1B (P<0.05), LPS PG+IL-1B (P<0.05)
and Pam3CSK+IL-1B (P<0.05) showed a significant EGR1 response when compared
to US cells. (B) Cells stimulated with IL-4 alone showed no significance however a
combination of Pam3CSK+IL-4 (P<0.05) had a significant increase in EGR1 levels
compared to US cells. (C) Stimulation with Pam3CSK+IL-7 (P<0.01) showed a
significant difference in EGR1 expression in comparison to the unstimulated Beas-
2B cells. (D) Cells stimulated with IL-17A alone had a statistically significant
difference in EGR-1 expression in comparison to unstimulated cells and expression
level in the IL-17A stimulated cells was lower on average than the expression in the
unstimulated cells. Cells stimulated with LPS PG+IL-17A (P<0.05) and Pam3CSK+IL-
17A (P<0.05) has a statistically significant rise in expression compared to the US

cells. n=3.
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Figure 5. IFNy Expression following cytokine and microbial component
stimulations for 24 hours. Upon stimulation with the bacterial components; E. coli
derived LPS (P<0.01), P. gingivalis derived LPS (P<0.05) and the TLR2 agonist
Pam3CSK (P<0.05) there were statistically significant increases in IFNy expression
levels when compared to unstimulated cells (A-D). (A) IL-1B (P<0.005) stimulation
alone increased IFNy expression levels as did a combination of LPS PA+IL-13
(P<0.005), LPS PG+IL-1pB (P<0.005) and Pam3CSK+IL-1B (P<0.0005). (B) Cells
stimulated with IL-4 alone (P<0.05) and in combination, LPS PA+IL-4 (P<0.01) LPS
PG+IL-4 (P<0.0005) and Pam3CSK+IL-4 (P<0.0005) showed significant IFNy
expression. (C) Cells stimulated with IL-7 (P<0.0001), LPS PA+IL-7 (P<0.01), LPS
PG+IL-7 (P<0.0005) and Pam3CSK+IL-7 (P<0.0001) all displayed significant IFNy
expression. (D) IL-17A (P<0.05), LPS PA+IL-17A (P<0.0005), LPS PG+IL-17A (P<0.005)
and Pam3CSK+IL-17A (P<0.005) stimulated Beas-2 cells displayed significant IFNy

expression. n=3.
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Figure 6. TGFB-1 mRNA Expression following cytokine and microbial combonent
stimulations for 24 hours. When the stimulated Beas-2B airway epithelial cells
were analysed for TGFB-1 expression no significance was found in comparison to
the unstimulated Beas-2B cells using an unpaired t-test with Welch’s correction as

the SD between stimulations was not equal (A-D). n=3
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Figure 7. TGFB-2 mRNA Expression following cytokine and microbial component

stimulations for 24 hours. It was found that upon stimulation of the Beas-2B cells

with the various microbial components and cytokines only the cytokine IL-4 had a

statistically significant increase in TGFB-2 (P<0.05) expression (B). n=3.
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Figure 8. TFGB-3 mRNA Expression following cytokine and microbial component
stimulations for 24 hours. Overall Beas-2B cells stimulated with the TLR4 agonist P.
gingivalis LPS (P<0.05) and the TLR2 agonist Pam3CSK (P<0.05) resulted in a
statistically significant expression level of TGFB-3 when compared to expression
level of TGFB-3 produced by the unstimulated Beas-2B cells. (A) Cells stimulated
with IL-1B (P<0.05) resulted in a statistically significant level of TGFB-3. While IL-1
when combined with P. aeruginosa LPS or with P. gingivalis LPS did not resultin a
statistically significant expression level of TGFB-3 cells stimulated with Pam3CSK+IL-
1B did result in the significant expression of TGFB-3 (P<0.05). (B) The same was seen
for cells stimulated with IL-4 (P<0.05) and Pam3CSK+IL-4 (P<0.05). (C) Cells
stimulated with IL-7 alone or in combination did not produce significant TGFp-3
expression.(D) Cells stimulated with IL-17A alone did not result in statistically
significant TGFB-3 expression however when combined with P. aeruginosa LPS it
was observed that statistically significant expression levels of TGF-3 was produced

(P<0.05).n=3.
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Figure 9. TSLP mRNA Expression following cytokine and microbial component
stimulations for 24 hours. E. coli LPS (TLR4 agonist) did not produce a statistically
significant relative expression of the cytokine TSLP when compared to unstimulated
Beas-2B cells. However cells stimulated with P. aeruginosa LPS (P<0.05) or P.
gingivalis LPS (P<0.05) (TLR4 agonists) or Pam3CSK (P<0.0005) (TLR2 agonist) did
produce a significant TSLP response (A-D). (A) IL-1B alone (P<0.01) or in
combination; LPS PA+IL-1B (P<0.05), LPS PG+IL-1B (P<0.005) and Pam3CSK+IL-13
(P<0.005) displayed statistically significant TSLP expression. (B) While cells
stimulated with IL-4 and LPS PA+IL-4 did not display significant TSLP expression,
cells stimulated with LPS PG+IL-4 (P<0.05) and Pam3CSK+IL-4 (P<0.05) did display
significant TSLP expression. (C) Cells stimulated with IL-7 alone (P<0.05), or in
combination with LPS PA+IL-7 (P<0.05), LPS PG+IL-7 (P<0.005) or Pam3CSK+IL-7
(P<0.001) had significant TSLP expression. (D) Cells stimulated with IL-17A alone
was not significant however when combined; LPS PA+IL-17A (P<0.05), LPS PG+IL-
17A (P<0.0005), Pam3CSK+IL-17A (P<0.05) significance in TLSP expression was

observed. n=3.
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Figure 10 HDAC6 mRNA Expression following cytokine and microbial component
stimulations for 24 hours. Pam3CSK alone was seen to produce a statistically
significant rise in HDAC6 expression (P<0.05) (A-D). While cells stimulated with IL-1p
alone did not result in a significant change in HDAC6 expression combinations of
LPS PG+IL-1P (P<0.01) and Pam3CSK+IL-1B (P<0.001) resulted in a significance in
HDACG6 expression (A). A similar observation was seen with cells stimulated with IL-
4 alone resulted in no statistical significant change however cells stimulated with
LPS PG+IL-4 (P<0.05) and Pam3CSK+IL-4 (P<0.001) resulted in significance (B). This
was also observed in IL-7 stimulations where LPS PG+IL-7 (P<0.0001) and
Pam3CSK+IL-7 (P<0.01) resulted in a significant change in HDAC6 expression (C).
Stimulation with IL-17A alone did not result in a statistically significant change in
HDACG6 expression however combinations of LPS PA+IL-17A (P<0.05), LPS PG+IL-17A
(P<0.005) and Pam3CSK+IL-17A (P<0.001) resulted in significant changes in HDAC6

expression in comparison to unstimulated cells (D). n=3.
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Figure 11. IL-36y mRNA Expression following cytokine and microbial component
stimulations for 24 hours. Cells stimulated with E. coli derived LPS produces a
statistically significant change in IL-36y expression levels (P<0.05) as did cells
stimulated with Pam3CSK (P<0.05) (A-D). IL-1pB stimulated cells resulted in
significant IL-36y expression (P<0.05) as did cells stimulated with LPS PG+IL-1
(P<0.05) and Pam3CSK+IL-1B (P<0.001) (A). Cells stimulated with IL-4 alone or LPS
PA+IL-4 did not result in a significant IL-36y response, however cells stimulated with
LPS PG+IL-4 (P<0.05) and Pam3CSK+IL-4 (P<0.05) did result in significant IL-36y
expression (B). Cells stimulated with IL-7 (P<0.05), LPS PA+IL-7 (P<0.05), LPS PG+IL-7
(P<0.05) and Pam3CSK+IL-7 (P<0.001) resulted in significant IL-36y expression (C).
Cells stimulated with IL-17A alone produced no significant response however
combinations of LPS PA+IL17A (P<0.05), LPS PG+IL17A (P<0.005) and Pam3CSK+IL-
17A (P<0.05) resulted in significant IL-36y expression (D). n=3.
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Figure 12. GPR41 mRNA Expression following cytokine and microbial stimulations
for 24 hours. (A) Cells stimulated with microbial components or IL-1B alone did not
produce a significant GPR41 response, however stimulations with LPS PA+IL-1
(P<0.05), LPS PG+IL-1B (P<0.0005) and Pam3CSK+IL1[ (P<0.005) were significant.
(B) Similar observations were seen with respect to IL-4 where LPS PA+IL-4 (P<0.05),
LPS PG+IL-4 (P<0.001) and Pam3CSK+IL-4 (P<0.05) resulted in significant GPR41
expression while IL-4 alone did not result in a significant response. (C) Cells
stimulated with microbial components or IL-7 alone did not result in a significant
change in GPR41 expression, however cells stimulated with LPS PA+IL-7 (P<0.05),
LPS PG+IL-7 (P<0.05) and Pam3CSK+IL-7 (P<0.05) resulted in significant GPR41
expression. (D) IL-17A (P<0.05), LPS PA+IL17A (P<0.05), LPS PG+IL-17A (P<0.005)
and Pam3CSK+IL-17A (P<0.05) resulted in a statistically significant GPR41

expression. n=3.
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Figure 13. GPR109A mRNA Expression following cytokine and microbial
component stimulations for 24 hours. It was observed at that stimulation with
microbial components alone did not result in significant GPR109A expression (A-D).
(A) Stimulation with IL-1 (P<0.05), LPS PG+IL-1p3 (P<0.05) and Pam3CSK+IL-13
(P<0.01) resulted in significant GPR109A expression. (B) Stimulation with IL-4 or LPS
PA+IL-4 did not result in significant expression of GPR109A however stimulation
with LPS PG+IL-4 (P<0.05) and Pam3CSK+IL-4 (P<0.005) resulted in significant
GPR109A expression. (C) Stimulation with IL-7 (P<0.05), LPS PG+IL-7 (P<0.05) and
Pam3CSK+IL-7 (P<0.005) resulted in significant expression of GPR109A. (D)
Stimulation with LPS PA+IL-17A (P<0.05) and Pam3CSK+IL-17A (P<0.005) resulted in

significant GPR109A expression. n=3.
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Figure 14. GPR109B mRNA Expression following cytokine and microbial
component stimulations for 24 hours. Pam3CSK (P<0.05) stimulated cells resulted
in an upregulated expression in GPR109B (A-D). (A) Cells stimulated with IL-1
alone resulted in significant GPR109B expression (P<0.05) however when combined
with the various microbial combinations no significant expression was observed. (B)
When cells were stimulated with a combination of LPS PA+ IL-4 GPR109B
expression was seen to significantly down regulate (P<0.01). (C) Cells stimulated
with IL-7 alone or in combination with various microbial components produced no
significant response. (D) Similar findings were observed in cells stimulated with IL-

17A alone or in combination with microbial components. n=3.

340



4.2. Analysis of microbial compounds and metabolite stimulations

gRT-PCR analyses of the in vitro gene expression in Beas-2B; immortalized human
bronchial epithelial cells, using an unstimulated control and the stimulants
Escherichia coli LPS (TLR4 agonist), Pseudomonas aeruginosa (PA) LPS (TLR4
agonist), Porphyromonas gingivalis (PG) LPS (TLR4 agonist), Pam3CSK4 (TLR2
agonist), Indole Acetic Acid (IAA), Pseudomonas aeruginosa (PA) LPS and Indole
Acetic Acid (IAA), Porphyromonas gingivalis (PG) LPS and Indole Acetic Acid (IAA),
Pam3CSK4 and Indole Acetic Acid (IAA), Sodium Acetate (SA), Pseudomonas
aeruginosa (PA) LPS and Sodium Acetate (SA), Porphyromonas gingivalis (PG) LPS
and Sodium Acetate (SA) and Pam3CSK and Sodium Acetate (SA) took place in order
to investigate if the stimulants alone or in combination induced a significant
immune response. All cell stimulation conditions were examined, n=3, per

stimulation experiment and all experiments were carried out in triplicate.

IL-6, CXCL8, CCL20, EGR1, IFN-y, TGFB-1, TGFB-2, TGFB-3, TSLP, HDAC-6, IL-36y,
GPR41, GPR109A and GPR109B expression levels were analysed using relative
expression (2:ddCT) analysis with Microsoft Excel software and statistical
significance was calculated and graphs were generated using GraphPad Prism 8
software. See Figure 15 — Figure 28 for graphical representation of results. Values
are expressed as mean + SD, n=3, with the asterisk indicative of the level of
significance. All cell stimulation conditions were examined, n=3, per stimulation

experiment and all experiments were carried out in triplicate.
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Figure 15. IL-6 mRNA Expression following microbial and metabolite stimulations
(24 hours). (A-B) Cells stimulated with Escherichia coli derived LPS, Pseudomonas
aeruginosa (PA) derived LPS and Porphyromonas gingivalis (PG) derived LPS did not
result in a significant change in IL-6 expression however cells stimulated with
Pam3CSK resulted in a significant increase in IL-6 expression (P<0.005). (A) Indole
Acetic Acid (IAA) alone resulted in a significant increase in IL-6 expression
(P<0.0001) as did combinations of IAA+LPS PA (P<0.0001), IAA+LPS PG (P<0.005)
and IAA+Pam3CSK (P<0.0005). (B) Sodium acetate (SA) stimulated cells resulted in
an increased IL-6 expression (P<0.0001) as did cells stimulated with SA+LPS PA
(P<0.005) and SA+Pam3CSK (P<0.05). n=3.
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Figure 16. CXCL8 mRNA Expression following microbial and metabolite
stimulations (24 hours). (A-B) Cells stimulated with Escherichia coli derived LPS
(P<0.01) and Pam3CSK (P<0.005) resulted in an upregulation of CXCL8. (A) IAA alone
(P<0.0001) and in combination with LPS PA (P<0.0005), LPS PG (P<0.001) and
Pam3CSK (P<0.0005) resulted in increased CXCL8 expression. (B) Cells stimulated
with SA alone (P<0.0005) and in combination with LPS PA (P<0.0001) and Pam3CSK
(P<0.05) resulted in an increased CXCL8 expression. n=3.
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Figure 17. CCL20 mRNA Expression following microbial and metabolite
stimulations (24 hours). While microbial components or metabolites alone did not
elicit a CCL20 response the combination of IAA+LPS PG (P<0.05) (A) and SA+LPS PG
(P<0.05) and SA+Pam3CSK (P<0.05) resulted in a statistically significant difference.
n=3.
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Figure 18. EGR1 mRNA Expression following microbial and metabolite
stimulations (24 hours). Cells stimulated with Pam3CSK (P<0.05) resulted in a
significant change in EGR1 expression (A-B). Indole Acetic Acid alone or in
combination with microbial components did not result in a statistically significant
change in EGR1 expression levels (A). Cells stimulated with Sodium Acetate resulted
in a significant downregulation of EGR1 expression (P<0.0001) (B). Cells stimulated
with a combination of Sodium Acetate and LPS PG resulted in a significant change in
EGR1 expression (P<0.0001). n=3.
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Figure 19: IFN-y mRNA Expression following microbial and metabolite
stimulations (24 hours). Cells stimulated with E. coli derived LPS (P<0.01), P.
gingivalis derived LPS (P<0.05) and Pam3CSK (P<0.05) all resulted in a significant
change in IFNy expression. Indole Acetic Acid (IAA) (P<0.001), IAA+LPS PA
(P<0.0001), IAA+LPS PG (P<0.001) and IAA+Pam3CSK (P<0.0005) resulted in
significant changes to IFNy expression (A). Sodium Acetate (SA) (P<0.0005), SA+LPS
PA (P<0.0005), SA+LPS PG (P<0.05) and SA+Pam3CSK (P<0.001) resulted in
significant changes to IFNy expression (B). n=3.
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Figure 20. TGFB-1 mRNA Expression following microbial and metabolite
stimulations (24 hours). Cells stimulated with microbial components alone did not
result in a significant change in TGFB-1 expression (A-B). Indole Acetic Acid (IAA)
(P<0.05), IAA+LPS PA (P<0.05), IAA+LPS PG (P<0.05) and IAA+Pam3CSK (P<0.05) all
resulted in a significant change in TGFB-1 expression (A). Sodium Acetate alone or
in combination with microbial components did not result in a statistically significant
change in TGFB-1 expression. n=3.
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Figure 21. TGFB-2 mRNA Expression following microbial and metabolite

stimulations (24 hours). No statistically significant difference in TGFB-2 expression

was found upon stimulation with various microbial components and metabolites.

n=3.
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Figure 22. TGFB-3 mRNA Expression following microbial and metabolite

stimulations (24 hours). Stimulation of cells with P. gingivalis derived LPS (P<0.05)
and Pam3CSK (P<0.05) resulted in a significant change in TGFB-3 expression (A-B).
Indole Acetic Acid (IAA) (P<0.05), IAA+LPS PA (P<0.05), IAA+LPS PG (P<0.005),
IAA+Pam3CSK (P<0.05) resulted in a significant change in TGFB-3 expression (A).
Sodium Acetate alone or in combination with microbial components did not result

in a significant change in expression of TGFB-3. n=3.
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Figure 23. TSLP mRNA Expression following microbial and metabolite stimulations
(24 hours). When cells were stimulated with the microbial components LPS PA
(P<0.05), LPS PG (P<0.05) and Pam3CSK (P<0.0005) expression of TSLP significantly
increased (A-B). When cells were stimulated with Indole Acetic Acid (I1AA) alone
(P<0.0005), IAA+LPS PA (P<0.0005), IAA+LPS PG (P<0.0005) and IAA+Pam3CSK
(P<0.0001) a significant increase in TSLP expression was seen (A). When cells were
stimulated with Sodium Acetate (SA) (P<0.005), SA+LPS PA (P<0.0005) and
SA+Pam3CSK (P<0.05) a significant increase in TSLP was observed (B). n=3.
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Figure 24. HDAC6 mRNA Expression following microbial and metabolite
stimulations (24 hours). Cells stimulated with LPS E. coli LPS P. aeruginosa and LPS
P. gingivalis did not result in a statistically significant change in HDAC6 expression
levels, however cells stimulated with Pam3CSK resulted in a significant increase in
HDACG6 expression (P<0.05) (A-B). Indole Acetic Acid (IAA) alone (P<0.0001) or in
combinations of IAA+LPS PA (P<0.001), IAA+LPS PG (P<0.001) or IAA+Pam3CSK
(P<0.001) resulted in a significant increase in HDAC6 expression (A). Sodium Acetate
(SA) alone (P<0.01), or in combinations of SA+LPS PA (P<0.001) or SA+Pam3CSK
(P<0.05) resulted in a significant increase in HDAC6 expression (B). n=3.
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Figure 25. IL-36y mRNA Expression following microbial and metabolite
stimulations (24 hours). E.coli derived LPS (P<0.05) and Pam3CSK (P<0.05) resulted
in significant IL-36y expression levels (A-B). Cells stimulated with Indole Acetic Acid
(IAA) (P<0.0001), IAA+LPS PA (P<0.001), IAA+LPS PG (P<0.005) and IAA+Pam3CSK
(P<0.005) resulted in a significant upregulation in IL-36y expression (A). Sodium
Acetate (SA) (P<0.0005), SA+LPS PA (P<0.0005) and SA+Pam3CSK (P<0.01) resulted
in a significant increase in IL-36y expression (B). n=3.
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Figure 26. GPR41 mRNA Expression following microbial and metabolite
stimulations (24 hours). Microbial stimulants alone did not appear to result in a
significant change in GPR41 expression levels (A-B). Indole Acetic Acid (IAA)
(P<0.0001), IAA+LPS PA (P<0.0001), IAA+LPS PG (P<0.01) and IAA+Pam3CSK
(P<0.001) resulted in a significant increase in GPR41 expression levels (A). Sodium
Acetate (SA) (P<0.0005), SA+LPS PA (P<0.0001) and SA+Pam3CSK (P<0.005) resulted
in a significant increase in GPR41 expression (B). n=3.
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Figure 27. GPR109A mRNA Expression following microbial and metabolite
stimulations (24 hours). Microbial components alone did not result in a significant
change in GPR109A expression (A-B). Indole Acetic Acid (IAA) (P<0.0001), IAA+LPS
PA (P<0.001), IAA+LPS PG (P<0.005) and IAA+Pam3CSK (P<0.001) resulted in
significant increases in GPR109A expression (A). Sodium Acetate (SA) (P<0.001),
SA+LPS PA (P<0.0001) SA+LPS PG (P<0.05) and SA+Pam3CSK (P<0.05) resulted in
significant GPR109A expression (B). n=3.
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Figure 28. GPR109B mRNA Expression following microbial and metabolite
stimulations (24 hours). Pam3CSK (P<0.05) resulted in a significant increase in
GPR109B expression (A-B). Indole Acetic Acid (IAA) (P<0.01) alone resulted in a
significant increase in GPR109B expression, however no statistically significant
difference was seen when Indole Acetic Acid was used in combination with
microbial components (A). No significant was found in GPR109B expression upon
stimulation with Sodium Acetate (SA) alone or in combination with microbial
components (B). n=3.
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5. Discussion

Epithelial cell structure and function

Epithelial cells present upon airway and alveolar surfaces are the first defensive
mechanism available to the host upon exposure to inhaled contaminants such as
microorganisms, allergens and gases®. Functionally the lungs are responsible for gas
exchange whereby oxygen containing inhaled air is transported to the alveoli and
carbon dioxide is transported away from the alveoli while it is possible that during
this process toxic compounds and potentially pathogenic microorganisms may also
be transported within the inspired air'2. The epithelial layer, comprised of epithelial
cells and positioned on a basal membrane and tightly connected by intracellular
junction complexes forming a barrier, is responsible for protecting the body from
such inhaled contaminants?2. The pseudostratified airway epithelium is comprised
of a number of different cell types including goblet cells, ciliated cells, club cells,
neuroendocrine cells and basal cells while the alveolar epithelium is comprised of
two cell types, alveolar epithelial type 2 cells (AEC2) and alveolar epithelial type 1
cells (AEC1). AEC2 are responsible for surfactant formation which enables the
alveoli to effectively expand and compress during ventilation and are the
progenitor cells of AEC1. AEC1 cover 95% of the alveolar surface allowing for gas

exchange to occur??,

The epithelial lining fluid, which can be comprised of two layers within the large
airways, contains the periciliary layer which enables the movement of cilia, and the
mucus layer which enables unwanted inhaled particles to become trapped. Both
the periciliary and mucus layer act to remove particles in a process called
mucociliary clearance. The alveolar surface liquid contains pulmonary surfactant to
protect the alveoli against inhaled particles. In addition to these fluid layers
production of protective substances such as antimicrobial peptides and protein and

lipid mediators also occurs??,

While the airway epithelium is known to alter in its composition dependent on its

location within the lungs it is also known to possess an altered composition within
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diseased states such as asthma where it has been documented that goblet cells are

noted to increase whilst ciliated cells are present in decreased amounts?3.

Epithelial cell culture models

The use of in vitro models are vital to gain further knowledge with regards to the
interplay present at the epithelium level in diseases such as asthma'*. When
developing an in vitro model system there are a number of culture models currently
available to investigate lung epithelial cells including primary cells, immortalised or
tumour epithelial cell lines, organ on a chip models, organoids and precision cut
lung slices, all of which offer valid alternative or supplementary options to animal
studies'2. When choosing a model system all options offer advantages and
disadvantages. For example primary lung epithelial cells, isolated from bronchial
biopsies and bronchial brushings obtained during bronchoscopy offer the ability to
investigate inter donor variations and the ability to culture primary airway epithelial
cells on permeable mesh supports at air liquid interface (ALl) enables the study of
fully differentiated airway epithelial cells, however, it can be a prohibitively
expensive means of cell growth with a limited cell lifespan and is reliant on access
to fresh bronchial biopsies or bronchial brushings and primary cells can be difficult
to successfully culture!?. Cell lines such as BEAS-2B and Calu-3 are often used as
asthma model systems and are an attractive alternative to primary cell culture
systems. Cell lines are usually cultured in a format whereby the cell monolayers are
grown on a plastic substrate and are fully submerged?!. The cell line model
therefore does not represent fully differentiated cells and as a cell line is often
developed from one donor, the cell model may not be truly representative of a
population??. However cell lines are a relatively inexpensive means of model system
when compared to primary cells and they offer the ability to create a high

throughput screening system?2.

It was therefore decided due to the large scale number of cell stimulation
experiments to be investigated the in vitro model system implemented in this study

would be a cell line model system. The widely used and commercially available
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BEAS-2B cell line, generated by the immortalisation of human bronchial epithelial

cells using the AD12-SV40 virus, was chosen as the cell line of interest?®.

Effects of microbial compounds and cytokines upon the BEAS-2B cell culture

Studies have depicted strong correlations between asthma and respiratory
pathogens, viruses, bacteria and fungi'®*. Therefore it was decided that the effects
of microbial components on BEAS-2B cells and subsequent immune signalling would
be investigated. Microbial components including including LPS derived from
Escherichia coli, Pseudomonas aeruginosa and Porphyromonas gingivalis (TLR4
agonists) and Pam3CSK4 (TLR2 agonist) were investigated alone or in combination
with cytokines of interest with regards to asthma, IL-1B, IL-4, IL-7 and IL-17A. It was
decided that various bacterial sources of LPS would be investigated to observe the
potential effects different LPS bacterial sources, from bacteria known to be
prominent within different areas of the host, may have on BEAS-2B cells alone or in

combination with the cytokines IL-1B, IL-4, IL-7 and IL-17A.

The interaction between pattern recognition receptors (PRR’s) and pathogen
associated molecular patterns (PAMP’s) result in the activation of the hosts innate
and adaptive immune response®®. Toll-like receptors (TRL’s) are a class of pattern
recognition receptors (PRR’s) and in humans there are 10 different Toll-like
receptors (TLR’s) in which each different TLR recognises a specific pathogen
associated molecular pattern (PAMP)?. In this study the lipopolysaccharide (LPS)
TLR-4 agonist was examined through the use of LPS derived from Escherichia coli,
Pseudomonas aeruginosa and Porphyromonas gingivalis. The TLR-1/2 agonist

Pam3CSK, a synthetic bacterial lipoprotein, was used to study the TLR-2 response.

The pleiotropic cytokine IL-1B is capable of both pro- and anti- inflammatory
effects. It is believed that IL-1p is critical in the pathobiology of asthma and has
been an important player in driving the inflammatory response and subsequent
changes in airway smooth muscle (ASM) responsiveness making its modulation an

attractive therapeutic target!’.
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The cytokine IL-4 is known to be associated with the development of allergic
inflammation by driving differentiation of naive T helper type 0 (Tx0) lymphocytes
to a T helper type 2 (Th2) response®. IL-4 plays a role in the induction of IgE
dependent mast cell activation resulting in sudden allergic reactions!®. The cytokine
IL-4 is also capable of inducing the expression of the gene mucin which results in

the hypersecretion of mucus a well-known characteristic feature of asthma?®.

Recent studies have shown that the cytokine IL-7 may play a complex role in allergic
fungal asthma?®. Published work from our group has shown that in BAL examined
from 69 well characterised asthmatic patients, fungi was detectable by gPCR in 86%

of patients?°.

IL-17 is recognised for its important role in the pathobiology of asthma and has
been documented for the role it plays in neutrophilic inflammation and asthma
severity?!. The pro-inflammatory cytokine IL-17 is known to promote the
production of cytokines and chemokines in bronchial epithelial cells?!. IL-17 has also

been implicated in airway remodelling?!

Pseudomonas aeruginosa (PA)

P. aeruginosa (PA) is a gram negative bacteria commonly encountered in the
environment, which in healthy individuals is not a cause for alarm as it is cleared by
the host defence system?2. However, in susceptible individuals P. aeruginosa is an
opportunistic pathogen and its presence in susceptible individuals can lead to

chronic lung infection?2. P. aeruginosa derived LPS represents a TLR4 agonist.

Porphyromonas gingivalis (PG)

P. gingivalis (PG) is a gram negative, obligate anaerobic oral pathogen which is
implicated in periodontal disease existing within a complex biofilm on the surface of
the teeth often as a secondary colonizer of dental plaque?3. P. gingivalis derived LPS

represent a TLR4 agonist ligand derived from the host oral environment.
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Effects of the TLR-4 LPS agonist P. aeruginosa and P. gingivalis alone or in

combination with the cytokines IL-1f, IL-4, IL-7 and IL-17A

BEAS-2B cells stimulated with Pseudomonas aeruginosa alone did not result in a
significant change in IL-6 expression, however cells stimulated with a combination
of P. aeruginosa (PA) LPS + IL-1B (P<0.01), a combination of LPS PA + IL-4 (P<0.05), a
combination of LPS PA + IL-7 (P<0.05), and a combination of LPS PA + IL-17A
(P<0.05) had a significant increase in IL-6 compared to US cells, n=3 (See Figure 1).
The cytokine IL-6 was not significantly expressed upon stimulation with
Porphyromonas gingivalis LPS alone, however, the combinations of P. gingivalis LPS
+ IL-4 (P <0.05), P. gingivalis LPS + IL-7 (P<0.005) and P. gingivalis LPS + IL-17A
(P<0.005) did result in significant IL-6 expression levels (See Figure 1). IL-6 is a
pleotrophic cytokine with the ability to act in an anti-inflammatory and pro-
inflammatory manner. It is recognised that IL-6 is produced in response to the
recognition of microbes by pattern associated molecular patterns®*. It was
interesting to note that P. aeruginosa or P. gingivalis only in combination with other
cytokines resulted in an upregulation of the IL-6 cytokine. IL-6 is produced in
response to infections and tissue injuries and in a host defence contributor
whereby its expression triggers an alarm signal, activating the host defence

mechanisms?2>.

CXCL8 (IL-8) expression was not significantly affected by Pseudomonas aeruginosa
LPS stimulation alone or in combination with IL-1pB, IL-4 or IL-7, however a
combination of P. aeruginosa LPS + IL-17A (P<0.05) did result in a significant change
in CXCL8 expression (See Figure 2). Studies have shown that IL-17 activation can
result in elevated levels of CXCL8 in bronchial epithelial cells?!. CXCL8 was not
significantly expressed upon stimulation with P. gingivalis LPS alone or in
combination with IL-17A however the combination of P. gingivalis LPS + IL-13
(P<0.01) and P. gingivalis LPS + IL-7 (P<0.05) did result in significant expression of
CXCLS (See Figure 2).

EGR1 was not significantly expressed upon P. aeruginosa LPS stimulation or upon

combination with IL-4, IL-7 or IL-17 however, P. aeruginosa LPS + IL-1f (P<0.05) did
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result in a significant increase in EGR1 expression (See Figure 4). EGR1 was
significantly expressed upon stimulation with P. gingivalis LPS + IL-1B (P<0.05) and
P. gingivalis LPS + IL-17A (P<0.05) (See Figure 4). Recent studies involving P.
aeruginosa infection in a mouse model of acute bacterial pneumoniae showed that
EGR1 deficient mice had a decreased mortality rate and reduced pro-inflammatory
cytokine levels including IL-1B cytokine levels. The findings of this study suggested
that EGR1 may play a detrimental role in the ability of a host to defend against P.

aeruginosa lung infection with a mouse model system?®

IFN-y is known to play a role in recognising and eliminating pathogen challenge in
the host?’. IFN-y expression was not significantly altered upon stimulation with P.
aeruginosa LPS alone, however when stimulated with a combination of P.
aeruginosa LPS + IL-1B (P<0.005), P. aeruginosa LPS + IL-4 (P<0.01), P. aeruginosa
LPS + IL-7 (P<0.005) and P. aeruginosa LPS + IL-17A (P<0.0005) significance in IFN-y
expression was observed. (See Figure 5) IFN-y was significantly expressed upon cell
stimulation with P. gingivalis LPS alone (P<0.05) and in combination of P. gingivalis
LPS + IL-1B (P<0.005), P. gingivalis LPS + IL-4 (P<0.0005), P. gingivalis LPS + IL-7
(P<0.0005) and P. gingivalis LPS + IL-17A (P<0.005) (See Figure 5).

While BEAS-2B cells stimulated with P. aeruginosa LPS alone or in combination did
not result in a significant TGFP-1 or TGFB-2 response P. aeruginosa + IL-17A
resulted in a significant TGFB-3 response (P<0.05) (See Figure 8). TGFB-3 was
significantly expressed upon P. gingivalis LPS (P<0.05) stimulation however when
cells were stimulated with P. gingivalis LPS combined with IL-18, IL-4, IL-7 or IL-17A
no significance was observed (See Figure 8). Transforming growth factor (TGF)-B
upregulation has been noted in many of the major pulmonary diseases including
asthma where it plays a role in the response of the immune system and airway

remodelling?®.

The cytokine thymic stromal lymphopoietin (TSLP) is a pleiotrophic cytokine
believed to be involved in the pathogenesis of asthma?®. TSLP expression was
significant upon stimulation with P. aeruginosa LPS alone (P<0.05) and in

combinations of P. aeruginosa LPS + IL-1B (P<0.05), P. aeruginosa LPS + IL-7
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(P<0.05) and P. aeruginosa LPS + IL-17A (P<0.05) (See Figure 9). TSLP was
significantly expressed upon P. gingivalis LPS (P<0.05) stimulation and also upon
stimulation with P. gingivalis LPS + IL-1B (P<0.005), P. gingivalis LPS + IL-4 (P<0.05),
P. gingivalis LPS + IL-7 (P<0.005) and P. gingivalis LPS + IL-17A (P<0.0005) (See

Figure 9).

While HDAC6 expression was not altered significantly upon the cells exposure to P.
aeruginosa alone or in combination with the cytokines IL-1B, IL-4 or IL-7, cells
stimulated with P. aeruginosa LPS + IL-17A resulted in a significant change in HDAC6
expression (P<0.05) (See Figure 10). HDAC6 was not significantly expressed upon
stimulation with P. gingivalis LPS alone, however, when stimulated with P.
gingivalis LPS + IL-1 (P<0.01), P. gingivalis LPS + IL-4 (P<0.05), P. gingivalis LPS + IL-
7 (P<0.0001) and P. gingivalis LPS + IL-17A (P<0.005) HDAC6 was significantly
expressed (See Figure 10). A recent animal study using a mouse model revealed
that HDACG6 deletion or inhibition of the HDAC6 deacetylase activity promotes the

expression of IL-17 in y& T cells®.

The cytokine IL-36y was significantly expressed upon stimulation of the BEAS-2 cells
with P. aeruginosa LPS + IL-7 (P<0.05) and P. aeruginosa LPS + IL-17A (P<0.05) (See
Figure 11). IL-36y was not significantly expressed upon P. gingivalis LPS alone,
however, when stimulated with P. gingivalis LPS + IL-1B (0.05), P. gingivalis LPS + IL-
4 (P<0.05), P. gingivalis LPS + IL-7 (P<0.05) and P. gingivalis LPS + IL-17A (P<0.005)
IL-36y was significantly expressed (See Figure 11). The pro-inflammatory cytokine
IL-36y has been seen to be produced by lung epithelial cells in response to

inflammatory stimuli in various models of asthma3*.

It is believed that fermentable fibre leading to short chain fatty acids can alter the
microbial composition of both the lungs and gastrointestinal tract and infer
protection against allergic inflammation in the lung32. While GPR41, GPR109A and
GPR109B were studied with respect to metabolites and microbes it was decided
that the microbial and cytokine cell stimulations would also undergo qRT-PCR
examination for the relative expression of these G protein-coupled receptors.

GPR41 expression has become of interest with respect to dietary fibres and the

355



production of short chain fatty acids (SCFA’s) such as sodium acetate by bacteria in
the gastrointestinal tract. SCFA’s may activate the G protein-coupled receptor 41,
which is believed to create an anti-inflammatory effect33. While GPR41 expression
was not significantly altered upon cells exposure to P. aeruginosa LPS alone, when
combinations of P. aeruginosa LPS + IL-1B (P<0.05), P. aeruginosa LPS + IL-4
(P<0.05), P. aeruginosa LPS + IL-7 (P<0.05) and P. aeruginosa LPS + IL-17A (P<0.05)
were used to stimulate the BEAS-2B cells significance in GPR41 expression was
observed (See Figure 12). GPR41 was not significantly expressed upon P. gingivalis
LPS alone, however, when stimulated with P. gingivalis LPS + IL-1B (0.0005), P.
gingivalis LPS + IL-4 (P<0.001), P. gingivalis LPS + IL-7 (P<0.05) and P. gingivalis LPS +
IL-17A (P<0.005) GPR41 was significantly expressed (See Figure 12).GPR109A
expression was significantly changed upon stimulation with the combination of P.
aeruginosa LPS + IL-17A (P<0.05) (See Figure 13) GPR109A was not significantly
expressed upon P. gingivalis LPS alone, however, when stimulated with P. gingivalis
LPS + IL-1PB (0.05), P. gingivalis LPS + IL-4 (P<0.05) and P. gingivalis LPS + IL-7
(P<0.05) GPR109A was significantly expressed (See Figure 13). BEAS-2B cells
stimulated with a combination of LPS PA+ IL-4 resulted in a significant down
regulation of GPR109B expression (P<0.01) (See Figure 14) but no significance was

found upon stimulation with the various P. gingivalis combinations.

Pam3CSK

Pam3CSK is a synthetic bacterial lipoprotein and is classified as a TLR-2 ligand3*.
Toll-like receptor 2 (TLR-2) plays an important role in the recognition of gram
positive bacteria, therefore Pam3CSK was implemented as a way of studying the
effect a TLR-2 agonist may have on epithelial cells alone or when combined with the

cytokines IL-1B, IL-4, IL-7 and IL-17A634,

An interesting observation was that Pam3CSK alone in most cases was sufficient to
result in a change in expression by qPCR for IL-6, CXCLS8, EGR1, IFN-y, TGFB-3, TSLP,
HDACS, IL-36y and GPR1098B.
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It is known that IL-6 levels are increased upon exposure of the pattern recognition
receptors to microbial and damage associated molecular patterns?*. Upon
stimulation with Pam3CSK (P<0.05), Pam3CSK + IL-1B (P<0.01), Pam3CSK + IL-4
(P<0.0001), Pam3CSK + IL-7 (P<0.0005) and Pam3CSK + IL-17A (P<0.05) the cytokine

IL-6 was significantly expressed (See Figure 1).

Pam3CSK (P<0.05) alone or the combinations of Pam3CSK + IL-1B (P<0.0005),
Pam3CSK + IL-4 (P<0.005), Pam3CSK + IL-7 (P<0.01) and Pam3CSK + IL-17A
(P<0.005) all resulted in a significant expression in the cytokine CXCL8 (See Figure
2).

Pam3CSK (P<0.05) alone or the combinations of Pam3CSK + IL-1f3 (P<0.05),
Pam3CSK + IL-4 (P<0.05), Pam3CSK + IL-7 (P<0.05) and Pam3CSK + IL-17A (P<0.05)

all resulted in a significant expression in EGR1 (See Figure 4).

IFN-y was significantly expressed when the BEAS-2B cells were stimulated with
Pam3CSK (P<0.05) alone or combinations of Pam3CSK + IL-1B (P<0.0005), Pam3CSK
+ IL-4 (P<0.0005), Pam3CSK + IL-7 (P<0.0001) and Pam3CSK + IL-17A (P<0.005) (See

Figure 5).

TGFpB-3 was significantly expressed upon cell stimulation with Pam3CSK (P<0.05),
Pam3CSK + IL-1B (P<0.05) or Pam3CSK + IL-4 (P<0.05) (See Figure 8).

TSLP was significantly expressed when the BEAS-2B cells were stimulated with
Pam3CSK (P<0.0005) alone or combinations of Pam3CSK + IL-1B (P<0.005),
Pam3CSK + IL-4 (P<0.05), Pam3CSK + IL-7 (P<0.001) and Pam3CSK + IL-17A (P<0.05)

(See Figure 9).

HDAC6 was significantly expressed upon stimulation with Pam3CSK (P<0.05),
Pam3CSK + IL-1f3 (P<0.001), Pam3CSK + IL-4 (P<0.001), Pam3CSK + IL-7 (P<0.01) and
Pam3CSK + IL-17A (P<0.001) (See Figure 10).

IL-36y was significantly expressed upon stimulation with Pam3CSK (P<0.05),
Pam3CSK + IL-1B (P<0.001), Pam3CSK + IL-4 (P<0.05), Pam3CSK + IL-7 (P<0.001) and
Pam3CSK + IL-17A (P<0.05) (See Figure 11).
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GPR41 was not significantly expressed when cells were stimulated with Pam3CSK
alone, however, Pam3CSK + IL-1f3 (P<0.005), Pam3CSK + IL-4 (P<0.05), Pam3CSK +
IL-7 (P<0.05) and Pam3CSK + IL-17A (P<0.05) (See Figure 12) resulted in a significant

GPR41 expression.

GPR109A was not significantly expressed when cells were stimulated with Pam3CSK
alone, however it was significantly expressed when cells were stimulated with
Pam3CSK + IL-1B (P<0.01), Pam3CSK + IL-4 (P<0.005), Pam3CSK + IL-7 (P<0.005) and
Pam3CSK + IL-17A (P<0.005) (See Figure 13).

GPR109B was significantly expressed when cells were stimulated with Pam3CSK
alone (P<0.05), however when Pam3CSK was combined with the cytokines IL-18, IL-

4, IL-7 and IL-17A no significant change in expression was calculated (See Figure 14).

Effects of metabolites and microbial compounds upon the BEAS-2B cell culture

Dietary, genetic, microbial and environmental factors can contribute to asthma
risk®. Intestinal metabolites; small molecules derived from the host, microbiota or
exogenous sources such as the diet; have been shown to play a part in diseases
such as asthma. Clinically relevant metabolites can contribute to pathogenic
changes and it has recently been shown that intestinal bacterial taxa correlate with

intestinal metabolites and childhood asthma®.

Indole Acetic Acid (IAA)

Indole Acetic Acid has been implicated in all aspects of plant growth and
development, however IAA is not only associated with plants but IAA is also
associated with many types of microorganisms, including bacteria and fungi. Many
different bacterial species have the ability to produce the auxin phytohormone
indole-3-acetic acid (IAA). While the majority of studies have focused on its role in
bacteria-plant interactions studies have also revealed that IAA can be implemented

by bacteria as a signalling molecule and as a microbial metabolite®.
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When cells were stimulated with Pam3CSK (P<0.005), the metabolite Indole Acetic
Acid (IAA) (P<0.0001) and the combinations IAA + P. aeruginosa LPS (P<0.0001), IAA
+ P. gingivalis LPS (P<0.005), and IAA + Pam3CSK (P<0.0005) the relative expression

of the cytokine IL-6 was statistically significant (See Figure 15).

Cells stimulated with Pam3CSK (P<0.005), the metabolite Indole Acetic Acid (IAA)
(P<0.0001) and the combinations IAA + P. aeruginosa LPS (P<0.0005), IAA + P.
gingivalis LPS (P<0.001), and IAA + Pam3CSK (P<0.0005) resulted in a significant

CXCL8 expression (See Figure 16).

EGR1 was significantly expressed when cells were stimulated with Pam3CSK
(P<0.05), however IAA alone or in combination did not result in a significant EGR1

expression (See Figure 18).

Cells stimulated with P. aeruginosa LPS did not result in significant IFN-y expression,
however, P. gingivalis LPS (P<0.05), Pam3CSK (P<0.05), Indole Acetic Acid (IAA)
(P<0.001) and the combinations IAA + P. aeruginosa LPS (P<0.0001), IAA + P.
gingivalis LPS (P<0.001), and IAA + Pam3CSK (P<0.0005) resulted in a significant IFN-

y expression (See Figure 19).

TGFB-1 expression while not statistically significant upon stimulation with microbial
components alone was found to be significantly expressed upon stimulation with
the metabolite IAA (P<0.05) alone or in combination, IAA + P. aeruginosa LPS
(P<0.05), IAA + P. gingivalis LPS (P<0.05), and IAA + Pam3CSK (P<0.05) (See Figure
20). TGFB-2 expression was not significant upon stimulation with microbial and
metabolite components (See Figure 21). TGFB-3 expression was significantly
expressed when cells were stimulated with P. gingivalis LPS (P<0.05), Pam3CSK
(P<0.05), IAA (P<0.05), IAA+ P. aeruginosa LPS (P<0.05), IAA + P. gingivalis LPS
(P<0.005), and IAA + Pam3CSK (P<0.05) (See Figure 22).

TSLP was significantly expressed upon stimulation with P. aeruginosa (P<0.05), P.
gingivalis (P<0.05), Pam3CSK (P<0.0005), IAA (P<0.0005), IAA + P. aeruginosa LPS
(P<0.0005), IAA + P. gingivalis LPS (P<0.0005), and IAA + Pam3CSK (P<0.0001) (See
Figure 23).
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HDACG6 was significantly expressed upon stimulation with Pam3CSK (P<0.05), IAA
(P<0.0001), IAA + P. aeruginosa LPS (P<0.001), IAA + P. gingivalis LPS (P<0.001), and
IAA + Pam3CSK (P<0.001) (See Figure 24).

IL-36y was significantly expressed upon stimulation with Pam3CSK (P<0.05), IAA
(P<0.0001), IAA + P. aeruginosa LPS (P<0.001), IAA + P. gingivalis LPS (P<0.005), and
IAA + Pam3CSK (P<0.005) (See Figure 25).

GPR41 was significantly expressed upon stimulation with 1AA (P<0.0001), IAA + P.
aeruginosa LPS (P<0.0001), IAA + P. gingivalis LPS (P<0.01), and IAA + Pam3CSK
(P<0.001) (See Figure 26).

GPR109A was significantly expressed upon stimulation with IAA (P<0.0001), IAA + P.
aeruginosa LPS (P<0.001), IAA + P. gingivalis LPS (P<0.005), and IAA + Pam3CSK
(P<0.001) (See Figure 27). GPR109B was significantly expressed upon stimulation
with Pam3CSK (P<0.05) and IAA (P<0.01) (See Figure 28).

Sodium Acetate (SA)

The metabolite Sodium Acetate (SA) is a short chain fatty acid (SCFA) which is
produced by the fermentation of dietary fibres®. In animal models SCFAs have
been found to result in the creation of an anti-inflammatory effect via the
activation of receptors such as G protein-coupled receptor 41 (GPR41)33. Studies
have demonstrated that the consumption of soluble fibre by a stable asthma cohort
resulted in a reduction of airway inflammation biomarkers33. Therefore the
conclusion was reached that soluble fibre consumption may lead to anti-

inflammatory effects within the asthmatic airway.

In this study BEAS-2B cells were stimulated with the short chain fatty acid, sodium
acetate alone or in combination with TLR2 (Pam3CSK4) or TLR4 (LPS) agonists.

It was found that IL-6 was significantly expressed when cells were stimulated with

Pam3CSK (P<0.005), Sodium Acetate (SA) (P<0.0001), SA + P. aeruginosa LPS
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(P<0.005) and SA + Pam3CSK (P<0.05), however IL-6 levels were not significantly

expressed upon stimulation with SA + P. gingivalis LPS (See Figure 15).

Similar findings were observed with respect to CXCL8 expression and SA + P.
gingivalis LPS stimulation. CXCL8 (IL-8) was significantly expressed upon stimulation
with Pam3CSK (P<0.005), Sodium Acetate (SA) (P<0.0005), SA + P. aeruginosa LPS
(P<0.0001) and SA + Pam3CSK (P<0.05), however IL-6 levels were not significantly

expressed upon stimulation with SA + P. gingivalis LPS (See Figure 16).

EGR1 was significantly expressed in cells stimulated with Pam3CSK (P<0.05) and
Sodium Acetate (SA) (P<0.0001) and SA + P. gingivalis LPS (P<0.0001), however, SA +
P. aeruginosa LPS and SA + Pam3CSK stimulation resulted in no significant change in

EGR1 expression (See Figure 18).

IFN-y expression was significant upon cell stimulation with P. gingivalis LPS
(P<0.05), Pam3CSK (P<0.05), Sodium Acetate (SA) (P<0.0005), SA + P. aeruginosa
LPS (P<0.0005), SA + P. gingivalis LPS (P<0.05) and SA + Pam3CSK (P<0.001) (See
Figure 19).

TGFB-1, TGFB-2 and TGFB-3 were not significantly expressed upon cell stimulation
with the metabolite Sodium acetate alone or in combination with microbial

components (See Figure 20, 21, 22).

TSLP was significantly expressed upon cell stimulation with the following
components; P. ageruginosa LPS (P<0.05), P. gingivalis LPS (P<0.05) Pam3CSK
(P<0.0005), Sodium Acetate (SA) (P<0.005), SA + P. aeruginosa LPS (P<0.0005), and
SA + Pam3CSK (P<0.05) however SA + P. gingivalis LPS did not result in TSLP

significance (See Figure 23).

Similarly, HDAC6 was significantly expressed upon cell stimulation with the
following components; Pam3CSK (P<0.05), Sodium Acetate (SA) (P<0.01), SA + P.
aeruginosa LPS (P<0.001), and SA + Pam3CSK (P<0.05) while SA + P. gingivalis LPS

stimulated cells did not result in HDAC6 significance (See Figure 24).
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IL-36G was significantly expressed upon stimulation with Pam3CSK (P<0.05),
Sodium Acetate (SA) (P<0.0005), SA + P. aeruginosa LPS (P<0.0005) and SA +
Pam3CSK (P<0.01) while SA + P. gingivalis LPS stimulated cells did not result in IL-

36G significance (See Figure 25).

GPR41 was not significantly expressed upon stimulation with microbial components
alone. When cells were stimulated with Sodium Acetate (SA) (P<0.0005), SA + P.
aeruginosa LPS (P<0.0001) and SA + Pam3CSK (P<0.005) GPR41 was significantly
expressed while SA + P. gingivalis LPS stimulated cells did not result in GPR41

significance (See Figure 26).

GPR109A not significantly expressed upon stimulation with microbial components
alone however GPR109A was significantly expressed upon stimulation with Sodium
Acetate (SA) (P<0.001), SA + P. aeruginosa LPS (P<0.0001), SA + P. gingivalis LPS
(P<0.05) and SA + Pam3CSK (P<0.05) whereas GPR109B was not significantly
expressed when cells were stimulated with microbial components or the

metabolite Sodium Acetate (SA) (See Figure 27 and 28).

Overall the research aim to investigate the response of bronchial epithelial cells to
microbial compounds, cytokines and metabolites individually and in combination
and to investigate the resulting immune reaction upon stimulation was carried out.
Microbial compounds including LPS derived from Escherichia coli, Porphyromonas
gingivalis and Pseudomonas aeruginosa (TLR4 agonists) and Pam3CSK4 (TLR2
agonist), cytokines including IL-1B, IL-4, IL-7 and IL-17A and metabolites including
Indole Acetic Acid and Sodium Acetate were utilised to investigate their effect upon
asthmatic bronchial epithelial cells and the subsequent immune response was
examined. Findings in this chapter are of interest and further investigation into the
effects of such microbial, cytokine and metabolic components upon primary
bronchial epithelial cells (PBECS) derived from asthmatic patients during

bronchoscopy would be of interest.
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6. Supplementary

Table S1. Table showing the NanoDrop ng/ul, A260/A280 and total ng yield per

remaining RNA per sample extracted from the stimulated Beas-2B cells.

Sample ng/ul A260/A280 | Total ngyield

Unstimulated 71.2 2.03 6408
Unstimulated 64.4 2.03 5796
Unstimulated 69.0 2.03 6210
LPS E. coli 71.1 2.00 6399
LPS E. coli 75.3 2.07 6777
LPS E. coli 72.5 2.11 6525
LPS P. aeruginosa 66.4 2.03 5976
LPS P. aeruginosa 68.4 2.09 6156
LPS P. aeruginosa 71.1 2.07 6399
LPS P. gingivalis 69.1 2.06 6219
LPS P. gingivalis 69.6 2.04 6264
LPS P. gingivalis 64.7 2.05 5823
Pam3CSK 74.9 2.05 6741
Pam3CSK 713 2.08 6417
Pam3CSK 82.2 2.04 7398
IL-1B 73.8 2.01 6642
IL-1B 71.6 2.01 6444
IL-1B 68.4 1.99 6156
IL-4 72.8 2.11 6552
IL-4 77.2 2.06 6948
IL-4 75.1 1.99 6759
IL-7 53.4 2.10 4806
IL-7 59.1 1.99 5319
IL-7 51.5 2.05 4635
IL-17A 72.8 1.99 6552
IL-17A 77.6 2.04 6984
IL-17A 78.1 1.97 7029
LPS PA +IL-1B 91.4 2.02 8226
LPS PA +IL-1B 91.4 1.92 8226
LPS PA +IL-1B 80.4 2.03 7236
LPS PA + IL-4 83.3 1.98 7497
LPS PA + IL-4 86.0 2.00 7740
LPS PA +IL-4 82.2 2.04 7398
LPS PA + IL-7 78.0 1.98 7020
LPS PA + IL-7 82.5 1.96 7425
LPS PA + IL-7 78.0 1.99 7020
LPS PA +IL-17A 83.8 1.97 7542
LPS PA +IL-17A 77.1 2.02 6939
LPS PA +IL-17A 61.8 1.98 5562
LPS PG +IL-1PB 83.6 2.06 7524
LPS PG +IL-1PB 83.0 2.01 7470
LPS PG +IL-1PB 90.2 2.01 8118
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LPS PG + IL-4 60.0 1.99 5400
LPS PG + IL-4 62.0 2.04 5580
LPS PG + IL-4 65.5 2.01 5895
LPS PG + IL-7 72.4 1.96 6516
LPS PG + IL-7 64.0 1.97 5760
LPS PG + IL-7 70.2 2.01 6318
LPS PG +IL17A 73.7 2.02 6633
LPS PG + IL17A 60.8 1.98 5472
LPS PG + IL17A 77.9 2.00 7011
Pam3CSK + IL1B 85.1 2.01 7659
Pam3CSK + IL1B 77.3 2.02 6957
Pam3CSK + IL1B 60.4 1.98 5436
Pam3CSK + IL4 73.7 1.99 6633
Pam3CSK + IL4 80.5 2.00 7245
Pam3CSK + IL4 68.2 2.00 6138
Pam3CSK + IL7 79.7 2.03 7173
Pam3CSK + IL7 83.5 2.02 7515
Pam3CSK + IL7 83.2 2.04 7488
Pam3CSK + IL17A 79.7 2.03 7173
Pam3CSK + IL17A 67.0 2.04 6030
Pam3CSK + IL17A 79.8 2.04 7182
Indole Acetic Acid 67.3 1.93 6057
Indole Acetic Acid 71.6 2.07 6444
Indole Acetic Acid 72.7 2.03 6543
IAA + LPS PA 85.6 2.05 7704
IAA + LPS PA 99.9 1.99 8991
IAA + LPS PA 89.5 2.03 8055
IAA + LPS PG 83.3 2.03 7497
IAA + LPS PG 934 2.03 8406
IAA + LPS PG 90.3 2.04 8127
IAA + Pam3CSK 60.8 2.06 5472
IAA + Pam3CSK 84.0 2.08 7560
IAA + Pam3CSK 67.4 2.03 6066
Sodium Acetate 64.0 2.01 5760
Sodium Acetate 75.7 2.01 6813
Sodium Acetate 59.9 2.01 5391
S. Acetate + LPS PA 84.0 2.04 7560
S. Acetate + LPS PA 83.6 2.05 7524
S. Acetate + LPS PA 96.6 2.03 8694
S. Acetate + LPS PG 70.4 2.02 6336
S. Acetate + LPS PG 95.0 2.05 8550
S. Acetate + LPS PG 71.7 2.02 6453
S. Acetate + Pam3CSK 87.6 1.97 7884
S. Acetate + Pam3CSK 81.7 2.01 7353
S. Acetate + Pam3CSK 82.2 2.02 7398
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Table S2. Table showing the NanoDrop ng/ul, A260/A280 and total ng yield per
remaining RNA per sample extracted from the second time the Beas-2B cells were

stimulated using the same stimulants and conditions are the previous Beas-2B

stimulations.

Sample ng/ul A260/A280 | Total ngyield

Unstimulated 56.4 2.08 5076
Unstimulated 58.1 2.07 5229
Unstimulated 74.0 2.05 6660
LPS E. coli 75.1 2.04 6759
LPS E. coli 58.6 2.16 5274
LPS E. coli 47.7 2.09 4293
LPS P. aeruginosa 68.1 2.09 6129
LPS P. aeruginosa 71.2 2.09 6408
LPS P. aeruginosa 78.8 2.07 7092
LPS P. gingivalis 67.9 2.03 6111
LPS P. gingivalis 85.5 2.05 7695
LPS P. gingivalis 65.1 2.07 5859
Pam3CSK 80.3 2.05 7227
Pam3CSK 73.0 2.02 6570
Pam3CSK 87.7 2.08 7893
IL-18 74.6 2.06 6714
IL-18 86.9 2.03 7821
IL-18 71.4 2.12 6426
IL-4 52.7 2.05 4743
IL-4 77.0 2.10 6930
IL-4 71.9 2.06 6471
IL-7 63.7 2.03 5733
IL-7 33.9 2.13 3051
IL-7 49.9 2.05 4491
IL-17A 57.4 2.00 5166
IL-17A 74.2 2.09 6678
IL-17A 63.7 2.06 5733
LPS PA +IL-1B 80.1 2.05 7209
LPS PA +IL-1B 76.5 2.04 6885
LPS PA +IL-1B 71.3 2.06 6417
LPS PA + IL-4 78.7 2.06 7083
LPS PA + IL-4 80.8 2.07 7272
LPS PA + IL-4 80.5 2.06 7245
LPS PA + IL-7 85.6 2.03 7704
LPS PA + IL-7 70.0 2.03 6300
LPS PA + IL-7 73.4 2.05 6606
LPS PA + IL-17A 73.0 2.09 6570
LPS PA + IL-17A 79.4 2.07 7146
LPS PA + IL-17A 75.9 2.06 6831
LPS PG +IL-1PB 64.0 2.02 5760
LPS PG +IL-1PB 83.9 2.05 7551
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LPS PG + IL-1B 73.1 2.08 6579
LPS PG +IL-4 72.3 2.03 6507
LPS PG +IL-4 65.9 2.04 5931
LPS PG + IL-4 73.6 2.04 6624
LPS PG + IL-7 56.4 2.06 5076
LPS PG + IL-7 53.6 2.02 4824
LPS PG + IL-7 57.7 2.01 5193
LPS PG + IL17A 64.3 2.05 5787
LPS PG + IL17A 74.6 2.07 6714
LPS PG + IL17A 66.3 2.03 5967
Pam3CSK + IL1B 72.0 2.05 6480
Pam3CSK + IL1B 79.4 2.08 7146
Pam3CSK + IL1B 73.2 2.06 6588
Pam3CSK + IL4 75.4 2.00 6786
Pam3CSK + IL4 76.9 2.03 6921
Pam3CSK + IL4 66.8 2.04 6012
Pam3CSK + IL7 102.0 2.04 9180
Pam3CSK + IL7 77.7 2.09 6993
Pam3CSK + IL7 75.0 2.06 6750
Pam3CSK + IL17A 68.4 2.08 6156
Pam3CSK + IL17A 75.7 2.02 6813
Pam3CSK + IL17A 74.1 2.04 6669
Indole Acetic Acid 69.3 2.05 6237
Indole Acetic Acid 85.4 2.14 7686
Indole Acetic Acid 69.8 2.05 6282
IAA + LPS PA 89.9 2.01 8091
IAA + LPS PA 88.2 2.03 7938
IAA + LPS PA 64.4 1.97 5796
IAA + LPS PG 86.8 2.06 7812
IAA + LPS PG 87.2 2.06 7848
IAA + LPS PG 60.7 2.04 5463
IAA + Pam3CSK 95.0 2.04 8550
IAA + Pam3CSK 95.7 2.02 8613
IAA + Pam3CSK 77.5 2.03 6975
Sodium Acetate 85.4 2.07 7686
Sodium Acetate 90.3 2.05 8127
Sodium Acetate 83.1 2.02 7479
S. Acetate + LPS PA 82.6 2.02 7434
S. Acetate + LPS PA 88.6 2.05 7974
S. Acetate + LPS PA 78.6 2.07 7074
S. Acetate + LPS PG 82.5 2.04 7425
S. Acetate + LPS PG 56.1 1.97 5049
S. Acetate + LPS PG 91.3 2.00 8217
S. Acetate + Pam3CSK 78.6 2.03 7074
S. Acetate + Pam3CSK 81.9 2.04 7371
S. Acetate + Pam3CSK 53.0 1.93 4770
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Table S3. Table showing the NanoDrop ng/ul, A260/A280 and total ng yield per
remaining RNA sample extracted from the third time the Beas-2B cells were

stimulated using the same stimulants and conditions as the previous Beas-2B

stimulations.

Sample ng/ul A260/A280 | Total ngyield

Unstimulated 64.1 2.04 5769
Unstimulated 63.9 2.00 5751
Unstimulated 79.9 2.02 7191
LPS E. coli 76.9 2.04 6921
LPS E. coli 78.9 1.98 7101
LPS E. coli 81.0 2.02 7290
LPS P. aeruginosa 90.2 2.05 8118
LPS P. aeruginosa 65.3 2.03 5877
LPS P. aeruginosa 69.4 2.02 6246
LPS P. gingivalis 67.4 1.99 6066
LPS P. gingivalis 69.1 2.09 6219
LPS P. gingivalis 73.6 2.03 6624
Pam3CSK 62.7 2.01 5643
Pam3CSK 72.3 2.05 6507
Pam3CSK 75.4 2.01 6786
IL-1B 72.4 2.02 6516
IL-1B 86.6 2.03 7794
IL-1B 59.3 1.99 5337
IL-4 63.9 2.01 5751
IL-4 71.9 2.01 6471
IL-4 78.2 2.01 7038
IL-7 63.8 2.04 5742
IL-7 69.1 2.01 6219
IL-7 55.8 2.01 5022
IL-17A 60.0 2.00 5400
IL-17A 62.6 2.01 5634
IL-17A 61.3 2.03 5517
LPS PA +IL-1PB 66.8 2.02 6012
LPS PA +IL-1B 72.0 1.99 6480
LPS PA +IL-1PB 76.7 2.03 6903
LPS PA +IL-4 59.5 2.05 5355
LPS PA +IL-4 61.3 2.12 5517
LPS PA +IL-4 78.8 2.09 7092
LPS PA + IL-7 80.9 2.03 7281
LPS PA + IL-7 56.6 2.03 5094
LPS PA + IL-7 69.5 2.06 6255
LPS PA + IL-17A 60.8 2.08 5472
LPS PA + IL-17A 80.6 2.08 7254
LPS PA + IL-17A 711 2.09 6399
LPS PG + IL-1B 68.8 2.05 6192
LPS PG + IL-1B 90.0 2.07 8100
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LPS PG +IL-1PB 74.6 2.09 6714
LPS PG + IL-4 55.3 2.07 4977
LPS PG +IL-4 66.8 2.08 6012
LPS PG +IL-4 65.8 2.06 5922
LPS PG + IL-7 51.3 2.10 4617
LPS PG + IL-7 39.0 2.00 3510
LPS PG + IL-7 46.8 2.14 4212
LPS PG + IL17A 67.5 2.01 6075
LPS PG + IL17A 72.9 2.04 6561
LPS PG +IL17A 84.7 2.03 7623
Pam3CSK + IL1B 69.1 2.03 6219
Pam3CSK + IL1B 86.6 2.04 7794
Pam3CSK + IL1B 71.1 2.04 6399
Pam3CSK + IL4 65.3 2.03 5877
Pam3CSK + IL4 72.9 2.04 6561
Pam3CSK + IL4 66.2 2.03 5958
Pam3CSK + IL7 72.6 2.03 6534
Pam3CSK + IL7 72.9 2.08 6561
Pam3CSK + IL7 79.1 2.06 7119
Pam3CSK + IL17A 65.2 2.04 5868
Pam3CSK + IL17A 82.1 2.04 7389
Pam3CSK + IL17A 67.8 2.07 6102
Indole Acetic Acid 64.6 2.12 5814
Indole Acetic Acid 73.2 2.02 6588
Indole Acetic Acid 68.2 2.04 6138
IAA + LPS PA 66.9 2.02 6021
IAA + LPS PA 53.8 2.03 4842
IAA + LPS PA 76.5 2.00 6885
IAA + LPS PG 72.6 2.03 6534
IAA + LPS PG 63.2 2.04 5688
IAA + LPS PG 74.4 1.97 6696
IAA + Pam3CSK 78.8 2.03 7092
IAA + Pam3CSK 77.0 2.02 6930
IAA + Pam3CSK 71.3 2.02 6417
Sodium Acetate 70.9 2.01 6381
Sodium Acetate 81.6 2.02 7344
Sodium Acetate 73.2 2.03 6588
S. Acetate + LPS PA 65.4 2.04 5886
S. Acetate + LPS PA 76.5 1.98 6885
S. Acetate + LPS PA 82.1 2.05 7389
S. Acetate + LPS PG 82.4 2.00 7416
S. Acetate + LPS PG 78.6 2.00 7074
S. Acetate + LPS PG 59.2 1.96 5328
S. Acetate + Pam3CSK 44.6 2.01 4014
S. Acetate + Pam3CSK 48.1 2.05 4329
S. Acetate + Pam3CSK 37.3 2.04 3357
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Table S4. Primer sequences and the corresponding probe numbers. The

housekeeping gene used was B-actin.

Gene Primer 5’-3’ Probe
B-actin ACTB Right | 5’-GGATGCCACAGGACTCCA-3’ 11
5'-3’
Left | 5’-ATTGGCAATGAGCGGTTC-3’
5'-3’
Interleukin-18 IL-1B8 Right | 5’-TTGGGTAATTTTTGGGATCTACA-3’ 78
5'-3’
Left | 5’-CTGTCCTGCGTGTTGAAAGA-3’
5'-3’
Interleukin-5 IL-5 Right | 5'-CCGTCTTTCTTCTCCACACTTT-3’ 47
5'-3’
Left | 5'-CACTGAAGAAATCTTTCAGGGAAT-3’
5'-3’
Interleukin-6 IL-6 Right | 5’-CAGTGCTTTAGGAACCCAGAA-3’ 16
5-3’
Left 5’-AACAATGTACAAGCTTCCAAACAA-3’
5-3’
Interleukin-17F IL-17F Right | 5-TGGGGTCCCAAGTGACAG-3’ 39
5-3’
Left 5’-GGCATCATCAATGAAAACCA-3’
5-3’
Interleukin-36G IL-36G Right | 5’-AGTGTTGTATGACTTCCCAAGTTCT-3’ | 54
5’-3’
Left 5’-GACTGGTTCATTGCCTCCTC-3’
5’-3’
Chemokine ligand | CCL5 Right | 5’-CTTTCGGGTGACAAAGACG-3’ 59
5 5’-3’
Left 5’-TGCCCACATCAAGGAGTATTT-3’
5’-3’
Chemokine (C-X-C | CXCL8 Right | 5-ATGGTTCCTTCCGGTGGT-3’ 72
motif) ligand 8 5'-3’
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Left

5’-GAGCACTCCATAAGGCACAAA-3’

5-3
Chemokine ligand | CCL11 Right | 5'-GGTGGTTGGGACAGAAGC-3’ 5
11 5-3’

Left 5’-ATGAAGGTCTCCGCAGCA-3’

5-3
Chemokine ligand | CCL20 Right | 5'-TCAAAGTTGCTTGCTGCTTC-3’ 39
20 5-3

Left | 5-GCTGCTTTGATGTCAGTGCT-3’

5-3
Early growth EGR1 Right | 5’-GGTTTGGCTGGGGTAACTG-3’ 22
response 1 5’-3’

Left | 5'-AGCCCTACGAGCACCTGAC-3’

5-3
Interferon-y IFN-y Right | 5-TTTGGATGCTCTGGTCATCTT-3’ 21

5-3

Left | 5-GGCATTTTGAAGAATTGGAAAG-3’

5-3’
Thymic stromal TSLP Right | 5'-CCTGAGTAGCATTTATCTGAG-3’ SYBR
lymphopoietin 5’-3’

Left | 5'-CCGCCTATGAGCAGCCAC-3’

5-3
Transforming TGFB1 Right | 5’-TGCTTGAACTTGTCATAGATTTCG-3’ 31
growth factor B 1 5’-3’

Left | 5'-ACTACTACGCCAAGGAGGTCAC-3’

5-3
Transforming TGFB2 Right | 5"-AGAGCACCTGGGACTGTCTG-3’ 44
growth factor 3 2 5’-3’

Left 5’-CCTTCTTCCCCTCCGAAAC-3’

5’-3’
Transforming TGFB3 Right | 5'-CGCACACAGCAGTTCTCC-3’ 38
growth factor B 3 5’-3’

Left 5’-AAGAAGCGGGCTTTGGAC-3’

5’-3’
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G protein coupled | GPR41 Right | 5'-GGCCACACTCACCAGACC-3’ 43
receptor 41 5’-3’

Left | 5'-CACCCACTGTGGTACAAGACC-3’

5-3
G protein coupled | GPR109A | Right | 5'-ATGCCTCATAGAAGCCATCC-3’ 23
receptor 109A 5’-3’

Left | 5-GTGGGACAATGGGGATAAAA-3’

5-3
G protein coupled | GPR109B | Right | 5'-AAGCCAGCAAGGCTCTTATG-3’ 62
receptor 109B 5’-3’

Left | 5-TGTATGCCCAGGGGATTTT-3’

5-3
Histone HDAC6 Right | 5'-GGAACGGCTCCCTTTTTAAT-3’ 47
deacetylase 6 5’-3’

Left | 5-GTAGGCAGAACCCCCAGTC-3’

5-3
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Chapter 8

Bronchial Brushings and Inflammatory Stimuli

Examination of bronchial brushings as a method to
investigate the inflammatory response of the asthmatic
cohort
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1. Abstract

Background: As the airway epithelium is a first line defensive mechanism of the
host against stimuli such as allergens, microorganisms and environmental factors it
is vital to the understanding of respiratory disorders such as asthma. It is noted that
airway epithelial cells, the key controllers of inflammatory, immune and
regenerative responses in the host can be challenged in asthma and the ensuing
response may be distorted. Therefore experiments which examine the interplay of
the airway epithelium may prove vital in understanding the pathophysiology of

asthma.

Methods: Bronchial brushings were collected during bronchoscopy and stored in a
sterile falcon containing a preserving agent. RNA was isolated, quantified and
diluted to the required concentration. Reverse transcriptase qPCR was carried out
order to obtain cDNA. gRT-PCR was carried out with respect to the primers of
interest, B-actin, IL-1B, IL-5, IL-17, CCL5, CXCL8, CCL11, CCL20, EGR1, IFN-y, TSLP,
TGFB-1, TGFB-2, TGFB-3.

Results: Patient bronchial cDNA revealed a patient specificimmune profile by gRT-
PCR with IL-1B detectable in 39%, IL-5 detectable in 15%, IL-17F detectable in 22%,
CCL5 in 98%, CXCL8 in 98%, CCL11 7%, CCL20 in 7%, EGR1 in 98%, INF-y in 76%, TSLP
in 59%, TGFB-1 in 93%, TGFB-2 in 68% and TGFB-3 in 85% of cDNA extracted from
the patients bronchoscopy bronchial brush, n=41 with subsequent significance

found to certain patient demographics upon further analysis.

Conclusions: The examination cDNA obtained from bronchial brushings (n=41)
revealed a patient specific immune profile by gPCR with subsequent significance
found to certain patient demographics upon further analysis, highlighting the
possibility of implementing bronchial brush cDNA analysis as an adjunct means of

analysing the patient epithelial immune profile.
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2. Introduction

Asthma is comprised of many clinical phenotypes and is known to be influenced by
a plethora of components from environmental factors to susceptibility genes2. The
airway epithelium is a first line defence mechanism of the host against infection
due to direct exposure present between the lungs and the environment?3,
Respiratory epithelial cells produce inflammatory cytokines, chemokines and
growth factors in order to contain the offending microbial insult present in the

airways®.

The lower airways have revealed themselves to contain a unique microbiome?. It
has been seen that microorganisms can affect the epithelium and if the interaction
results in a compromised epithelium, subsequent allergen exposure, along with
environmental exposure to pollutants, may result in further exacerbations, a

heightened immune response and asthma development?.

The role of the microbiome with respect to disease prognosis and progression is of
increasing interest in numerous disease types with advances in sequencing
technologies further propelling the research field in recent years®. While
sequencing technologies are readily implemented with regards to the investigation
of microbes present at sites of interest within the host, often it is the case that a
further model system is required to be implemented, in order to investigate the
effect microbes may play on aspects such as inflammation and disease prognosis. It
is established in asthma research that in order to investigate the function of the
epithelium with regards to asthma it is important to utilise in vitro model systems.
It is often the case that immortalized cell lines are utilised in respiratory disorders,
such as asthma, as they offer a relatively cost-effective means to investigate the
potential immune response upon exposure to stimulants of interest; however there
are inherent limitations in using such a model system. Primary epithelial cells award
the best representation of a model system for epithelial research however
limitations such as cost, specialist expertise in primary cell culture, specialist

facilitates available for primary cell culture and the variations which exist at the
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inter- and intra-donor level with respect to primary cell culture present difficulties

in implementing this model system on a wide scale®.

While model systems to elucidate the pathogenic mechanisms present in
respiratory disorders such as asthma are an established means of investigation they
can be costly on a larger scale®. Therefore RNA from patients’ lungs obtained from
bronchial brushings was analysed as a potential mechanism to investigate immune
cell profiling in asthmatics, by examining the cDNA for a variety of genes of interest
by performing qRT-PCR with respect to the genes of interest, circumventing the
need to culture the primary cell cultures and performing subsequent cell

stimulations.
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3. Methods

3.1. Patient recruitment

The study was approved by the Clinical Research Ethics Committee of the Cork
Teaching Hospitals. 41 patients with a history of asthma (either documented
change in FEV1 212%/200ml with bronchodilator or a positive inhalation challenge)
were recruited through a dedicated asthma clinic in a tertiary referral centre; Cork

University Hospital by my clinical supervisor, Dr Des Murphy.

Patients were scheduled for bronchoscopy with spirometry, ACQ-7 and blood
sampling performed on the day of bronchoscopy. Written informed consent was
obtained from patients on the day of bronchoscopy. Spirometry was performed
according to ATS/ERS guidelines’. The cohort was stratified by both severity [mild
(GINA 1+2), moderate (GINA 3) and severe (GINA 4+5)] and asthma control (ACQ-

7)%9. Patients underwent bronchoscopy according to standard guidelines®®.

Bronchoalveolar lavage (BAL) was obtained as a standardised 180ml (3x60ml)
sample from either the right middle lobe or lingula as we have previously
described!?. In addition to the collection of bronchoalveolar lavage (BAL) bronchial
brushings were collected during bronchoscopy, by passing a small brush through
the sampling channel of the bronchoscope to collect cells from the airway lining of
the lung. The bronchial brushings for the purpose of this experiment were not used
to establish primary cell cultures’, rather; they were used for gRT-PCR analysis to

examine the immune signalling at play within the cohort.

Within the cohort of 41 patients where bronchial brushing were collected 2
patients were classified as mild (GINA 1+2), 4 patients were classified as moderate

(GINA 3) and 35 patients were classified as severe (GINA 4+5).

The mild asthma cohort was not prescribed oral steroids or inhaled corticosteroids
(ICS) at time of sampling. Moderate patients were not prescribed oral steroids but
were prescribed inhaled corticosteroids (ICS) (min 500 — max 800 ICS FDP). Within

the severe asthma cohort 32% were in receipt of oral steroids (11/34) (2.5 — 25 mg)
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and all 35 patients in the severe asthma cohort were in receipt of inhaled
corticosteroids (min 800 — max 2400 ICS FDP). For further patient information see

patient demographics Table 1.

3.2. Sample storage and processing

Upon completion of the bronchoscopy the bronchoscope brush, containing the
bronchial cells, was cut and added to a 15ml sterile falcon tube containing 5 mls of
DNA/RNA Shield (Zymo Research, UK), a preservative for processing the sample.
The tube was shaken to ensure thorough homogenisation of the DNA/RNA Shield
with the bronchoscope brush sample. The tube containing DNA/RNA shield and
bronchoscope brush was labelled and stored in a -80°C freezer until RNA isolation

steps were carried out.

3.3. RNA isolation

In order to isolate total RNA from the patient bronchoscope brush sample stored in
DNA/RNA Shield a Quick-RNA MiniPrep R1054 kit (Zymo Research, UK) was used as

it was compatible with samples stored in DNA/RNA Shield.

Reagent preparation occurred before the kit was used; 96ml of 100% ethanol was
added to the 24ml RNA Wash Buffer concentrate. The first step involved the lysis
and homogenisation of the sample stored in DNA/RNA Shield by bringing the
samples from -80°C to room temperature. 1ml of this sample was then aliquoted to
a screwcap tube and an equal volume of RNA Lysis buffer (1:1) was added to the
same tube which was then mixed before proceeding to the sample clearing step. In
order to clear the sample it was centrifuged at 10,000g for 1 minute. Genomic DNA
was removed by pipetting the supernatant into a Spin-Away filter in a collection
tube and the tube was centrifuged at 10,000g for 1 minute. The flow through was
added to a new sterile 15ml falcon tube and the remaining supernatant was
centrifuged through the Spin-Away filter and the flow through added to the same
15ml falcon tube for RNA purification. 2mls of 100% ethanol was added to 15ml

falcon tube containing the sample in RNA Lysis Buffer (1:1) and thorough mixing
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occurred. This mixture was then transferred to a Zymo-Spin IlICG Column in a
collection tube and was centrifuged at 16,000g for 30 seconds, discarding the flow-
through and repeating until all of the mixture had been centrifuged through the
Zymo-Spin [IICG column. The column was then washed with 400ul of RNA Prep
Buffer and 700ul RNA Wash Buffer ensuring the column was centrifuged at 16,000g
for 30 seconds and the flow through discarded each time. 400ul RNA Wash Buffer
was then added and the column was centrifuged at 16,000g for two minutes in
order to ensure the RNA Wash Buffer was completely removed. The column was
then transferred to an RNase free tube and in order to elute a higher concentration
of RNA, 50ul DNase/RNase-Free Water was added directly to the membrane and
centrifuged at 16,000g for 30 seconds. The eluted RNA was then stored at -80°C.

3.4. RNA quantification and dilution

The concentration and quality of the extracted RNA was analysed using a Nano
Drop ND1000 spectrophotometer (Thermo Fischer Scientific). In order to analyse
RNA purity and concentration the computer settings chosen were nucleic acid;
RNA-40. The Nano Drop was calibrated using 1ul of DNase/RNase free water. The
RNA extracted from the patient bronchoscopy brush was then analysed by pipetting
1ul of sample onto the lower measure platform of the machine, closing the
sampling arm and initiating spectral measurement using the operating software.
The sample column was drawn between the upper and lower platforms and a
spectral measurement was made. After each measurement was made the ng/ul
and 260:280 values and RNA curve graph were documented and the measurement
platform was cleaned (Supplementary Table S1). In order to standardise the RNA a
dilution step was performed where the undiluted RNA was diluted to ensure a

standard value of 10ng/ul of RNA for each patient sample.

3.5. Reverse transcriptase PCR

The patient mRNA isolated from the bronchial brush was reversed transcribed to

cDNA. RNA from the bronchoscope brush samples from 41 asthma patients was

381



diluted to 10ng/ul and RNA samples were kept on ice in order to maintain the
integrity of the RNA sample. A mastermix was prepared for the 41 patient RNA
samples and the RNA extraction kit control sample. Per reaction mastermix
consisted of 4ul 5X Transcriptor Buffer, 2ul dNTP (ATGC) 10mM, 1ul Transcriptor
RT/RNAsin mix which consisted of Reverse Transcriptase and Protector RNase
Inhibitor in a 1:1 volume ratio and 3ul of Random Primer (Roche, Merck/Sigma
Aldrich). A No RT mastermix consisted of 4ul 5X Transcriptor Buffer, 2ul dNTP
(ATGC) 10mM, 3pl Random Primer and 1ul DEPC treated molecular biology grade

water (Calbiochem, Sigma Aldrich).

10ul of mastermix was pipetted into corresponding wells of an un-skirted 96 well
plate (Thermo Fisher Scientific). 10ul of the No RT mastermix was pipetted into a
separate well and clearly labelled. 10ul of 10ng/ul (100ng per reaction) RNA from
each patient was pipetted into wells containing mastermix, corresponding to the
pre-designed 96 well plate layout, ensuring each well contained individual RNA
from one of the 41 patients See Supplementary Table S2 for layout. DEPC treated
molecular grade water was added to the well designated as the Negative RT
sample. In the well containing the No RT mastermix 10ul of RNA from a pre-made
pool of RNA from various patients was added in order to determine if the primers

amplify genomic DNA.

The 96 well plate was then sealed with a foil plate seal and spun using a microplate
centrifuge (VWR, Ireland) to ensure the mastermix and RNA was dispersed to the
bottom of the wells. A benchtop 2720 Thermal Cycler machine (Applied Biosystems,
Thermo Fisher Scientific) was programmed to include 10 minutes at 25°C, 30
minutes at 55°C and 5 minutes at 85°C before cooling to 4°C with the PCR Thermal
Cycler machine lid programmed to be heated to 100°C to prevent reagent loss.
Once the Reverse Transcriptase PCR cycles were complete the cDNA was diluted by
adding 80ul DEPC treated molecular biology grade water to each well. The cDNA

was then stored at -20°C for further downstream applications.
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3.6. Primers

Primers were designed using the Universal Probe Library Assay Design Centre
(Roche Life Sciences) programme (Supplementary Table S3). Primers were chosen
based on scientific literature with an emphasis on cytokines and chemokines in

relation to bronchial epithelial cells.

When designing the primers using the Universal Probe Library Assay Design Centre
Homo sapiens was selected as the organism of choice and the target gene of
interest was entered by name leading to the design of numerous primer pairs for
that gene. Two primer pairs were designed for each gene of interest based on the
software ranking system. Primers were supplied by Eurofins Genomics (Ireland) or

Sigma Aldrich (Ireland).

Primers were centrifuged upon arrival to ensure the lyophilized pellet remained at
the bottom of the 2ml screw-cap tube. Primers were re-suspended with molecular
grade water according to individual primer specification (pl for 100uM). Once
primers were re-suspended they were then vortexed and combined by adding 20ul
of right primer and 20ul of left primer and 160ul of molecular grade water to a

sterile labelled Eppendorf tube. Primers were then stored at -20°C.

Universal Probe Library Probes set (Roche Life Sciences) was available within the
laboratory. Primers for which there was not a corresponding probe available for
underwent SYBR green gRT-PCR conditions. Primers were tested on a pool of
bronchial cDNA and primers were considered viable depending on Absolute

Quantification/2" Derivative Max Cp values and Tm calling analysis.

3.7. qRT-PCR - quantitative Reverse Transcription —Polymerase Chain Reaction

gRT-PCR’s were performed using a 384 well plate layout and LightCycler Probes
Master (Roche) or LightCycler SYBR Green Master (Roche) reagent mix, dependent
on the use of hydrolysis probe or SYBR Green primer sets. Water NTCs (No

Template Control) were used in each reaction in order to identify reaction set up
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contamination and to test for the propensity of primers to create primer dimers in

the case of reactions which were carried out with SYBR Green Master.

Reactions were performed on a LightCycler 480 machine (Roche). qRT-PCR
conditions were as follows; pre-incubation at 50°C for 2 minutes, ramp rate 4.8°C/s
and 95°C for 10 minutes, ramp rate 4.8°C/s. Amplification at 95°C for 10 seconds,
ramp rate 4.8°C/s, 60°C for 45 seconds, ramp rate 2.5°C/s and 75°C for 1 second,
ramp rate 4.8°C for 45 cycles in total. A melt curve also occurred at 95°C with a
ramp rate of 0.11°C/s for any primer which used LightCycler SYBR Green Master. A
cooling stage then occurred at 40°C, ramp rate 2°C/s at the end of the process.

Fluorescent readings were taken in single acquisition mode.

NTCs did not produce a product and melt curves produced clear peaks indicating
that the products produced were not an artefact. gRT-PCR was carried out on
bronchial brush cDNA with a focus on the following primers; B-actin (probe library
(pl) 11), IL-1B (pl 78), IL-5 (pl 47), IL-6 (pl 16), IL-17F (SYBR), CCL5 (pl 59), CXCL8
(SYBR), CCL11 (SYBR), CCL20 (SYBR), EGR1 (SYBR), IFN-y (SYBR), TSLP (SYBR), TGFB1
(pl 31), TGFB2 (pl 44) and TGFB3 (pl 38).

3.8. Statistical analyses

Statistical analyses and graphical representations of data were performed using
Graph Pad Prism 8 Software. The Shapiro-Wilk test was applied to the data to
assess if the data was normally distributed or not. Normally distributed date was
presented as the meanz standard deviation (SD) and non-normally distributed data
which did not pass the Shapiro-Wilk test was presented as median * interquartile
range in the text and figures. For data which passed the Shapiro-Wilk test for
normality it was assumed that the data was sampled from Gaussian distribution
and therefore the data was analysed using Pearson correlation co-efficients. Non-
normally distributed data was analysed by assuming that the data was not sampled
from Gaussian distribution and the data was analysed using nonparametric

Spearman correlation. Results were considered statistically significant when P<0.05.
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4.1. Patient demographics

4. Results

Table 1 Patient demographics. Patient demographics broken into mild (GINA 1+2)

moderate (GINA 3) and severe (GINA 4+5) asthmatics. Note t+ ACQ-7, Asthma

Control Questionnaire; 1 ICS, Inhaled Corticosteroids; § FeNO, Fractional exhaled

Nitric Oxide; q FEV-1, Forced Expiratory Volume in the first second; ¥ BMI, Body

Mass Index.

Patients
Male
Female

Smoker

ACQ-7 t

Oral Steroids (mg)

ICS (FDP 250) #

FeNO (ppb) §

FEV-1 (Percent
Predicted) 9

BMI (kg/m?) ¥

IgE (KU/L)

BAL Monocyte
% count

BAL Macrophage %
count

BAL Lymphocyte %
count

BAL Eosinophil
% count

n=41 (%)

Current
Ex-
Never

[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]

[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]
[Mean (SD)]
[Median (IQR)]
[Mean (SD)]

[Median (IQR)]

Mild
(GINA 1-2)
2 (5%)

0 (0%)

2 (100%)

1
1

[0.5(0.7)]
[0.15(0.0-1.0)]

0

No data
No data

[93.5 (13.4)]
[93.5 (84-103)]

[21.3 (3.2)]
[21.3 (19.0-23.5)]

[9.5(0)]
[9.5(9.5-9.5)]

[10.6 (4.8)]

[10.6 (7.2-14.0)]
[68.8 (6.8)]

[68.8 (64.0-73.6)]
[18.8 (4.5)]

[18.8 (15.6-22.0)]
[0(0)]

[0(0-0)]

Moderate
(GINA 3)
4 (10%)
1(25%)

3 (75%)

0
2

[1.4 (0.4)]
(1.4 (1.1-1.6)]

0

4
[725 (150.0)]
[800 (575-800)]

[30 (28.3)]
[30 (10-50)]

[79.5 (3.9)]
[78.5 (76.5-83.5)]

[29.6 (11.5)]
[26.4 (21.1-41.3)]

[858.9 (1477)]
[180 (16-2381)]

(7.6 (4.2)]

[5.4 (5-12.5)]
[81.6 (5.9)]

[80.4 (76.4-88.0)]
3.7 (0.9)]

[4.0 (2.7-4.5)]
[2.7 (4.6)]

[0(0-8)]

Severe
(GINA 4-5)
35 (85%)
13 (37%)
22 (63%)

3

14
18

[2.3(1.1)]
[2.6 (1.1-2.9)]

11
[10.0 (7.7)]
[5(5-15)]

35

[1080 (347.1)]
[1000 (1000-1000)]

[34.6 (24.7)]
[26 (14.8-55.0)]

[71.3 (23.3)]
[71.0 (52-89)]

[31.3 (8.1)]
[29.7 (25.4-34.4)]

[477.7 (761.9)]
[115.1 (34.2-701.5)]

[11.6 (7.0)]

[10.5 (6.7-15.0)]
[69.1 (19.4)]
[77.0 (58.4-83.0)]
[7.0 (7.1)]

[4.8 (2.6-10.0)
[2.0 (5.0)]

[0.5(0.0-2.5)]
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BAL Neutrophil
% count

mRNA Expression

B-actin (Cycle

Threshold CT)

IL-1B (CT)

IL-5 (CT)

IL-17F (CT)

CCL5 (CT)

CXCL8 (CT)

CCL11 (CT)

CCL20 (CT)

EGR-1 (CT)

IFN-y (CT)

TSLP (CT)

TGFB-1 (CT)

TGFB-2 (C%)

TGFB-3 (CT)

[Mean (SD)]

[Median (IQR)]

Positive

[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (1QR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Mild
(GINA 1-2)
[1.8(2.6)]

[1.8 (0.0-3.6)]

Mild
(GINA 1-2)

2 (100%)

[29.3 (1.8])
[29.3 (28.0-30.5)]

1 (50%)
[36.1 (0)]
[36.1 (36.1-36.1)]

0 (0%)

0 (0%)

2 (100%)
[35.1(2.6)]
[35.1(33.3-37.0)]

2 (100%)
[32.8 (3.9)]
[32.8 (30.1-35.5)]

0 (0%)

0 (0%)

2 (100%)
[29.7 (1.1)]
[29.7 (28.9-30.5)]

2 (100%)
[33.4 (0.1)]
[33.4 (33.3-33.5)]

0 (0%)

1(50%)
[32.5 (0)]
[32.5 (32.5-32.5)]

0 (0%)

1 (50%)
[37.5 (0)]
[37.5 (37.5-37.5)

Moderate
(GINA 3)
[4.4 (2.0)]

[3.6 (3.0-6.7)]

Moderate
(GINA 3)

4 (100%)

[24.3 (1.2)]
[23.9 (26.5-25.6)]

1(25%)
[33.7 (0)]
[33.7 (33.7-33.7)]

1(25%)
[38.4 (0)]
[38.4(38.4-38.4]

1(25%)
[36.4 (0)]
[36.4 (36.4-36.4)]

4 (100%)
[34.6 (2.1)]
[34.1 (32.9-36.6)]

4 (100%)
[29.6 (1.9)]
[30.1 (27.7-31.1)]

1(25%)
[32.9 (0)]
[32.9(32.9-32.9)]

0 (0%)

4 (100%)
[31.1 (1.1)]
[30.8 (30.3-32.1)]

3 (75%)
[28.7 (3.8)]
[27.5 (25.8-33.0)]

2 (50%)
[32.3 (0.3)]
[32.3 (32.1-32.6)]

4 (100%)
(30 (1.2)]
[29.6 (29.1-31.3)]

3 (75%)
[36.3 (1.1)]
[36.3 (35.2-37.3)]

4 (100%)
[35.4 (1.8)]
[35.0 (34.0-37.3)]

Severe
(GINA 4-5)
[10.2 (15.7)]

[3.5(1.0-14.5)]

Severe
(GINA 4-5)

35(100%)

[25.5(2.2)]
[25.0 (24.1-26.1)]

14 (40%)
[35.0 (2.0)]
[35.4 (34.1-36.6)]

5 (14%)
[38.2 (1.1)]
[38.1(37.4-39.1)]

8 (23%)
[36.6 (0.8)
[36.4 (36.3-37.1)]

34 (97%)
[35.1(1.7)]
[34.9 (33.9-35.9)]

34 (97%)
[30.4 (2.1)]
[30.3 (28.9-31.7)]

2 (6%)
[31.9 (0.8)]
[31.9 (31.4-32.5)

3 (9%)
[33.5 (1.0)]
(34 (32.4-34.1)]

34 (97%)
[31.7 (1.3)]
[31.6 (30.8-32.7)]

26 (74%)
[31.1 (2.0)]
[31.3 (29.6-32.8)]

22 (63%)
[32.3 (0.7)]
[32.5 (31.8-32.8)]

33 (94%)
[30.7 (1.5)]
[30.7 (29.6-31.7)]

25 (71%)
[36.4 (1.5)]
[36 (35.6-37.0)]

30 (86%)
[35.7 (1.0)]
[35.7 (34.9-36.6)]
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Table 2 qPCR analysis of corresponding patient BAL microbiome. gPCR results of

both the bacteria pellet (BP) fraction and the cellular pellet (CP) fraction of the

patient BAL.
n=41

Total bacteria BP (CT)

Total bacteria CP (CT)

Firmicutes BP (CT)

Firmicutes CP (CT)

P. aeruginosa BP (CT)

P. aeruginosa CP (CT)

P. fluorescens BP (CT)

P. fluorescens CP (CT)

Escherichia BP (CT)

Escherichia CP (CT)

Bordetella BP (CT)

Bordetella CP (CT)

Prevotella BP (CT)

Prevotella CP (CT)

Veillonella BP (CT)

Veillonella CP (CT)

M. pneumoniae BP (CT)

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]

Mild

(GINA 1-2) (n=2)
2

[26.6 (5.1)]

[26.6 (23.1-30.2)]
2

[25.3 (5.9)]

[25.3 (21.2-29.5)]

2
[26.4 (4.4)]

[26.4 (23.3-29.4)]
2

[24.9 (2.7)]

[24.9 (23.0-26.9)]

0

2
[39.0 (1.4)]
[39.0 (38.1-40.0)]

2
[29.5 (3.2)]

[29.5 (27.2-31.8)]
2

[29.7 (5.7)]

[29.7 (25.7-33.7)]

0

1

[35.7 (0)]

[35.7 (35.7-35.7)]
1

(34.2 (0)]

(34.2 (34.2-34.2)]

2
[32.0 (7.1)]

[32 (27-37)]

2

[30.1(5.0)]

[30.1 (26.6-33.6)]

2

[28.8 (6.9)]

[28.8 (23.9-33.7)]
2

[26.7 (8.2)]

[26.7 (21.0-32.5)]

1
(30.2 (0)]
(30.2 (30.2-30.2)]

Moderate

(GINA 3) (n=4)

4

[29.7 (1.7)]

[29.8 (28.0-31.2)]
4

[22.9 (4.7)]

[20.7 (20.3-27.7)]

4
[27.4 (2.1)]

[28.1 (25.2-29.0)]
4

[20.4 (4.8)]

[18.3 (17.6-25.3)]

1

[40 (0)]

[40 (40-40)]

4

[37.3 (1.0)]

[37.8 (36.3-37.8)]

4
[32.3 (0.6)]

[32.4 (31.7-32.8)]
4

[27.5 (3.7)]

[26.5 (24.6-31.4)]

1
[37.3(0)]

[37.3 (37.3-37.3)]
2

[38.3 (2.5)]

[38.3 (30.5-40.0)]

0

3
[31.9 (2.5)]
[31.2 (29.7-34.7)]

3

[34.4(2.3)]
[33.2(32.9-37.1)]
4

[29.1(5.4)]

[27.2 (25.5-34.6)]

4
[31.4 (2.7)]

[31.9 (28.6-33.6)]
4

[23.1(3.3)]

[22.4 (20.5-26.6)]

3
[39.4 (0.7)]
[39.5 (38.6-40.0)]

Severe

(GINA 4-5) (n=35)
34

[27.8 (2.9)]

[27.9 (25.3-29.6)]
34

[23.4 (3.0)]

[22.5 (21.6-25.0)]

35
[26.3 (2.8)]

[26.4 (24.7-28.6)]
34

[21.4 (2.8)]

[21.0 (19.3-23.2)]

3

[34.3 (6.7)]

[37.9 (26.7-38.4)]
17

[38.0 (1.4)]

[37.8 (37.2-39.5)]

35
[31.5 (2.3)]

[32.0 (30.7-33.2)]
32

[28.2 (2.8)]

[28.6 (26.3-30.6)]

-

1
36.7 (2.9)]
36 (35.6-40.0)]

o —

36.5 (4.1)]
37 (35.6-40.0)]

10
[34.5 (1.3)]

[34.5 (33.7-35.5)]
31

[31.1(1.3)]

[31 (30.2-32.0)]

32
[31.9 (2.7)]

[32.3 (29.6-33.3)]
33

[29.6 (3.4)]

[29.2 (27.5-31.0)]

34

[29.5 (3.5)]

[29.5 (27.8-31.3)]
34

[24.4 (2.7)]

[23.7 (22.1-26.9)]

21
[35.9 (3.2)]
[35.8 (33.5-39.5)]
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M. pneumoniae CP (CT)

C. pneumoniae BP (CT)

C. pneumoniae CP (CT)

S. aureus BP (CT)

S. aureus CP (CT)

N. bacilliformis BP (CT)

N. bacilliformis CP (CT)

M. catarrhalis BP (CT)

M. catarrhalis CP (CT)

N. meningitidis BP (CT)

N. meningitidis CP (CT)

S. pneumoniae BP (CT)

S. pneumoniae CP (CT)

H. influenzae BP (CT)

H. influenzae CP (CT)

Rothia BP (CT)

Rothia CP (CT)

Micromonospora BP (CT)

Micromonospora CP (CT)

Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Positive
[Mean (SD)]
[Median (IQR)]
Positive
[Mean (SD)]
[Median (IQR)]

Mild
(GINA 1-2)

1

(30.3 (0)]

(30.3 (30.3-30.3)]

1
[36.7 (0)]

[36.7 (36.7-36.7)]
1

[34.5 (0)]

[34.5 (34.5-34.5)]

2

[27.2(3.3)]

[27.2 (24.9-29.5)]
2

[25.2 (4.5)]

[25.2 (22.0-28.3)]

2
[28.0 (5.2)]

[28.0 (24.5-31.6)]
2

[26.3 (5.7)]

[26.3 (22.3-30.3)]

2
[29.2 (3.8)]

[29.2 (26.6-31.9)]
2

[29.5 (5.7)]

[29.5 (25.5-33.5)]

1

[29.6 (0)]

[29.6 (29.6-29.6)]
1

[26.9 (0)]

[26.9 (26.9-26.9)]

1
[29.8 (0)]

[29.8 (29.8-29.8)]
2

[31.8 (4.7)]

[31.8 (28.5-35.2)]

1
[27.1(0)]
[27.1(27.1-27.1)]
2

[30.6 (6.2)]

[30.6 (26.2-35.0)]

2

[33.2(1.1)]

[33.2 (32.4-33.9)]
2

[30.5 (5.3)]

[30.5 (26.8-34.2)]

2

[37.1(0.9)]
[37.1(36.5-37.8)]
2

[35.6 (2.0)]
[35.6(34.2-37.1)]

Moderate

(GINA 3)

3

[34.4 (5.1)]

[33.2 (30.1-40.0)]

1
[32.6 (0)]

[32.6 (32.6-32.6)]
2

[28.1(0.7)]
[28.1(27.6-28.6)]

4
[30.7 (3.6)]

[31.0 (27.3-33.9)]
2

[20.4 (0.1)]

[20.4 (20.3-20.4)]

3
[32.5 (2.8))]
[30.9 (30.8-35.7)]
4

[26.5 (4.2)]

[26.6 (22.6-30.4)]

4
[31.9 (0.7)]

[31.8 (31.3-32.6)]
4

[27.0 (3.5)]

[25.8 (24.5-30.7)]

3

[34.6 (2.4)]

[34.0 (32.5-37.2)]
4

[27.9 (3.6)]

[28.2 (24.3-31.2)]

3

[33.8 (2.3)]

[33.8 (31.6-36.1)]
4

[28.6 (5.5)]

[28.1 (23.8-34.1)]

2
[35.2 (0.4)]

[35.3 (35.0-35.5)]
4

[28.4 (4.6)]

[28.4 (24.3-32.4)

2
[34.9 (1.7)]

[34.9 (33.7-36.1)]
4

[25.7 (4.2)]

[24.6 (22.5-30.1)]

1
[35.0 (0)]

[35.0 (35.0-35.0)]
4

[32.2 (2.8)]

[32.2 (31.1-36.1)]

Severe

(GINA 4-5)

24

[34.3 (3.4)]

[34.4 (31.3-37.0)]

23

[33.7 (2.2)]

[34.5 (32.5-35.0)]
30

[29.5 (2.3)]

[29.1 (28.5-30.1)]

20

[31.6 (3.0)]

[32.5 (29.0-34.4)]
10

[28.1(3.5)]

[27.6 (25.1-32.1)]

22
[31.4 (2.7)]

[31.5 (30.7-33.7)]
34

[28.8 (3.7)]

[28.4 (26.1-32.0)]

34
[31.2 (2.2)]

[32.0 (30.6-32.7)]
32

[28.2 (2.8)]

[28.1 (26.0-30.6)]

28

[31.9 (3.4)]

[32.4 (30.5-33.9)]
31

[27.6 (3.7)]

[27.2 (25.1-28.6)]

25

[33.4 (2.3)]

[33.7 (32.4-34.8)]
29

[28.9 (2.7)]

[29.7 (26.7-30.9)]

23

[32.5 (3.4)]

[33.2 (31.4-35.1)]
33

[29.2 (3.9)]

[28.6 (26.5-32.1)]

30
[31.8 (3.4)]

[32.3 (29.8-34.5)]
34

[25.9 (3.7)]

[25.7 (23.1-27.8)]

20

[36.2 (2.2)]

[36.7 (35.6-37.2)]
29

[33.5 (2.5)]

[33.3 (31.3-35.9)]
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4.2. Molecular detection of human genes of interest

gRT-PCR was performed on the extracted bronchial brush cDNA (n=41) using
validated human primers. B-actin was chosen as the housekeeping gene and the
genes of interest were IL-1B, IL-5, IL-17F, CCL5, CXCI8, CCL11, CCL20, EGR1, INF-y,
TSLP, TGFB-1, TGFB-2 and TGFB-3. (See Table S3). Melt curve analysis for primers
which used SYBR Green mastermix was undertaken to ensure the product produced
was correct and not an artefact. No template controls (NTCs) were implemented in
all reaction runs and were used as a cut-off point for cycle threshold (CT)/ crossing
point (Cp) results as any product which appeared in cycles after the appearance of
water was disregarded. The resulting genes were seen at various abundance levels

in the patient bronchial brush cDNA samples.

When analysed with regards to the presence of the gene in the patient bronchial
brush cDNA (n=41), IL-1B was detectable in 39%, IL-5 was detectable in 15%, IL-17F
was detectable in 22%, CCL5 was present in 98%, CXCL8 was present in 98%, CCL11
was present in 7%, CCL20 was present in 7%, EGR1 was present in 98%, INF-y was
present in 76%, TSLP was present in 59%, TGFB-1 was present in 93%, TGF3-2 was
present in 68% and TGFB-3 was present in 85% of cDNA extracted from the patients
bronchoscopy bronchial brush, n=41. See Table 1 for numerical details and patient
stratification by GINA stage. See Figure 1 for qRT-PCR detection of human genes of

interest in patient bronchial brush cDNA
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Figure 1. qRT-PCR detection of human genes of interest in patient bronchial brush
cDNA. gPCR was performed on the extracted bronchial brush cDNA using validated
human primers designed for the genes of interest IL-1B, IL-5, IL-17F, CCL5, CXCL8
CCL11, CCL20, EGR1, IFN-y, TSLP, TGFB-1, TGFB-2 and TGFB-3. n=41.

In order to investigate the relative expression of the genes of interest the qRT-PCR
data was analysed using ddCT analysis. The housekeeper gene, beta (B) actin, raw
gRT-PCR data was compared to the raw qRT-PCR Ct (Cycle threshold) data for each
of the genes of interest. The delta delta CT (AACT) for each individual sample was
calculated and the fold change of the samples was calculated by 2A-AACT. The

relative changes in gene expression can be seen in Figure 2.
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Figure 2. Relative changes in gene expression. The gRT-PCR CT (Cycle Threshold)
data was analysed using delta delta CT (AACT) analysis to calculate the relative
changes in gene expression by analysing the housekeeper gene (B-actin) against the

genes of interest. n=41, log 10 graph.

The patient bronchial brush qPCR results, which highlighted the abundance of
genes detectable from the bronchial brush cDNA sample, was further analysed
against the patient demographics (n=41). Factors such as inhaled corticosteroids,
smoking status, GINA, FeNO, ACQ-7, FEV-1, BAL % macrophages, BAL % monocytes,
BAL % lymphocytes, BAL % eosinophils, BAL % neutrophils, microbiome gPCR
analysis results, blood IgE levels, haemoglobin, white blood cells, blood
lymphocytes, blood eosinophils and blood neutrophils were analysed. Microbiome
gPCR was undertaken on both the bacteria pellet (BP) and the cellular pellet (CP)
DNA isolated from the bronchoscopy BAL fluid; a detailed protocol of which can be
found in Chapter 5 and Chapter 6.

Statistical analysis and graphical representations of data was performed using

Graph Pad Prism 8 Software. The Shapiro-Wilk test was applied to the data to
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assess if the data was normally distributed or not. Normally distributed date was
presented as the meanz standard deviation (SD) and non-normally distributed data
which did not pass the Shapiro-Wilk test for normality was presented as median *
interquartile range in the text and figures. For data which passed the Shapiro-Wilk
test for normality it was assumed that the data was sampled from Gaussian
distribution and therefore the data was analysed using Pearson correlation
coefficients. Non-normally distributed data was analysed by assuming that the data
was not sampled from Gaussian distribution and the data was analysed using

nonparametric Spearman correlation.

IL-1B was observed to correlate negatively with Total Bacteria (CP) (P<0.05; rs=-
0.5206), Prevotella (CP) (P<0.05; rs=-0.5265), Haemophilus influenzae (BP) (P<0.01;
rs=-0.7273) and Rothia (CP) (P<0.05; rs=-0.5383). IL-5 positively correlated with the
percentage count of BAL eosinophils (P<0.05; rs=0.8407). IL-17F negatively
correlated with the percentage count of BAL lymphocytes (P<0.05; rs=-0.7029). See
Figure 3.

CCLS5 positively correlated with inhaled corticosteroids (FDP) (P<0.005; rs=0.4494),
FeNO (P<0.05; rs=0.4690) and the percentage count of BAL eosinophils (P<0.01;
r-=0.4344). CXCL8 positively correlated with qPCR Bordetella presence (P<0.05;
r=0.3549) and negatively correlated with inhaled corticosteroids (FDP) (P<0.005;
rs=0.3792) and blood haemoglobin (HB) (g/L) levels (P<0.05; rs=-0.6687). See Figure
4.

EGR1 positively correlated with inhaled corticosteroids (FDP) (P<0.01; rs=0.4216)
and Staphylococcus aureus (BP) presence by qPCR (P<0.05; rs=0.4254). IFN-y
positively correlated with BAL monocyte percentage counts (P<0.05; rs=0.3932).
TSLP negatively correlated with gPCR Total Bacteria (BP) (P<0.05; rs=-0.4471),
Pseudomonas fluorescens (BP) (P<0.05; rs=-0.4343) and Prevotella (BP) (P<0.05; rs=-
0.5055). See Figure 5.

TSLP also negatively correlated with gPCR Veillonella (BP) (P<0.05; rs=-0.4566),
Chlamyodphila pneumoniae (BP) (P<0.05; rs=-0.5583), Moraxella catarrhalis (BP)
(P<0.01; rs=-0.5583), Neisseria meningitidis (BP) ) (P<0.05; rs=-0.5519), Haemophilus
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influenzae (BP) (P<0.05; rs=-0.6878) and Rothia (BP) (P<0.05; rs=-0.5780). See Figure
6.

TGFB-1 positively correlated with inhaled corticosteroids (FDP) (P<0.05; rs=0.4153)
and negatively correlated with the percentage of BAL monocytes (P<0.05; rs=-
0.3341), the presence by gqPCR of Pseudomonas fluorescens (BP) (P<0.05; rs=-
0.3519), Chlamydophila pneumoniae (BP) (P<0.05; rs=-0.4972) and Neisseria
meningitidis (BP) (P<0.05; rs=-0.4256). TGFB-2 positively correlated with BAL

eosinophil percentage counts (P<0.05; rs=0.4244). See Figure 7.

TGFB-2 negatively correlated with qPCR levels of Pseudomonas fluorescens (BP)
(P<0.005; rs=-0.5190), Chlamydophila pneumoniae (BP) (P<0.05; rs=-0.5449),
Moraxella catarrhalis (BP) (P<0.01; rs=-0.5105) and Neisseria meningitidis (BP)
(P<0.05; rs=-0.5022). TGFB-3 negatively correlated with total levels of blood IgE
(KU/L) (P<0.05; rs=-0.3736). See Figure 8.
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Figure 3. Correlations of brush mRNA detection to BAL BP and CP microbes and

patient characteristics. IL-1 was observed to correlate negatively with Total

Bacteria (CP) (P<0.05; rs=-0.5206) (A), Prevotella (CP) (P<0.05; rs=-0.5265) (B),

Haemophilus influenzae (BP) (P<0.01; rs=-0.7273) (C) and Rothia (CP) (P<0.05; rs=-

0.5383) (D). IL-5 positively correlated with the percentage count of BAL eosinophils

(P<0.05; rs=0.8407) (E). IL-17F negatively correlated with the percentage count of

BAL lymphocytes (P<0.05; rs=-0.7029) (F). n=41.
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Figure 5. Correlations of brush mRNA detection to BAL BP microbes and patient
characteristics. EGR1 positively correlated with inhaled corticosteroids (FDP)
(P<0.01; rs=0.4216) (A) and Staphylococcus aureus (BP) presence by gPCR (P<0.05;
r«=0.4254) (B). IFN-y positively correlated with BAL monocyte percentage counts
(P<0.05; rs=0.3932) (C). TSLP negatively correlated with qPCR Total Bacteria (BP)
(P<0.05; rs=-0.4471) (D), Pseudomonas fluorescens (BP) (P<0.05; rs=-0.4343) (E) and
Prevotella (BP) (P<0.05; rs=-0.5055) (F). n=41.
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Figure 6. Correlations of brush mRNA detection to BAL BP microbes. TSLP
negatively correlated with gPCR Veillonella (BP) (P<0.05; rs=-0.4566) (A),

Chlamyodphila pneumoniae (BP) (P<0.05; rs=-0.5583) (B), Moraxella catarrhalis (BP)

(P<0.01; rs=-0.5583) (C), Neisseria meningitidis (BP) ) (P<0.05; rs=-0.5519) (D),

Haemophilus influenzae (BP) (P<0.05; rs=-0.6878) (E) and Rothia (BP) (P<0.05; rs=-

0.5780) (F). n=41.
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Figure 7. Correlations of brush mRNA detection to BAL BP microbes and patient
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monocytes (P<0.05; rs=-0.3341) (B), the presence by gPCR of Pseudomonas
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Figure 8. Correlations of brush mRNA detection to BAL BP microbes and patient
characteristics. TGFB-2 negatively correlated with gPCR levels of Pseudomonas
fluorescens (BP) (P<0.005; rs=-0.5190) (A), Chlamydophila pneumoniae (BP) (P<0.05;
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5. Discussion

Airway epithelium

Due to their anatomical location within the body the lungs possess a unique niche
environment for microbial growth. The lungs are directly exposed to the
environment and the epithelium is the first line of defence against infection?3. The
airway epithelium while offering protection against allergens, microorganisms and
environmental stimuli in respiratory conditions such as asthma the inflammatory,
immune and regenerative responses of the airway epithelium can be distorted'13,
In order to advance the understanding of asthma pathophysiology it is therefore

important to further understand the airway epithelium interplay.

Model systems

Model systems to understand the epithelium are widely implemented, the most
widespread being in vitro cell culture using immortalised cell lines however this
system possesses inherent limitations. While primary epithelial cells grown at Air
Liquid Interface (ALI) enable the creation of a in vivo physiologically relevant model
system such a system requires expert knowledge, specialist materials and facilities

and the replication of this model system on a large scale can be very costly®.

Bronchial brush analysis

Therefore it was decided that instead of culturing primary bronchial epithelial cells
from the asthma cohort (n=41), at bronchoscopy after the procedure was complete
the attending physician would cut the bronchoscope brush approximately 1-2cm
above the brush which contained patient cells from the procedure. This brush was
then transferred to a 15ml falcon tube containing 5 mls of DNA/RNA Shield (Zymo
Research, UK) and the tube was shaken to ensure thorough homogenisation of the
DNA/RNA Shield with the bronchoscope brush sample. The tube containing
DNA/RNA shield and bronchoscope brush was labelled and stored in a -80°C freezer
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until RNA isolation occurred. In doing this it was possible to create a bank of cDNA
from the cohort which could be analysed for genes of interest by qRT-PCR using
specific human primers with an initial focus on the following genes; B-actin, IL-1B,
IL-5, IL-6, IL-17F , CCL5, CXCL8 , CCL11, CCL20, EGR1, IFN-y, TSLP , TGFB1, TGFB2
and TGFf3.

In doing this it was seen that patient bronchial cDNA revealed a patient specific
immune profile by qRT-PCR with subsequent significance found to certain patient
demographics upon further analysis. As a pilot study results show promise that
bronchoscopy brush cDNA analyses could work in tandem with pre-established
practices within the research group regarding patient sample collection and

processing.

Interleukin 1B (IL-1B)

The pro-inflammatory cytokine IL-1B was detected in 39% of patients bronchial
brush cDNA by gRT-PCR. Patient IL-1 levels was observed to correlate negatively
with Total Bacteria (CP) (P<0.05; rs=-0.5206), Prevotella (CP) (P<0.05; rs=-0.5265),
Haemophilus influenzae (BP) (P<0.01; rs=-0.7273) and Rothia (CP) (P<0.05; rs=-
0.5383). IL-1B is recognised to have a key protective role in the host’s defence
system by activating responses such as endothelial adhesion, neutrophil
recruitment and the activation of cytokines and chemokines. IL-1B has been shown
to display a protective effect in several model systems upon bacterial, fungal or

viral recognition'?.

Interleukin 5 (IL-5)

IL-5 positively correlated with the percentage count of BAL eosinophils (P<0.05;
rs=0.8407) which is of interest as the cytokine IL-5 is known to be highly specific to
the eosinophil lineage, promoting growth and differentiation of eosinophils'>. Anti-

IL5 monoclonal antibody therapy as an adjunct therapy has shown promise for
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specific cohorts of asthmatics as by targeting IL-5, selectively inhibiting its
interaction with the receptor present on eosinophils resulting in the

downregulation of its pathway'® 7

. It is thought that the reduction in eosinophil
numbers would in turn reduce exacerbation risk in patients deemed appropriate for

such therapy?®.

Interleukin 17 (IL-17)

The IL-17 family of cytokines are known to contribute to inflammatory responses
and play a role in antimicrobial resistance in the lungs'®1%, Research has
documented that often the presence of IL-17 in asthma patients can be a sign of
asthma severity®2°, Within the patient cohort it was seen that qRT-PCR IL-17F
presence negatively correlated with the percentage count of BAL lymphocytes

(P<0.05; rs=-0.7029).

C-C motif chemokine ligand 5 (CCL5)

CCL5, also known as RANTES, was present by qRT-PCR in 98% of the asthma cohort.
CCL5, a pro-inflammatory potent chemoattractant cytokine, is known to be
produced by epithelial cells upon viral infection. CCL5 has been documented in
asthma patient respiratory fluid. It is known to play a role in the recruitment of
monocytes, T-cells and eosinophils?!. Within this asthma cohort CCL5 positively
correlated with inhaled corticosteroids (FDP) (P<0.005; rs=0.4494), FeNO (P<0.05;
r«=0.4690) and the percentage count of BAL eosinophils (P<0.01; rs=0.4344).

Chemokine (C-X-C motif) ligand 8 (CXCL8)/Interleukin 8 (IL-8)

CXCLS (IL-8) cytokine is a neutrophil and mast cell chemoattractant which is known
in asthma to function in inflammatory cell regulation??. In vitro experiments in non-

diseased airways have shown that high dose inhaled corticosteroids can inhibit
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CXCL8 production however in patients with severe persistent asthma poorly
controlled by inhaled corticosteroids CXCL8 levels are not reduced?? Within this
asthma cohort 98% of patients tested positive for CXCL8 presence by gRT-PCR.
CXCL8 by qRT-PCR detection was seen to positively correlated with gPCR Bordetella
presence (P<0.05; r=0.3549) and negatively correlated with inhaled corticosteroids
(FDP) (P<0.005; rs=0.3792) and blood haemoglobin (HB) (g/L) levels (P<0.05; rs=-
0.6687).

Early growth response 1 (EGR1)

Early growth response (EGR) 1 is a zinc finger transcription factor, which acts as a
transcriptional regulator playing in important role in cell physiology regulation,
regulating host cell growth, differentiation and survival. Studies have demonstrated
that EGR1 can by triggered into action in the host epithelial cells by environmental
stimuli such as bacteria. Bacteria such as Staphylococcus aureus have been shown
to upregulate EGR1 expression?3. EGR1 was detectable by qRT-PCR within 98% of
patients’ bronchoscopy brush cDNA. Within this asthma cohort EGR1 positively
correlated with inhaled corticosteroids (FDP) (P<0.01; rs=0.4216) and

Staphylococcus aureus (BP) presence by gPCR (P<0.05; rs=0.4254).

Interferon-y (IFN-y)

Interferon (IFN) —y was detectable in 76% of the asthma patients’ cDNA by gRT-PCR.
IFN-y plays a vital role in pathogen recognition and elimination and is responsible
for the mediation of a wide variety of biological activities?*. IFN-y positively
correlated with BAL monocyte percentage counts (P<0.05; rs=0.3932). TSLP
negatively correlated with gPCR Total Bacteria (BP) (P<0.05; rs=-0.4471),
Pseudomonas fluorescens (BP) (P<0.05; rs=-0.4343) and Prevotella (BP) (P<0.05; rs=-
0.5055)
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Thymic stromal lymphopoietin (TSLP)

Thymic stromal lymphopoietin (TSLP), a pleiotropic cytokine, was detectable by
gRT-PCR in 59% of patients. TSLP is recognised as an important factor in asthma
pathogenesis with higher concentrations detectable within asthmatic lungs. TSLP
can be induced by factors such as bacterial and viral infections®. TSLP was seen to
negatively correlated with gPCR Veillonella (BP) (P<0.05; rs=-0.4566), Chlamydophila
pneumoniae (BP) (P<0.05; rs=-0.5583), Moraxella catarrhalis (BP) ) (P<0.01; rs=-
0.5583), Neisseria meningitidis (BP) ) (P<0.05; rs=-0.5519), Haemophilus influenzae
(BP) (P<0.05; rs=-0.6878) and Rothia (BP) (P<0.05; rs=-0.5780).

Transforming growth factor-g (TGF-B)

Transforming growth factor (TGF) — B is known to be responsible for the regulation
of a number processes such as tissue regeneration and immune reactions.?®. TGFB
ligand upregulation has been documented in a number of pulmonary diseases

including asthma?®.

Within the asthma cohort 93% had detectable TGFB-1, 68% had detectable TGFB-2
and 85% had detectable TGFB-3 by gRT-PCR.Within the cohort TGFB-1 positively
correlated with inhaled corticosteroids (FDP) (P<0.05; rs=0.4153) and negatively
correlated with the percentage of BAL monocytes (P<0.05; rs=-0.3341), the
presence by qPCR of Pseudomonas fluorescens (BP) (P<0.05; rs=-0.3519),
Chlamydophila pneumoniae (BP) (P<0.05; rs=-0.4972) and Neisseria meningitidis
(BP) (P<0.05; rs=-0.4256). TGFB-2 positively correlated with BAL eosinophil
percentage counts (P<0.05; rs=0.4244).TGFB-2 negatively correlated with gPCR
levels of Pseudomonas fluorescens (BP) (P<0.005; rs=-0.5190), Chlamydophila
pneumoniae (BP) (P<0.05; rs=-0.5449), Moraxella catarrhalis (BP) (P<0.01; rs=-
0.5105) and Neisseria meningitidis (BP) (P<0.05; rs=-0.5022). TGFB-3 negatively
correlated with total levels of blood IgE (KU/L) (P<0.05; rs=-0.3736).

404



Overall patient bronchial cDNA revealed a patient specific immune profile by gRT-
PCR with subsequent significance found to certain patient demographics upon
further analysis. The use of bronchial brush cDNA demonstrated a novel
experimental method to reveal the real life response of epithelial cells within a
well-defined asthma cohort and can provide key insights into the pathophysiology

of asthma.
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Table S1. Table showing the NanoDrop ng/ul, A260/A280, and total ng yield per

6. Supplementary

remaining RNA extracted from the bronchoscope brush.

Patient ID ng/ul A260/A280 Total ng yield
ASTO1 24.8 1.6 11904
ASTO2 22.9 1.7 1099.2
ASTO4 19.7 1.6 945.6
ASTO5 23.0 1.5 1104.0
ASTO6 28.0 1.8 1344.0
ASTO7 16.9 1.4 811.2
ASTO8 14.5 1.4 696.0
ASTO09 22.3 1.6 1070.4
AST10 23.1 1.6 1108.8
AST11 21.9 1.8 1051.2
AST13 20.1 1.6 964.8
AST14 16.1 1.6 772.8
AST15 18.6 1.4 892.8
AST16 194 1.7 931.2
AST17 16.0 1.6 768.0
AST18 16.8 1.5 806.4
AST19 19.7 1.6 945.6
AST20 16.1 1.6 772.8
AST21 14.2 1.4 681.6
AST22 194 1.5 931.2
AST23 13.8 1.9 662.4
AST25 9.0 1.4 432.0
AST26 24.9 1.8 1195.2
AST28 7.7 1.6 369.6
AST29 5.1 1.2 244.8
AST30 30.7 2.0 1473.6
AST31 19.6 2.1 940.8
AST32 31.2 1.9 1497.6
AST33 135 1.9 648.0
AST35 13.1 1.7 628.8
AST36 34.9 1.9 1675.2
AST37 28.8 1.9 1382.4
A61 R 47.3 2.0 2270.4
Al5 R 3.0 1.4 144.0

Severe 02 7.6 1.8 364.8

Severe 04 81.9 1.4 3931.2

Severe 05 41.8 2.0 2006.4

Severe 06 16.7 2.0 801.6

Severe 07 56.8 2.1 2726.4

Severe 09 52.4 2.0 2515.2
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Table S2. Reverse Transcription PCR 96 well plate layout

1 2 3 4 5 6 7 8 9 10 11 12
ASTO1 ASTO2 AST04 ASTO5 ASTO6 ASTO7 ASTO8 AST09 AST10 AST11 AST13 AST14
AST15 AST16 AST17 AST18 AST19 AST20 AST21 AST22 AST23 AST25 AST26 AST28
AST29 AST30 AST31 AST32 AST33 AST35 AST36 AST37 A61_R Al15_R Severe 01|Severe 02
Severe 03[Severe 04[Severe 05[Severe 06[Severe 07|Severe 08|Severe 09[Severe 10|Severe 11(Kit control[No RT Neg RT

I 6O MmMmMmoO >
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Table S3. Primer sequences and corresponding probe numbers used in qRT-PCR

analysis. The housekeeping gene used was B-actin.

Gene Primer 5’-3’ Probe

B-actin ACTB Right 5’-3 5’-GGATGCCACAGGACTCCA-3’ 11
Left 5'-3’ 5’-ATTGGCAATGAGCGGTTC-3’

Interleukin-1B IL-1B Right 5’-3 5 -TTGGGTAATTTTTGGGATCTACA-3’ 78
Left 5'-3’ 5’-CTGTCCTGCGTGTTGAAAGA-3’

Interleukin-5 IL-5 Right 5’-3 5’-CCGTCTTTCTTCTCCACACTTT-3’ 47
Left 5'-3’ 5’-CACTGAAGAAATCTTTCAGGGAAT-3’

Interleukin-6 IL-6 Right 5’-3 5’-CAGTGCTTTAGGAACCCAGAA-3’ 16
Left 5’-3’ 5’-AACAATGTACAAGCTTCCAAACAA-3’

Interleukin-17F IL-17F Right 5’-3 5-TGGGGTCCCAAGTGACAG-3’ 39
Left 5'-3’ 5’-GGCATCATCAATGAAAACCA-3’

Interleukin-36G IL-36G Right 5’-3 5-AGTGTTGTATGACTTCCCAAGTTCT-3’ 54
Left 5'-3’ 5’-GACTGGTTCATTGCCTCCTC-3’

Chemokine ligand 5 CCL5 Right 5’-3 5’-CTTTCGGGTGACAAAGACG-3’ 59
Left 5’-3 5’-TGCCCACATCAAGGAGTATTT-3’

Chemokine (C-X-C motif) ligand 8 CXCL8 Right 5’-3 5’-ATGGTTCCTTCCGGTGGT-3’ 72
Left 5’-3 5’-GAGCACTCCATAAGGCACAAA-3’

Chemokine ligand 11 CCL11 Right 5’-3 5’-GGTGGTTGGGACAGAAGC-3’ 5
Left 5'-3’ 5’-ATGAAGGTCTCCGCAGCA-3’

Chemokine ligand 20 CCL20 Right 5’-3 5’-TCAAAGTTGCTTGCTGCTTC-3’ 39
Left 5’-3’ 5’-GCTGCTTTGATGTCAGTGCT-3’

Early growth response 1 EGR1 Right 5’-3’ 5’-GGTTTGGCTGGGGTAACTG-3’ 22
Left 5'-3 5’-AGCCCTACGAGCACCTGAC-3’

Interferon-y IFN-y Right 5’-3 5'-TTTGGATGCTCTGGTCATCTT-3’ 21
Left 5'-3’ 5’-GGCATTTTGAAGAATTGGAAAG-3’

Thymic stromal lymphopoietin TSLP Right 5’-3 5’-CCTGAGTAGCATTTATCTGAG-3’ SYBR
Left 5'-3’ 5’-CCGCCTATGAGCAGCCAC-3’

Transforming growth factor g 1 TGFB1 Right 5’-3 5’-TGCTTGAACTTGTCATAGATTTCG-3’ 31
Left 5’-3’ 5’-ACTACTACGCCAAGGAGGTCAC-3’

Transforming growth factor B 2 TGFB2 Right 5’-3’ 5’-AGAGCACCTGGGACTGTCTG-3' 44
Left 5'-3 5’-CCTTCTTCCCCTCCGAAAC-3’

Transforming growth factor B 3 TGFB3 Right 5’-3’ 5’-CGCACACAGCAGTTCTCC-3’ 38
Left 5’-3 5’-AAGAAGCGGGCTTTGGAC-3’

G protein coupled receptor 41 GPR41 Right 5’-3 5’-GGCCACACTCACCAGACC-3’ 43
Left 5'-3’ 5’-CACCCACTGTGGTACAAGACC-3’

G protein coupled receptor 109A GPR109A | Right 5’-3’ 5’-ATGCCTCATAGAAGCCATCC-3’ 23
Left 5'-3’ 5’-GTGGGACAATGGGGATAAAA-3’

G protein coupled receptor 109B GPR109B Right 5’-3’ 5’-AAGCCAGCAAGGCTCTTATG-3’ 62
Left 5’-3 5'-TGTATGCCCAGGGGATTTT-3'

Histone deacetylase 6 HDAC6 Right 5’-3 5’-GGAACGGCTCCCTTTTTAAT-3' 47
Left 5’-3 5’-GTAGGCAGAACCCCCAGTC-3’
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Chapter 9

Primary Cell Culture Techniques

Future directions in primary cell culture techniques

Author Contributions: Desmond Murphy, John MacSharry, Chris Ward and Ashley
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experiments were performed by Ashley Sullivan with significant contribution from
Bernard Verdon and Chris Ward. Transepithelial Electrical Resistance, Ussing
Chamber, ELISA and cell stimulation experiments were performed by Bernard
Verdon and Ashley Sullivan with guidance from Chris Ward. Periodic Acid — Schiff
assays were performed by Ashley Sullivan under the guidance of Bernard Verdon
and Jeffery Pearson. Exosome isolation was performed by Ashley Sullivan with
significant contribution from Emily Mavin. Transmission electron microscopy was
performed by the Electron Microscopy Research Services at Newcastle University.
Statistical analysis was performed by all the authors. Analysis and interpretation of
data and manuscript preparation and approval were performed by Ashley Sullivan,
Bernard Verdon, Emily Mavin, Chris Ward, John MacSharry and Desmond Murphy.
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1. Abstract

Background: The airway epithelium, a key first line defence between the host and
the environment, offers protection against allergens, microorganisms and
environmental stimuli. However in respiratory disorders such as asthma this
defence mechanism can be challenged and the airway epithelial cells, considered to
be key controllers of inflammatory, immune and regenerative responses can be
distorted. Therefore experiments to further elucidate the interplay of the airway

epithelium could prove crucial in understanding the pathophysiology of asthma.

Methods: In order to gain a deeper insight into the various aspects of the airway
epithelium a number of experiments were designed including; primary cell culture
techniques such as Air Liquid Interface (ALl), Transepithelial Electrical Resistance
(TEER), Ussing chamber analysis of barrier function, glycoprotein mucin analysis and

electron microscopy analysis for extracellular vesicles.

Results: Primary nasal epithelial cells (PNEC) obtained from nasal polypectomy
endoscopic sinus surgery from two asthmatic donors were successfully
differentiated in Air Liquid Interface (ALI). Through the successful culturing of PNECs
an in vivo model system was created. Primary epithelial differentiated ALI cells
demonstrate novel insights as to how cell culture can be used for a variety of

experiments to reveal the real life response of epithelial cells.

Conclusions: The establishment of protocols to successfully culture primary
epithelial cell types offers the possibility of creating an in vivo model system using
primary bronchial epithelial cells (PBEC) obtained from bronchial brushings from
the asthmatic patient cohorts in the future. The airway epithelium can provide key
insights into the pathophysiology of asthma and can potentially lead to the

development of a system to improve the treatment of asthma.
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2. Introduction

Asthma is a chronic inflammatory disease, characterised by airway hyper-
responsiveness leading to intermittent, repeated bouts of wheezing, chest
tightness, breathlessness and coughing?. Asthma has a complex heterogeneity
with many clinical phenotypes which are affected by numerous factors including
environmental factors and susceptibility genes3>. The lungs are directly exposed to
the environment and the epithelium is the first line of defence against infection>®.
The airway epithelium is a vital component of the inflammatory response of the
host and is a major source of cytokines, chemokines and growth factors, produced

in order to contain offending microbial insults which are present in the airways3>’.

In order to further investigate the function of the epithelium with regards to
asthma it is important to utilise in vivo and in vitro model systems. While
immortalised cell lines are often utilized in respiratory disorders such as cystic
fibrosis and asthma there are inherent limitations to such a model system. Primary
epithelial cells, while variations exist at the inter- and intra- donor level, have been

shown to be the best representation of a model system for epithelial research®.

The advancement of primary Air Liquid Interface (ALI) cell culture allows for a more
physiologically robust system whereby the primary human epithelial cells are fully
differentiated in a pseudostratified and polarised manner, with differentiated cells
including cilia and goblet cells. This ALI model enables primary epithelial cells to
develop transepithelial electrical resistance (TEER) and represents a model system
to elucidate the pathogenic mechanisms present in respiratory disorders such as
asthma?. Such insights could afford the potential to create therapeutic targets for

the treatment of the investigated disorder®.

The establishment of protocols to successfully culture primary epithelial cell types
offers the future possibility of creating an in vivo model system using primary
epithelial cells obtained from the asthmatic patient cohorts. The airway epithelium
can provide key insights into the pathophysiology of asthma and can potentially

lead to the development of a system to improve the treatment of asthma.
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3. Methods

Primary cell culture

All primary cell culture techniques took place under the supervision of Dr Bernard
Verdon and Dr Chris Ward at Newcastle University, Newcastle upon Tyne, UK, as

part of a European Respiratory Society (ERS) short-term research fellowship.

3.1. Primary cell culture techniques

Primary nasal epithelial cells were cultured from two asthmatic donors; AST01 and

NM37 which were obtained under pre-existing ethics at Newcastle University.

ASTO1 primary cells were obtained from nasal polyps from an asthmatic donor and
were frozen as part of a previous study carried out at Newcastle University. The
ASTO1 cryovial was removed from a -150°C cryogenic freezer and placed on dry ice
before it was added to a 37°C water bath to defrost. Cells were transferred to a
15ml falcon and the cryovial was washed with Pneuma Cult Ex Plus Basal Medium
(Stem Cell Technologies) and added to the 15ml falcon before the total volume was
brought to 12ml. Cells were centrifuged at 200g (1100rpm) for 7 minutes at 10°C.
The supernatant was removed and the cell pellet was re-suspended with warmed
Pneuma Cult Ex Plus Basal Medium. Pneuma Cult Ex Plus Basal Medium was made
in 50ml volumes to avoid contamination. Briefly 49ml of the basal medium was
added to a falcon tube with 1ml Pneuma Cult 50x supplement and 50ul
Hydrocortisone stock solution. T25 flasks (CellStar, Greiner Bio-One) were coated
with 1% prepared Type 1 collagen (Pure Col 3mg, Advanced Biomatrix). The re-
suspended cells were then transferred to the pre coated T25 flask and maintained

in a 37°C, 5% CO; incubator.

NM37 primary cells were obtained from a nasal polypectomy endoscopic sinus
surgery carried out at the Freeman Hospital, Newcastle upon Tyne, as part of an
existing study, with ethics granted. The polyp was placed in a petri dish and any
bone fragments were removed using a fine tweezers. The polyp was finely minced

using a scalpel and tweezers and was suspended using 2ml of Pneuma Cult Ex plus
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Basal Medium. 1 ml of Pneuma Cult Ex Plus Basal Medium was added to the T25
flasks coated with 1% Type 1 collagen, the number of flasks required dependant on
polyp size. The minced polyp suspension was transferred to the T25 flasks and
Primocin (Invitrogen) was added in accordance with manufacturer’s instructions to
prevent Gram positive and negative bacterial and fungal growth. Upon microscopy
examination rafts of ciliated cells were observed. T25 flasks were maintained in a
37°C, 5% CO; incubator. After 2 days the cells were cleaned and fed by adding an
additional 2ml of Pneuma Cult Ex Plus Basal Medium to the flask using a Pasteur
pipette to forcefully pipette the medium around the larger polyp/cell matter to
ensure the matter is explanted to other areas of the flask to ensure further cell
growth. The cells also underwent further washes with PBS as larger fragments of
polyp explant remained which would compromise the mesh membranes of the
transwell plates (Corning, Sigma Aldrich) upon transfer. A Pasteur pipette was used
to forcefully pipette the PBS in order to remove any large polyp fragments, and
smaller fragments were removed from the cell lawn using a pipette tip attached to
a Pasteur pipette to scrap the cell mass explants. This was repeated as many times
as necessary to remove the cell mass explants and cells were then fed with 5ml of

Pneuma Cult Ex Plus Basal Medium and incubated at 37°C, 5% CO,.

Once the primary nasal epithelial cells reached 60-70% confluence they were
passaged. Briefly this involved detaching the primary cells by adding 2ml (per T25
flask) Trypsin 0.5% EDTA 0.25% (Sigma Aldrich) and incubating until cells are
detached. Neutralising media; consisting of RPMI media (Sigma Aldrich) with 10%
Fetal Calf Serum —FCS (Sigma Aldrich) and 10% Penicillin Streptomycin — Pen Strep
solution was added at 2.5ml per T25 flask. The contents of the flask was then
transferred to a 15ml falcon and centrifuged at 200g (1100rpm) for 7 minutes at
10°C, supernatant removed and pellet re-suspended by trituration with 3ml
Pneuma Cult Ex Plus Basal Medium. Cell numbers were obtained using a
haemocytometer. Trypan Blue (Invitrogen) was utilised to determine cell viability
and cell numbers. Healthy cells have ability to exclude Trypan Blue however non-
viable cells cannot and are stained blue. Briefly 10ul of cell suspension and 10ul of

Trypan Blue was combined in an Eppendorf tube and 10pl of this suspension was
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pipetted uniformly into one of the two chambers of the cover-slipped Brightline
Haemocytometer (Sigma Aldrich) and 4 squares per chamber are counted under an
inverted microscope (Olympus) at 10x objective. When counting a system was
employed whereby cells were only counted when they were within the set of 16
squares and on the right hand boundary line of the overall large square. The
average cell count from each of the 4 sets of the 16 corner squares was calculated.
This value was then multiplied by the volume of the cell suspension, the trypan blue
dilution factor of 2 and 10,000. The value obtained from this calculation was then
divided by 4 to account for the 4 squares of the haemocytometer chamber counted

to obtain the total cells per ml value.

Primary nasal epithelial cells were then transferred to 6.5mm diameter, 0.4um pore
size, 10um polyester membrane pre-treated with 80ul 1% Type 1 collagen per

membrane well, Transwell plates, at a seeding density of 50,000 cells per well.

Primary nasal epithelial cells were also transferred to 12mm diameter, 0.4um pore,
polycarbonate Snapwell membranes (Corning, Sigma Aldrich) pre-treated with
200ul Type 1 collagen, at a seeding density of 150,000 cells per well, ensuring
AST01 and NM37 primary cells had 3 Snapwells each for future cell diffusion

chamber analysis.

Submerged Transwell cells were fed every two days by removing the apical and
basolateral medium and replacing it with 600ul Pneuma Cult Ex Plus Basal Medium
on the basolateral side and 100 pl on the apical side. Submerged Snapwell cells
were fed in a similar manner with 2ml added to the basolateral side and 500ul

added to the apical side.

Once the submerged cells reached confluence they were ready to be taken to Air
Liquid Interface (ALI). Pneuma Cult ALI Basal Medium (Stem Cell Technologies) was
prepared as follows; 5ml Penicillin Streptomycin (Pen Strep) solution, 2.5ml
Hydrocortisone, ALl 5x1ml maintenance supplement (100x), 1ml Heparin and 5ml
Supplement V2 was added to 500m| Pneuma Cult ALl Basal Medium and the
prepared medium transferred to 50ml aliquots to prevent contamination. The

submerged Transwell and Snapwell cells were brought to ALl by removing the apical
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medium and debris and then removing the basolateral medium. The cells were
subsequently only fed basolaterally with Pneuma Cult ALI Basal Medium with 600ul
for Transwell and 2ml for Snapwell inserts, ensuring cells were monitored daily and

potential leaks removed as cells became accustomed to ALI.

3.2. Transepithelial electrical resistance (TEER)

Weekly serial transepithelial resistance (TEER) measurements were performed to
assess tight junction integrity according to the manufacturer’s instructions (STX2
electrodes, EVOM2TM Epithelial Voltohmmeter, World Precision Instruments
(WPI)). Pre-warmed PBS was added to the apical compartments of the Transwell
membranes at a volume of 100ul and cultures were incubated to equilibrate at
37°C for 20 minutes. TEER measurements were obtained within 1 minute of the
removal of the cells from the incubator in order to prevent temperature related
resistance changes. TEER measurement was also performed on a ‘blank’ membrane
in order to obtain the background level of resistance which is the subtracted from
each measurement. The overall TEER (Q.cm?) = (TEER Value — blank value) x culture
insert surface area. The apical PBS and basolateral medium was removed and

stored at -80°C for future analysis.

3.3. Ussing chamber

The Ussing chamber was developed by Hans Ussing as a technique to measure
short circuit current (lsc) as an indicator of net transepithelial ion transport'®, All
experiments were performed using non-perfussing Ussing chambers, controlled by
the VCC MCS8 (Voltage Current Clamp Multi Channel, Physiologic Instruments, Inc.)
In order to offset the potential difference and fluid resistance between the two
chambers a ‘blank’ semi-permeable membrane was mounted into the system prior
to each experiment. Differentiated ALl Snapwell cultured cells grown on semi-
permeable supports were mounted to the Ussing chambers and bathed apically and
basolaterally with 7.5ml Krebs — Henseleit (KH) solution consisting of 25mM

NaHCO3, 115mM NaCl, 5mM KCI, 1mM CaClz, 1ImM MgCl with 10mM D glucose
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added to the solution on the day of experiments. The Ussing chambers were gassed
with 5% C0O,/95% O, and maintained at 37°C, pH 7.4. An Ag/AgCL voltage sensing
electrode and an Ag wire current sensing electrode were connected to each
chamber by agar bridges in 3M KCI. In order to measure short circuit current (lsc)
the transepithelial voltage (Vie) was clamped and the injected current which was
required to maintain Ve at OmV was continuously measured and recorded using the
Acquire and Analyze Software (Harvard Apparatus). The injected Isc under these
conditions is a direct measure of the net transport across the epithelial cell
monolayer. After 20 minutes to allow the system to stabilise, pharmacological
reagents of interest were added to the apical or basolateral compartment
dependent on the pharmacological reagents mechanism of action, and the resulting
effect on Isc was documented. Amiloride (10uM, Torcris) was added to the apical
chamber to inhibit ENaC activity, followed by the apical addition of forskolin (10uM,
Torcris) a cAMP activator of CFTR and the apical inhibitor CFTRinn-172 (20uM,
Tocris) and apically added ATP (100uM Sigma Aldrich) a Ca?* mobilising agonist and
the trace was allowed to run until the time to half max decay was reached. Ussing
chamber traces of short circuit current Isc and transepithelial electrical resistance
responses were analysed and the transepithelial electrical resistance calculated
using Ohm’s Law (I=V/R) and adjusted for the surface area of the membrane

(1.13cm?) to give the transepithelial electrical resistance in Q.cm?.

3.4. Human IL-8/CXCLS8 ELISA

A sandwich ELISA for Human IL-8/CXCL8 (R&D Systems) was performed on the
basolateral medium collected at days 4, 11, 18 and 25 and apical washes collected
from when TEERs was performed at days 4, 11, 18 and 25. The basolateral medium
samples were diluted 1:5 and 1:10 with Reagent Diluent and the apical washes

were diluted 1:10 and 1:20 with Reagent Diluent.

Reagents were prepared as follows; Reagent Diluent: 0.1% BSA, 0.05% Tween 20 in
Tris-buffered Saline (20mM Trizma base, 150mM NaCl) pH 7.2-7.4, 0.2um filtered;
Wash Buffer 0.05% Tween-20 in PBS, pH 7.5-7.4; Block Buffer: 1% BSA in PBS, pH
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7.2-7.4, filtered; Streptavidin-HRP: 2ml streptavidin conjugated to horseradish-
peroxidase diluted to a working concentration of 1:40; Human IL-8 Capture
Antibody: 480ug/ml of mouse anti-human IL-8 antibody when reconstituted with
500ul PBS diluted to a working concentration of 1:120 and Human IL-8 Detection
Antibody: 1.2ug/ml of biotinylated goat anti-human IL-8 antibody when
reconstituted with 1ml Reagent Diluent and diluted to a working concentration of
20ng/ml in Reagent Diluent. Human IL8 Standards were created by reconstituting
100ng/ml of recombinant human IL-8 with 500l of deionised water, creating a
seven point standard curve using two fold serial dilutions in Reagent Diluent to
achieve standards 2000pg/ml, 1000pg/ml, 500pg/ml, 250pg/ml, 125pg/ml,
62.5pg/ml and 31.3pg/ml and a blank.

The 96 well microplate (Greiner, Sigma Aldrich) was coated with 100ul diluted
Human IL-8 Capture Antibody, the plate was sealed and incubated overnight at
room temperature. The wells were then aspirated and washed a total of 3 times
with 400ul Wash Buffer per well per wash. The plate was blocked by adding 300ul
Block Buffer to each well and the plate was incubated for 1 hour 30 minutes at
room temperature. The plate was washed 3 times as previously described and the

plate was then ready for sample addition.

100ul of standard or sample was added in duplicate to the 96 well plate, the plate
was sealed and incubated for 2 hours at room temperature. The plate underwent 3
washes and 100ul of the diluted Detection Antibody was added to each well and
the plate was sealed and incubated for 2 hours. The plate was then washed a total
of 4 times before 100ul of the working solution of Streptavidin-HRP was added to
each well, the plate was sealed and incubated for 20 minutes at room temperature
in a dark environment. The plate was then washed a total of 4 times before 100ul
of Substrate Solution was added to each well and the plate was sealed and
incubated at room temperature in a dark environment for 20 minutes. 50ul Stop
Solution was added to each well and the plate was read immediately using a Tecan i
control Infinite 200 Pro (Tecan Trading AG) microplate reader, 450nm absorbance

wavelength with a wavelength correction of 570nm.
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3.5. Periodic acid — Schiff (PAS) assay

Periodic acid — Schiff (PAS) assay is a staining method used by Dr Ward and Prof.
Pearson’s group in Newcastle University to detect for glycoprotein. Apical washes
from day 4, 11, 18, 25 diluted 1:5 and 1:25 and undiluted basolateral medium from
day 4, 11, 18 and 25 were tested in duplicate. Two standard curves from porcine
mucin (1Img/ml); 500ug/ml, 250ug/ml, 125ug/ml, 62.5pug/ml, 31.25ug/ml,
15.63ug/ml, 7.82ug/ml, blank and 300ug/ml, 200ug/ml, 100ug/ml, 80ug/ml,
60ug/ml, 40ug/ml, 20pg/ml, blank. Controls included PBS and Pneuma Cult ALI
Basal Medium. The PAS assay is dependent on the number of hydroxyl groups in
the molecule. The mechanism of the assay is divided into three steps. The initial
phase involved the preparation of the basic fuchsin with metabisulphate, which
decolourises the solution forming sulphonic acid groups. The apical and basolateral
samples (100ul) and mucin standards (100ul) were added to a clear 96 well plate in
duplicate. 10ul of periodic acid solution (50%) was mixed with 5ml of 7% acetic acid
solution and 10l of the periodic/acetic acid solution was added to each well and
mixed. The next phase involved mixing periodic acid and acetic acid which are then
added to the sample which resulted in oxidisation. The oxidation splits the rings
between adjacent hydroxyl groups, converting them to adjacent aldehydes. Sodium
metabisulphate (Na,S,0s) at 16.6mg/ml in Schiffs reagent was prepared. The
sample and the reagent were then incubated at 37°C for 45 minutes. After
incubation 20ul of the Schiffs reagent was added to each well and mixed. The plate
was incubated at room temperature for 30 minutes for colour to develop. Upon
addition of the Schiffs reagent the adjacent sulphonic acids group combines with
the adjacent aldehydes, producing a red colour. The absorbance was read at 550nm
using a spectrophotometer (Tecan i control Infinite 200 Pro Microplate Reader,
Tecan Trading AG). The mean of the blank standards were subtracted from the
whole plate values. The basolateral medium samples then required the subtraction
of the blank basolateral cell medium control (PneumacCult ALI Basal Cell Medium)

signal values from the basolateral signals.
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3.6. Primary epithelial cell LPS stimulation

Primary nasal epithelial cells NM37 ALI differentiated cultures, 20 transwell
membranes in total, were stimulated with various concentrations of Pseudomonas
aeruginosa LPS. The ALl cell cultures were initially rested for 24 hours in Pneuma
Cult Ex Plus Basal medium without growth factors added. 1mg Pseudomonas
aeruginosa LPS was diluted using PBS with Calcium and Magnesium (Sigma Aldrich)
to 0.1ug/ml, 1pug/ml, 10pg/ml and 100ug/ml concentrations. The cells were then
challenged by adding 30ul of the LPS concentrations in duplicate and duplicate
unstimulated ALI cells acted as a control. One transwell plate with 10 ALI
differentiated cell culture membranes was incubated for 24 hours, and the second
plate was incubated for 48 hours at 37°C, 5% CO,. The apical supernatant and the
basolateral medium was then removed and Human IL-8/CXCL8 ELISAs (R&D
Systems) were performed according to manufacturer’s protocols and as described
in Methods 3.4 Human IL-8/CXCL8 ELISA with apical supernatant samples diluted
1:20 and 1:40 and basolateral medium samples diluted 1:5 and 1:10.

3.7. Exosome isolation

Exosome isolation took place under the guidance of Dr Emily Mavin at Newcastle
University, UK. In order to effectively isolate potential exosomes from the apical cell
wash and basolateral cell medium from NM37 day 18 cells three spin steps
occurred. A 2K spin occurred whereby the supernatant saved from the apical and
basolateral cell wash was transferred to centrifuge tubes. These tubes were then
spun at 2000g for 20 minutes at 4°C to generate the 2K pellet. After the 2K spin the
supernatant was transferred into clean centrifuge tubes, leaving a little media so as
to not disturb the pellet. The 10K spin occurred whereby the 2K spin supernatant
underwent a 45 minute spin at 10,000g at 4°C. The supernatant was transferred to
new ultra-centrifuge tubes (Beckman Coulter, Indianapolis, USA) ensuring the pellet
was not disturbed. The 10K pellet was then re-suspended in 100ul PBS taking time
to ensure the pellet was fully re-suspended. To obtain a 100K spin sample the
supernatant collected from the 10K spin was ultra-centrifuged at 100,000g for 90

minutes at 4°C, ensuring the 10K supernatant samples were fine balanced
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beforehand. The supernatant was discarded and the pellet was re-suspended in

100ul PBS to obtain the 100K spin sample. The 10K and 100K spin samples was then
stored on ice until the transmission electron microscopy step which was carried out
on the same day. For long term storage the samples could also have been stored at

-80°C.

3.8. Transmission electron microscopy (TEM)

Transmission electron microscopy was carried out on the isolated apical and
basolateral exosome samples with the aid of the Electron Microscopy Research
Services at Newcastle University, UK. A negative staining ‘on-grid’ droplet
procedure was implemented. Grids (Glider Grids, Lincolnshire, UK) were filmed with
pioloform, carbon coated and plasma etched before use. 5-10ul of the biological
material was directly applied from a pipette to the support film on 300- or 400-
mesh grids held in forceps. After a few seconds the edge of the droplet was
touched to the edge of a hardened filter paper, leaving a thin aqueous film
containing the absorbed and freely suspended biological material. A 10ul droplet of
2% aqueous uranyl acetate (Agar Scientific, Stansted, UK) was applied to the grid
and after a few seconds the edge of the droplet was touched to the edge of a
hardened filter paper, leaving a thin aqueous film. This was allowed to dry
completely before transmission electron microscope viewing. The grids were
examined on a Hitachi HT7800 transmission electron microscope using an Emsis
Xarosa camera with Radius software (Electron Microscopy Research Services,

Newcastle University, UK)

3.9. Statistical analyses

Microsoft Excel was used to calculate final absorbance spectrophotometer readings
and Ussing chamber readings. Graph Pad Prism 5 and 8 Software was used to

perform all statistical analyses and to prepare graphical representation of the data.
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4. Results

4.1. Primary nasal epithelial cell (PNEC) microscopy

Primary nasal epithelial cells (PNEC) were first cultured in submerged culture flasks
in order to allow the primary nasal epithelial cells to establish and grow. Submerged
cells were monitored daily by microscopy in order to avoid possible cell death or
infection. Once cells were transferred from the T25 culture flasks to snapwell
culture plates or ALl culture membranes monitoring by microscopy continued daily.

See figures 1-3 for standard cell growth under submerged conditions.

Figure 1 Primary nasal epithelial cell (PNEC) microscopy. ASTO1 Primary Nasal
Epithelial Cells (PNECs) P2 submerged in a T25 flask at 10x magnification (A), 20x

maghnification (B) and 40x magnification (C-D).
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Figure 2. Primary nasal epithelial cell culture in snapwell plates. ASTO1 Snapwell 1
PNEC culture under submerged growth conditions at 10x magnification (A). ASTO1

Snapwell 2 PNEC culture under submerged growth.

Figure 3. NM37 PNEC Microscopy. Representative images of NM37 PNEC under

submerged culture conditions in T25 flasks at 10x magnification (A-D).

425



4.2. Transepithelial electrical resistance (TEER)

The Transepithelial Electrical Resistance (TEER) of the ASTO1 and NM37 primary
nasal epithelial cell (PNEC) ALI cultures was obtained weekly from 4 Transwells of
the ASTO1 and NM37 cells as a representative measure of the Transepithelial
Electrical Resistance (TEER) changes over cell growth time. The TEER measurement
was also performed on a ‘blank’ membrane without seeded cells to provide the
background level of resistance and this value was subtracted from each PNEC
measurement. The readings were converted to Q.cm?to account for the culture
insert surface area. The mean with standard deviation was calculated for each ALI
time point to give a representative measure of the Transepitheial Electrical
Resistance (TEER) for both ASTO1 and NM37 donor PNEC’s over days at ALI. See

figure 4.
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Figure 4. Transepithelial electrical resistance (TEER) measurements of primary
nasal epithelial cell (PNEC) cultures at Air Liquid Interface (ALI). Transepithelial
electrical resistance (TEER) of PNEC cultures ASTO1 (A) and NM37 (B) represented
as the mean TEER value of the four Transwells monitored per PNEC culture in order

to obtain a representative TEER value over days at ALl. n=4.
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4.3. Ussing chamber

Ussing chamber experiments are important in order to measure the short circuit
current as an indicator of net transepithelial ion transport. For all Ussing chamber
experiments carried out primary nasal epithelial cells ALl differentiated cultures at
day 29 from donors ASTO1 and NM37 underwent the following conditions.
Amiloride (10uM) was added apically to inhibit ENaC. Forskolin (10uM) was apically
added to act as a cAMP activator of CFTR, which was subsequently inhibited by the
apical addition of CFTRinn-172 (20uM). Finally ATP, a calcium mobilising agonist was
added to the apical side and the Ussing trace continued until the time to half max

decay was reached.

ASTO1 day 29 snapwell 1 cells had an initial transepithelial voltage (Vre) of -5.6mV
and an initial short circuit current (lsc) of 11.6pA. The change in current in response
to the applied 5mV step voltage returned a transepithelial resistance (Rre) of
483Q.cm?. Amiloride addition resulted in a -3.3pA decrease. Forskolin addition
resulted in a peak of 1.7uA in 89 seconds. CFTRixx-172 addition resulted in a
decrease of -6pA in the Ussing chamber trace. ATP addition resulted in a trace peak
of 6.5pA in 108 seconds. The ATP time for half max decay (t50) was 6.5 minutes.
See figure 5.

ASTO1 day 29 snapwell 2 cells had an initial transepithelial voltage (Vte) of -5.1mV
and an initial short circuit current (lsc) of 11.5pA. The change in current in response
to the applied 5mV step voltage returned a transepithelial resistance (Rre) of
444Q.cm?. Amiloride addition resulted in a -2.6pA decrease. Forskolin addition
resulted in a peak of 3.2pA in 111 seconds. CFTRinh-172 addition resulted in a
decrease of -6.2A in the Ussing chamber trace. ATP addition resulted in a trace
peak of 3.9uA in 117 seconds. The ATP time for half max decay (t50) was 8.6

minutes. See figure 6.

ASTO1 day 29 snapwell 3 cells had an initial transepithelial voltage (V+e) of -20.8mV
and an initial short circuit current (Isc) of 38uA. The change in current in response to
the applied 5mV step voltage returned a transepithelial resistance (Rte) of

547Q.cm?. Amiloride addition resulted in a -30.7pA decrease. Forskolin addition
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resulted in a peak of 19.5pA in 210 seconds. CFTRinn-172 addition resulted in a
decrease of -20.4pA in the Ussing chamber trace. ATP addition resulted in a trace
peak of 7.2pA in 108 seconds. The ATP time for half max decay (t50) was 8 minutes.
See figure 7.

NM37 day 29 snapwell 1 cells had an initial transepithelial voltage (V+e) of -20.2mV
and an initial short circuit current (lsc) of 57.7uA. The change in current in response
to the applied 5mV step voltage returned a transepithelial resistance (Rre) of
350Q.cm?. Amiloride addition resulted in a -51.2pA decrease. Forskolin addition
resulted in a peak of 14.8puA in 142 seconds. CFTRinn-172 addition resulted in a
decrease of -23pA in the Ussing chamber trace. ATP addition resulted in a trace
peak of 27pA in 106 seconds. The ATP time for half max decay (t50) was 5.9

minutes. See figure 8.

NM37 day 29 snapwell 2 cells had an initial transepithelial voltage (V+e) of -7.5mV
and an initial short circuit current (Isc) of 38pA. The change in current in response to
the applied 5mV step voltage returned a transepithelial resistance (Rte) of
197Q.cm?. Amiloride addition resulted in a -23.7pA decrease. Forskolin addition
resulted in a peak of 15.8pA in 210 seconds. CFTRinn-172 addition resulted in a
decrease of -30.6uA in the Ussing chamber trace. ATP addition resulted in a trace
peak of 30.4pA in 66 seconds. The ATP time for half max decay (t50) was 7.2

minutes. See figure 9.

NM37 day 29 snapwell 3 cells had an initial transepithelial voltage (V+e) of -16.5mV
and an initial short circuit current (lsc) of 54pA. The change in current in response to
the applied 5mV step voltage returned a transepithelial resistance (Rte) of
306Q.cm?. Amiloride addition resulted in a -39.7pA decrease. Forskolin addition
resulted in a peak of 17.7pyA in 174 seconds. CFTRinn-172 addition resulted in a
decrease of -31.4pA in the Ussing chamber trace. ATP addition resulted in a trace
peak of 32.7uA in 78 seconds. The ATP time for half max decay (t50) was 5.6

minutes. See figure 10.

Overall, both ASTO1 and NM37 cells displayed barrier function and confluence.
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Figure 5. Ussing chamber analysis of ASTO1 PNEC cells. ASTO1 day 29 snapwell 1
cells had an initial transepithelial voltage (V1e) of -5.6mV and an initial short circuit
current (Isc) of 11.6pA. The change in current in response to the applied 5mV step
voltage returned a transepithelial resistance (Rte) of 483Q.cm?. Amiloride addition
resulted in a -3.3pA decrease. Forskolin addition resulted in a peak of 1.7uA in 89
seconds. CFTRinn-172 addition resulted in a decrease of -6uA in the Ussing chamber
trace. ATP addition resulted in a trace peak of 6.5uA in 108 seconds. The ATP time

for half max decay (t50) was 6.5 minutes.
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Figure 6. Ussing chamber analysis of ASTO1 PNEC cells. ASTO1 day 29 snapwell 2
cells had an initial transepithelial voltage (V1e) of -5.1mV and an initial short circuit
current (Isc) of 11.5pA. The change in current in response to the applied 5mV step
voltage returned a transepithelial resistance (Re) of 444Q.cm?. Amiloride addition
resulted in a -2.6pA decrease. Forskolin addition resulted in a peak of 3.2pA in 111
seconds. CFTRinn-172 addition resulted in a decrease of -6.2pA in the Ussing
chamber trace. ATP addition resulted in a trace peak of 3.9pA in 117 seconds. The

ATP time for half max decay (t50) was 8.6 minutes.
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Figure 7. Ussing chamber analysis of ASTO1 PNEC cells. ASTO1 day 29 snapwell 3
cells had an initial transepithelial voltage (V1e) of -20.8mV and an initial short circuit
current (Isc) of 38uA. The change in current in response to the applied 5mV step
voltage returned a transepithelial resistance (Rte) of 547Q.cm?. Amiloride addition
resulted in a -30.7pA decrease. Forskolin addition resulted in a peak of 19.5pA in
210 seconds. CFTRinn-172 addition resulted in a decrease of -20.4pA in the Ussing

chamber trace. ATP addition resulted in a trace peak of 7.2pA in 108 seconds. The

ATP time for half max decay (t50) was 8 minutes.
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Figure 8. Ussing chamber analysis of NM37 PNEC cells. NM37 day 29 snapwell 1
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cells had an initial transepithelial voltage (V1e) of -20.2mV and an initial short circuit

current (Isc) of 57.7pA. The change in current in response to the applied 5mV step

voltage returned a transepithelial resistance (Rte) of 350Q.cm?. Amiloride addition

resulted in a -51.2A decrease. Forskolin addition resulted in a peak of 14.8pA in

142 seconds. CFTRinn-172 addition resulted in a decrease of -23pA in the Ussing

chamber trace. ATP addition resulted in a trace peak of 27pA in 106 seconds. The

ATP time for

half max decay (t50) was 5.9 minutes.
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Figure 9. Ussing chamber analysis of NM37 PNEC cells. NM37 day 29 snapwell 2
cells had an initial transepithelial voltage (V1e) of -7.5mV and an initial short circuit
current (Isc) of 38uA. The change in current in response to the applied 5mV step
voltage returned a transepithelial resistance (Rre) of 197Q.cm?. Amiloride addition
resulted in a -23.7uA decrease. Forskolin addition resulted in a peak of 15.8uA in
210 seconds. CFTRinn-172 addition resulted in a decrease of -30.6pA in the Ussing
chamber trace. ATP addition resulted in a trace peak of 30.4pA in 66 seconds. The

ATP time for half max decay (t50) was 7.2 minutes.
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Figure 10. Ussing chamber analysis of NM37 PNEC cells. NM37 day 29 snapwell 3
cells had an initial transepithelial voltage (V1e) of -16.5mV and an initial short circuit
current (Isc) of 54pA. The change in current in response to the applied 5mV step
voltage returned a transepithelial resistance (Rte) of 306Q.cm?. Amiloride addition
resulted in a -39.7pA decrease. Forskolin addition resulted in a peak of 17.7pA in
174 seconds. CFTRinn-172 addition resulted in a decrease of -31.4pA in the Ussing
chamber trace. ATP addition resulted in a trace peak of 32.7pA in 78 seconds. The

ATP time for half max decay (t50) was 5.6 minutes.

434



4.4. Apical and basolateral IL-8 secretion in ALI culture using ELISA technology

Absorbance was read at 450nm using a Tecan i control microplate reader to obtain
the dual wavelength measurement with measurement wavelength, the dual
wavelength measurement with reference wavelength and the calculated difference
between the measurement and the reference measurement. This calculated
difference was then adjusted to ensure the blank controls are corrected for by
subtracting the mean of the two blank controls from the plate. These values were
then log transformed to obtain the mean log value of the absorbance readings. The
log values were interpolated using a sigmoidal dose response variable slope and the
log X interpolated readings were converted to their anti-log and the dilution factor
was accounted to reveal the pg/ml IL-8 value per apical and basolateral samples

from NM37 donor ALl cells.

The calculated mean apical and basolateral IL-8 pg/ml per days at ALl were analysed
and significance was found between basolateral IL-8 levels at day 4 compared to
day 11 (P<0.005), day 18 (P<0.0005) and day 25 (P<0.0001) and also with apical IL-8
levels at day 4 compared to day 11 (P<0.05), day 18 (P<0.05) and day 25 (P<0.05).
See figure 11 A-B. Apical IL-8 secretion was also observed to be consistently higher

than basolateral secretions.
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Figure 11. IL-8 secretion in the apical and basolateral compartments of NM37 cells
at ALL. IL-8 levels were quantified in basolateral medium and apical TEER washes
from NM37 donor PNEC cultures at ALI. A significant difference was observed
between the mean IL-8 values at day 4 compared to the mean of day 11 (P<0.005),
day 18 (P<0.0005) and day 25 (P<0.0001) using ordinary one-way ANOVA with
Tukey analysis (A). The mean IL-8 levels were significantly different at day 4
compared to the mean IL-8 levels at day 11 (P<0.05), day 18 (P<0.05) and day 25

(P<0.05) (B). Apical wash samples had higher levels of IL-8 in comparison to

basolateral IL-8 levels (C). n=4.
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4.5. NM37 Air Liquid Interface (ALI) primary nasal epithelial cell culture

Pseudomonas aeruginosa LPS challenge and subsequent IL-8 (pg/ml) levels.

NM37 primary nasal epithelial cell culture challenged with 0.1pg/ml, 1ug/ml,
10pg/ml and 100pug/ml Pseudomonas aeruginosa derived LPS per transwell ALI
culture (n=2) in duplicate carried out over two time points, 24 hours and 48 hours
before the basolateral medium was collected and the apical cells were washed with
PBS containing Ca*and Mg* before collection. The Human IL-8/CXCL8 ELISA (R&D
Systems) once complete was analysed as previously described in Results 4.4. Apical

cell wash and basolateral cell medium IL-8 ELISA.

No statistically significant difference was observed in the basolateral and apical IL-8
levels post 24 hour (Figure 12) and 48 hour (Figure 13) LPS stimulation using
ordinary one-way ANOVA with Dunnett multiple comparisons test to compare the

mean of each column with the mean of the control column.
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Figure 12. IL-8 secretion of ALI culture following LPS challenge. NM37 Transwell
cultures at ALl were stimulated with Pseudomonas aeruginosa derived LPS and IL-8
levels after 24 hours of LPS stimulation were analysed. No statistically significant
difference was observed in the basolateral (A) and apical (B) IL-8 levels post LPS
stimulation using ordinary one-way ANOVA with Dunnett multiple comparisons

test. n=2.
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Figure 13. IL-8 secretion of ALI culture following LPS challenge. NM37 Transwell
cultures at ALl were stimulated with Pseudomonas aeruginosa derived LPS and IL-8
levels after 48 hours of LPS stimulation were analysed. No statistically significant
difference was observed in the basolateral (A) and apical (B) IL-8 levels post LPS
stimulation using ordinary one-way ANOVA with Dunnett multiple comparisons

test. n=2.
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4.6. Periodic acid — Schiff assay

To assess mucus secretion by the PNEC cells at ALl a Periodic acid =Schiff assay was
performed. The mean value of the blank standards was subtracted from the plate
absorbance values and an additional subtraction of the mean control blank, which
contained cell medium, from the basolateral absorbance readings was carried out
in order to compensate for the glucose contained in cell medium which can give a
positive PAS signal. The standard curve was then utilised using linear regression
analysis to calculate the interpolated glycoprotein (ug/ml) values for the apical and
basolateral duplicate samples using Graph Pad Prism Software and the mean of the
interpolated glycoprotein (ug/ml) values was obtained (figure 14 A). The dilution
factors of 5 and 25 were then corrected for with regards to the apical samples. The
basolateral and apical glycoprotein (ug/ml) levels at ALl day 4, 11, 18 and 25 were
investigated (figure 14 B-C). A significant difference in glycoprotein (ug/ml) levels in
ALI NM37 cell washes at day 25 in comparison to day 4 (P<0.0001), day 11
(P<0.0001) and day 18 (P<0.0001) using an Ordinary one-way ANOVA with a Tukey’s
multiple comparisons test to compare the mean of each column with the mean of
every other column was observed (figure 14 C). When apical and basolateral mean
glycoprotein (ug/ml) values were compared it was observed that the apical wash
samples had higher glycoprotein (ug/ml) detectable, demonstrating apical mucus

secretion reaching a maximum at day 25 of ALl culture. n=2 in duplicate.
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Figure 14. Analysis of mucus secretion within PNEC cells at ALl using a Periodic
acid — Schiff assay. Porcine mucin standard curves were utilised to calculated
glycoprotein (ug/ml) in basolateral and apical samples (A). Glycoprotein (ug/ml) in
basolateral samples revealed no significant difference with respect to time of
sampling (B). However apical (C) samples at ALl day 4, 11, 18 and 25 revealed a
significant difference with respect to apical wash samples at ALI day 25 and ALI day
4, 11 and 18 using an Ordinary one-way ANOVA and Tukey multiple comparisons
test. There was an observable higher level of glycoprotein (ug/ml) in apical wash

samples in comparison to basolateral samples (D). n=2, in duplicate.
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4.7. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) revealed the presence of exosomes within
the apical cell wash post exosome isolation. See figure 15 and figure 16. Exosome
isolation was also performed on the basolateral cell medium and transmission
electron microscopy (TEM) was utilised to investigate if it was possible to identify
exosomes within the basolateral cell medium. However due to the presence of cell
medium after exosome isolation it was not possible to clearly view exosomes by
transmission electron microscopy (TEM) as the presence of the cell medium created
a cloudy appearance upon visualisation by transmission electron microscopy.
Therefore in order to investigate potential exosomes within the basolateral cell
medium further wash steps would be required during the exosome isolation

procedure
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Figure 15. Apical exosome secretion. Electron microscopy images of the apical PBS
obtained post TEER measurement from day 18 ALI NM37 cells isolated from nasal
polyps. The apical wash was centrifuged at 10.000g for exosome pellet isolation (A-
B). Red arrows indicate representative exosome presence at 20000x magnification

(A-B) with exosome size highlighted in (B).
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Figure 16. Apical exosome secretion. Electron microscopy images of exosome
presence in apical ALl cell wash obtained post TEER measurement at day 18 ALI
which underwent a 100,000 ultracentrifugation step in order to isolate the
exosome pellet (A-B). Red arrows indicate representative exosomes isolated from
the 100,000g pellet with corresponding nm size (A). Images were obtained at

40,000x magnification (A-B).
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5. Discussion

The airway epithelium offers a first line defence for the host in relation to exposure
of the respiratory system to the environment and the airway epithelium is known
to offer protection against allergens, microorganisms and environmental stimuli'®.
However in respiratory disorders such as asthma this defence mechanism can be
challenged and the airway epithelial cells, considered key controllers of
inflammatory, immune and regenerative responses can be distorted2. Therefore
experiments to further elucidate the interplay of the airway epithelium could prove

crucial in understanding the pathophysiology of asthma.

In order to further investigate the function of the epithelium with regards to
asthma it is important to utilise in vitro model systems. While immortalized cell
lines are often utilised in respiratory disorders such as cystic fibrosis and asthma
there are inherent limitations in using such a model system&. Primary epithelial
cells, while variations exist at the inter- and intra- donor level, have been shown to

be the best representation of a model system for epithelial research?.

However, while primary epithelial cells are a representation of real life epithelial
airway responses and when grown at Air Liquid Interface they closely replicate an in
vivo physiologically relevant model system culturing such a model system requires
expert knowledge, specialist materials and facilities and replicating such a model

system on a large scale can be costly?.

Therefore through a European Respiratory Society (ERS) short term research
fellowship it was possible to gain a deeper understanding of the procedures
required to implement a primary bronchial epithelial cell model system at Cork
University Hospital and University College Cork and develop a deeper
understanding of various protocols which can be implemented in tandem with the
growth of primary cells to best investigate the pathophysiological aspect of
respiratory diseases such as asthma. Through the ERS short term research
fellowship it was possible to develop primary cell culture techniques and
experimental best practice procedures for primary cell culture at a dedicated cell

culture facility in Newcastle University, Newcastle upon Tyne, UK, under the

445



supervision of Dr Chris Ward and Dr Bernard Verdon. Primary nasal epithelial cells
were cultured to Air Liquid Interface (ALI). ALI cell culture models are

physiologically relevant model systems for respiratory research®?.

While cell culture model systems often utilise submerged cultured cell monolayers
to investigate respiratory disorders advances in culture techniques now allow for
the representation of airway epithelial cells at Air Liquid Interface (ALl). This
advancement allows for a more physiologically robust system whereby the primary
human epithelial cells are fully differentiated in a pseudostratified and polarised
manner, with differentiated cells including cilia and goblet cells. This ALI model
enables primary epithelial cells to develop transepithelial electrical resistance
(TEER) and represents a model system to elucidate the pathogenic mechanisms

present in respiratory disorders such as asthma®.

Transepithelial electrical resistance (TEER) measurements were obtained weekly
and TEER development was measured over 39 days for the ASTO1 cell cultures and
25 days for the NM37 cell cultures (see figure 4). TEER measurements were used to
assess the tight junction integrity of primary epithelial cells at Air Liquid Interface
(ALI). The TEER was best at day 32 for the ASTO1 cells and remained at respectable
levels at day 39. The NM37 cells TEER values increased weekly and at the final
reading at day 25 the mean TEER value was at its highest. It is accepted that patient
variability exists in relation to the tight junction integrity transepithelial resistance
readings®. It has also been shown that to compensate for intra-donor variability
within cell culture at ALI at least 5-6 ALI membranes should ideally be cultured per

donor®3,

Ussing chamber experiments have been shown as a valuable technique to measure
short circuit current (lsc) as an indicator of net transepithelial ion transport®°. This
technique allows for the examination of pharmacological reagents of interest by
their addition to the apical or basolateral compartments of the chambers. Within
this study the asthma donor epithelial cells were tested with a variety of
components of interest in Cystic Fibrosis as these asthma cells were to later be used

as a control comparison for subsequent CF experiments, however it is also possible
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to probe other pharmacological agents of interest using the Ussing chamber
system*. Amiloride was used to inhibit ENaC activity, Forskolin was used as a cAMP
activator of CFTR, CFTRinn-172 as an apical inhibitor and ATP as a Ca** mobilising
agent. The Ussing chamber allows for transepithelial electrical resistance responses
for specific pharmacological reagents of interest and an overall transepithelial

electrical resistance to be calculated using Ohms Law. See figures 5-10.

Periodic acid —Schiff assay is a useful experimental procedure to include when
analysing primary cell cultures at Air Liquid Interface. The assay is used to detect for
the presence of glycoproteins (mucus) and it can be used simply as a staining
method or it can be used as a quantitative method for glycoprotein detection when
used with a spectrophotometer. Airway obstruction is an important
pathophysiological feature in asthma with heightened secretion of airway
glycoproteins an common occurrence in severe asthma, with the risk of
glycoprotein accumulation and glycoprotein plug formation posing serious risks of

leading to airflow obstruction in patients®>.

A significant difference in glycoprotein (ug/ml) levels in ALI NM37 cell washes at
day 25 in comparison to day 4 (P<0.0001), day 11 (P<0.0001) and day 18 (P<0.0001)
using an Ordinary one-way ANOVA with a Tukey multiple comparisons test to
compare the mean of each column with the mean of every other column was
observed (see figure 14) showing an accumulation in glycoproteins within the
asthma cell washes. When apical and basolateral mean glycoprotein (ug/ml) values
were compared it was observed that the apical wash samples had higher

glycoprotein (ug/ml) detectable.

The periodic-acid —Schiff assay could also be a useful protocol addition when
analysing Bronchoalveolar lavage from asthma patients as it could aid in the

guantification of glycoproteins in the BAL.

The IL-8 (CXCL8) cytokine is a neutrophil and mast cell chemoattractant which is
known in asthma to function in inflammatory cell regulation®®. IL-8 cytokine levels
were calculated from the apical and basolateral wash samples at various time

points. The calculated mean apical and basolateral IL-8 pg/ml per days at ALl were
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analysed and significance was found between basolateral IL-8 levels at day 4
compared to day 11 (P<0.005), day 18 (P<0.0005) and day 25 (P<0.0001) and apical
IL-8 levels at day 4 compared to day 11 (P<0.05), day 18 (P<0.05) and day 25
(P<0.05). See figure 11. When basolateral levels were compared to apical IL-8 levels,
samples received from apical PBS washes at TEER readings had higher levels of
detectable IL-8. When cells at ALI day 36 were stimulated with various
concentrations of Pseudomonas aeruginosa LPS no statistically significant
difference was observed in LPS challenge at various concentrations regardless of
time stimulated (24 hours and 48 hours). See figure 12 and figure 13. As cells were
fully differentiated at time of stimulation it may be possible that apical stimulation
of cells with LPS in liquid form may not fully translocate the cell membrane so

future experiments investigating this challenge should be investigated.

Overall primary epithelial differentiated ALI cells demonstrated novel insights as to
how cell culture can be used for a variety of experiments to reveal the real life
responses of epithelial cells. The airway epithelium can provide key insights into the
pathophysiology of asthma and can potentially lead to the development of a system
to improve the treatment of asthma, therefore it is a hope that in the future
through the expertise gained during the ERS fellowship it would be possible to
develop primary bronchial epithelial cell (PBEC) culture facilities and culture PBEC
cells obtained from patient bronchial brushings during bronchoscopy procedures at

Cork University Hospital.
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Immunoglobulins and Asthma
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1. Abstract

Background: Immunoglobulins are heterodimeric glycoprotein molecules which can
be divided into five main classes IgA, IgD, IgE, 1gG and IgM. Immunoglobulins play a
vital role in the host immune response. Insights into immunoglobulins present
within a cohort of adult asthmatics may lead to further knowledge of the complex

Ilg immune response and may aid in the discovery of novel therapeutic avenues.

Methods: 76 well-defined adult asthmatics underwent venepuncture sampling for
blood serum and plasma and bronchoscopy with bronchoalveolar lavage (BAL) on
the same day. The total antibody IgA, IgD, IgE, I1gG1, 1gG2, IgG3, 1gG4 and IgM levels
were measured in the BAL) and serum samples using Quantibody Human Ig Isotype
Array 1 technology. BAL and plasma cytokines were analysed using an MSD
proinflammatory panel 1 containing targets for Interleukin (IL)-1pB, IL-4, IL-6, IL-8, IL-
10, IL-13 and tumour necrosis factor (TNF)-a and a custom MSD cytokine panel 1

containing targets for IL-5 and IL-17A.

Results: 100% of patients had detectable levels of IgA, IgG3 and IgM within the BAL
and serum. IgD was detectable in 37% (28/76) of BAL and 97% (74/76) of serum
samples. 28% (21/76) had IgE detectable within the BAL while IgE was undetectable
in the serum. 1IgG1 was detectable in 86% (65/76) of BAL and 100% of serum
samples. 1IgG2 was detectable in 95% (72/76) of BAL and 100% serum. 1gG4 was
detectable in 96% (73/76) of patient BAL and 100% of serum samples. BAL IgD
correlated with BAL IL-17 levels (P<0.05; rs=-0.7857). IgM correlated with BAL TNF-a
levels (P<0.05; rs=0.2559). IgG1 correlated with BAL IL-6 levels (P<0.01; rs=0.3251)
and BAL TNF-a levels (P<0.05; rs=0.3280).Serum IgA negatively correlated with
plasma IL-4 (P<0.0005; rs=-0.5126) and IL-13 levels (P<0.0005; rs=-0.4519). Serum
IgM correlated with plasma IFN-y levels (P<0.05; rs=-0.2518). Serum IgG3 correlated
with plasma IL-4 levels (P<0.01; rs=-0.3692), IL-6 levels (P<0.01; rs=-0.3407) and IL-
13 levels (P<0.05; rs=-0.2523).

Conclusions: Research which advances the current understanding of the
immunoglobulin profile within the BAL and serum of asthmatic patients may offer

real advances in potential treatment options for asthma patients.
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2. Introduction

Composed of two heavy and two light chains and classified functionally into
variable domains and constant domains, Immunoglobulins can be described as
heterodimeric proteins?!. The variable domains of immunoglobulins are tasked with
binding antigens while the constant domains of immunoglobulins are responsible
for specifying the effector functions. Created through a series of complex gene
rearrangement events and the possibility of; after antigen presentation; undergoing
somatic hyper-mutation in order to develop affinity maturation, the variable
domains of immunoglobulins is complex structure®. The variable domains can
contain three regions of complementarity-determining regions and four framework
regions, which remain consistent. Through the pairing of the complementarity-
determining regions on both the heavy and light chain the antigen-binding site is
formed?. The constant domains maintain antigen-specificity; however they can be
switched allowing for an altered effector function?. IgA, IgD, IgE, 1gG and IgM are
the main classes of the heavy chain constant domains, with IgG further divided into

the subclasses of 1gG1, 1gG2, 1gG3 and 1gG412.

Individual immunoglobulins can bind to antigen specific to the immunoglobulin in
guestion; however as a population immunoglobulins can, bind to a vast set of
antigens?. It is known that immunoglobulins function on two levels as they can both
act as an antigen cell surface receptor allowing for cell signalling and activation and
they can also act as soluble effector molecules whereby they can specifically bind to

antigens resulting in antigen neutralisation?.

IgM is the first immunoglobulin expressed during B cell development, where naive
B cells express IgM in its monomeric form within their surface. Upon maturation
and antigenic stimulation IgM is usually expressed in its pentameric form making
IgM highly successful in opsonizing antigens for elimination and fixing
complement?. IgM can be considered as a primary immune response antibody and
is often associated with immunogen or pathogen exposure?. IgM provides both the
first initial response to an antigen and also upon subsequent exposure IgM plays a

regulatory role in response to an antigen and can accelerate the production of IgG3
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Due to its foundation within B cell development it is recognised that IgM in
comparison to other immunoglobulins has undergone less somatic mutation in
response to antigens and therefore IgM can be considered to be more reactive to

antigens?.

IgD is found at low levels in the serum in comparison to other immunoglobulins. It
is believed that IgD in the serum may recognise and react to a specific group of
bacterial proteins and the binding to these bacterial proteins may result in the
stimulation and activation of Bcells®. IgD can also be found in its membrane bound
form on B cells when the B cells populate secondary lymphoid organs'. On B cells
which express IgD on their membrane it is often the case that the B cell can also

express IgM and both are involved in B cell receptor signalling.

IgG consists of the subclasses 1gG1, 1gG2, 1gG3 and IgG4 which are ranked by
number based on the serum levels expected of these immunoglobulins within a
healthy population whereby total IgG represents 75% of total serum
immunoglobulin and IgG1 = 67%, 18G2=22%, 1gG3=7% and IgG4 = 4%*. All are
expressed as monomers and IgG key function is related to both the secondary
immune response and as a neutralization agent to toxins and viruses within the

host!

IgA levels within the serum is believed to be at 15%, slightly higher than IgM serum
levels of 10%, however within mucosal surfaces IgA levels are significantly higher?.
Expressed mainly in its monomeric form within the serum IgA is often expressed as
a dimer within the mucosal environment. IgA plays a vital protective role at
mucosal surfaces and through methods such as direct neutralisation or the

prevention of binding, IgA protects the host from bacteria, viruses and toxins?.

IgE is associated with hypersensitivity and allergic reactions and has also been
noted to be linked to the exposure of parasitic worm infections®. While IgE is
present at low concentrations (<0.01%) within the serum it acts as a very potent
immunoglobulin?. IgE is expressed as a monomer and upon allergen exposure,
circulating allergen specific IgE binds to the FRI receptors, on immune cells such as

mast cells and basophils, leading to crosslinking and release of inflammatory
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mediators4. Omalizumab (Xolair®) (Novartis-Genentech), the recombinant
humanised monoclonal antibody, binds to the IgE antibody at the Fc portion which
reduces the amount of free IgE, stops IgE from binding to inflammatory cell IgE
receptors and reduces IgE receptor (FccRI and FRIl) density on effector cells, all of

which prevent an inflammatory cascade from occurring*®

Great advances have occurred in recent times with respect to immunoglobulins and
such advances have enabled numerous immunoglobulin applications as diagnostic
and therapeutic agents?. Monoclonal antibodies represent the highest growth
segment within the biopharmaceutical field and monoclonal antibody therapies
such as Omalizumab (Xolair®, Novartis-Genentech) which targets IgE offer real
potential for treatment of severe asthmatic patients>*”. Therefore research which
advances the current understanding of the immunoglobulin profile within the BAL
and serum of asthmatic patients may offer real therapeutic insights into potential
treatment options for asthma patients through the use of humanised monoclonal

antibody therapy.
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3. Methods

3.1. Patient recruitment

The following study was approved by the Clinical Research Ethics Committee of the
Cork Teaching Hospitals. The study cohort consists of 76 adult patients with a
history of asthma; either documented change in FEV1212%/200ml with
bronchodilator or a positive inhalation challenge. The 76 adult asthma patients
were recruited through a dedicated asthma clinic in a tertiary referral centre, Cork

University Hospital, by my clinical supervisor, Dr Des Murphy.

Patients were scheduled for bronchoscopy, with spirometry, ACQ-7 and bloods
taken on the day of bronchoscopy. Written informed consent was obtained from
patients on the day of bronchoscopy. Spirometry was performed according to
ATS/ERS guidelines immediately prior to bronchoscopy?®. Spirometry is a widely
used pulmonary function test which provides an aid in the diagnosis of lung
diseases, differentiating between obstructive and restrictive airway disorders and
the general monitoring of lung health®. Spirometry measures the maximal volume
of air an individual can inspire and expire with maximal effort®. The Asthma Control
Questionnaire (ACQ-7) was carried out on the day of bronchoscopy. The ACQ-7
consists of 7 items and all questions in the ACQ-7 are equally weighted and the
mean of the 7 questions is used to calculate the patients ACQ-7 score which
enables the measurement of patient asthma control®. Venepuncture was carried
out prior to bronchoscopy using the Vacutainer System for blood drawing, with the
order of the blood draw carried out in accordance with Cork University Hospital
recommendations of blood draw order. For the purposes of this research project
both serum and plasma samples were collected in serum specific red and yellow
capped Vacuette tubes and plasma specific purple capped Vacuette tubes (Greiner

Bio-One).

Patients underwent bronchoscopy according to standard guidelines®!. Flexible
bronchoscopy using video assisted imaging was performed under conscious

sedation with local anaesthetic applied topically to the vocal cords, trachea and
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endobronchial tree. Bronchoalveolar lavage (BAL) was achieved through the
instillation of saline via the bronchoscope and this enabled the collection of
specimen directly from the endobronchial lumen for subsequent immunoglobulin
investigation. Bronchoalveolar lavage (BAL) was obtained as a standardised 180m|

(3X60ml) sample from either the right middle lobe or lingula'?.

Further information with regards to asthmatic patient bronchoscopy and patient

sample collection protocols can be found in Chapter 2 Study Cohort’s.

3.2. Sample processing

Bronchoalveolar lavage (BAL)

Immediately after the bronchoscopy procedure was performed the patient samples
were transported to the APC Microbiome Ireland for processing. Patient BAL was
processed on the day of bronchoscopy in a laminar flow hood under the adherence

of strict aseptic technique.

A portion (5ml) of the neat BAL was aliquoted and stored at -80°C prior to the
processing of the remaining patient BAL. The remaining BAL was transferred to
50ml sterile falcon tubes and centrifuged at 500g for 10 minutes. The supernatant
was then aliquoted into labelled 2-5ml sterile tubes for future analysis. All samples

were stored at -80°C for future processing and analysis.
Bloods

The required blood samples were collected in serum specific red and yellow capped
Vacuette tubes and plasma specific purple capped Vacuette tubes (Greiner Bio-
One) at Cork University Hospital prior to bronchoscopy. The inner wall of the serum
specific Vacuette tube was coated with silica particles which activated the
coagulation process and a specific separator gel at the base of the tube formed a
stable barrier during centrifugation to enable the serum and the blood to remain
separated. The plasma specific purple capped Vacuette tube contained a coating of
either K2EDTA or K3EDTA which acted as an anticoagulant by binding calcium ions

to prevent the clotting cascade from taking place. Upon return to the laboratory

457



both tubes were centrifuged at 200rpm for 20 minutes and the serum and plasma
was removed by pipetting and stored in screw-cap microcentrifuge tubes. All
patient serum and plasma isolated samples were then stored at -80°C for future

processing and analyses.

3.3. Immunoglobulins

BAL and serum immunoglobulins IgA, IgD, IgE, IgG1, 1gG2, IgG3, 1gG4 and IgM were
analysed by RayBiotech using a Quantibody Human Ig Isotype Array 1 (Catalog #:
QAH-ISO-1) (RayBiotech, Georgia, USA) which utilised sandwich-ELISA based
technology, quantifiably measuring the eight human isotype immunoglobulins.
Testing was carried out according to in-house procedures at RayBiotech which
consisted of the following protocol. Each RayBiotech Quantibody Human Ig Isotype
glass slide array consists of 16 arrays of IgA, IgD, IgE, 1gG1, 1gG2, 1gG3, IgG4 and IgM
along with two positive controls, arranged in quadruplicate, allowing for the
analysis of 16 samples per slide. The patient BAL was diluted to a dilution factor of

100 while the patient serum was diluted to a dilution factor of 40000.

The RayBiotech Quantibody Human Isotype Array 1 is based upon traditional
Enzyme-Linked Immunosorbent Assay (ELISA) technology. Firstly the sealed glass
slide was allowed to equilibrate for 20-30 minutes at room temperature before the
plastic bag and cover film was removed and the glass slide was allowed to air dry
for approximately 2 hours. Immunoglobulin standard dilutions were prepared by
reconstituting the lyophilised standards by adding 500l of the Sample Diluent to
the vial containing the standard which had been spun briefly beforehand. Upon
addition of the Sample Diluent the lyophilised standard was dissolved by gently
mixing the two components creating Standard 1. 200ul of Sample Diluent was then
added to 6 sterile labelled microcentrifuge tubes. 100ul of Standard 1 was added to
the first tube, labelled Standard 2, and mixed gently. Serial dilutions were
performed on the remaining 5 microcentrifuge tubes by adding 100ul of Standard 2
to the Standard 3 tube and so on. In order to create a negative control standard
100ul alone was added to a sterile microcentrifuge tube. See Supplementary Table

1 for the serial standard concentration (pg/ml) of the immunoglobulins.
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100ul of the Sample Diluent was added to each well in the glass slide and
incubation at room temperature for 30 minutes took place in order to block the
slide. The buffer was then decanted from each well and 100ul of immunoglobulin
standards or patient sample was added to each well before assays were covered
with adhesive film and were incubated for 2+ hours at room temperature or

overnight at 4°C.

After incubation the samples were decanted from each well and the wells were
washed 5 times in total for 5 minutes each wash with 150ul of 1X Wash Buffer | at
room temperature ensuring the wash buffer was completely removed after each
wash. The wells were then washed with 150ul of 1X Wash Buffer Il two times for 5
minutes each wash ensuring the wash buffer was completely removed after each

wash.

The Biotinylated Antibody Cocktail was reconstituted with 1.4ml of Sample Diluent
before 80ul of which was added to each well. The glass slide was incubated at room
temperature for 2+ hours. After incubation, the samples were decanted from each
well and the glass slide was washed with 150ul of 1X Wash Buffer |, 5 times for 5
minutes each wash., then with 150ul of 1X Wash Buffer Il twice for 5 minutes each

wash, ensuring the wash buffer is completely removed after each wash.

The Cy3 equivalent dye-conjugated Streptavidin was reconstituted by adding 1.4ml
of Sample Diluent to the tube and mixing gently. Upon reconstitution 80ul of Cy3
equivalent dye-conjugated Streptavidin was added to each well on the glass slide
before the slide was covered with aluminium foil and incubated for 1 hour at room
temperature. After incubation the samples were decanted from each well and the
plate was washed 5 times (5 minutes each wash) with 150ul of 1X Wash Buffer |

ensuring the wash buffer was removed completely after each wash.

The glass slide was added to a slide washer/dryer covering the whole slide with 1X
Wash Buffer | and gently shaking the slide for 15 minutes at room temperature. The
Wash Buffer | was then decanted before the glass slide was washed with 1X Wash
Buffer Il by covering the glass slide and gently shaking the slide for 5 minutes at

room temperature. Fluorescence detection of immunoglobulins IgA, 1gD, IgE, 1gG1,
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IgG2, 1gG3, IgG4 and IgM took place using a Cy3 wavelength equipped laser
scanner. The unknown immunoglobulin concentration of the BAL and plasma

samples was calculated using the immunoglobulin standard curve.

The patient BAL limit of detection was as follows; IgA 107.4 pg/ml, IgD 342.5 pg/ml,
IgE 359.4 pg/ml, 1gG1 483.0 pg/ml, 1gG2 926.4 pg/ml, 1gG3 23.0 pg/ml, 1gG4 21.7
pg/ml and IgM 134.3 pg/ml.

The patient serum limit of detection was as follows; IgA 13.0 pg/ml, IgD 94.4 pg/ml,
IgE 307.6 pg/ml, 1gG1 80.4 pg/ml, 1gG2 1950.9 pg/ml. 1IgG3 112.2 pg/ml, 1gG4 119.8
pg/ml and IgM 50.0 pg/ml.

Upon the detection of the immunoglobulin concentrations within the patient BAL
and Serum the dilution factors of 100 for the BAL samples and 40000 for the serum

samples were accounted for.

3.4. Cytokine measurement

BAL and plasma cytokines were analysed using a MSD proinflammatory panel 1
containing targets for Interleukin (IL)-1B, IL-4, IL-6, IL-8, IL-10, IL-13 and tumour
necrosis factor (TNF)-a and a custom MSD cytokine panel 1 containing targets for
IL-5 and IL-17A. Reagent preparation consisted of the following; calibrator
standards were prepared by suspension of the lyophilised calibrator with 1000l of
the appropriate diluent (diluent 2 for proinflammatory panel 1 and diluent 43 for
cytokine panel 1) and then transferring 100ul of the re-suspended calibrator with
300ul of appropriate diluent. This 4 fold serial dilution was repeated 5 additional
times to generate 7 calibrators with the diluent alone used as a zero calibrator.
Plasma samples were diluted as follows; 35ul of plasma and 35l of appropriate
diluent, while BAL samples were undiluted. A detection antibody solution was
created for the proinflammatory panel by combining 60ul of each SULFO-TAG anti-
human IL-1B, IL-4, IL-6, IL-8, IL-10, IL-13 IFN-y and TNF-a antibody with 2520pl
diluent 3 to bring to a final volume of 3000ul. A detection antibody solution for
cytokine panel 1 consisted of 60ul each of SULFO-TAG Anti-human IL-5 and IL-17A
with 2880ul of diluent 3 for a final volume of 3000ul. Wash buffer consisted of PBS

460



and 0.05% Tween 20. Read buffer for each plate consisted of 10ml| of Read Buffer T
(4X) and 10ml of deionised water for a 2X working solution. Step 1 of the assay
involved washing the plate 3 times with 150ul/well wash buffer 50ul of prepared
calibrators or samples was added per well, the plate was sealed before overnight
incubation with shaking at 2-8°C. Step 2 involved washing the plate a further 3
times with 150ul/well wash buffer before the addition of 25ul detection antibody
solution to each well, the plate sealed and a two hour room temperature
incubation with shaking occurred. Step 3; the plate was washed 3 times as before
and 150ul of 2X Read Buffer T was added to each well before analysis of the plate
using an electro-chemiluminescence QuickPlex SQ 120 imager from Meso Scale
Discovery (Gaithersburg, MD, USA). The MSD lower limit of detection for the
cytokines tested was as follows; IL-13=0.04pg/ml, IL-4=0.02pg/ml, IL-5=0.22pg/ml,
IL-6=0.06pg/ml, IL-8=0.04pg/ml, IL-10=0.03pg/ml, IL-13=0.24pg/ml, IL-
17A=0.74pg/ml, TNF-a=0.04pg/ml and IFN-y=0.20pg/ml.

3.5. Statistical analyses

Graph Pad Prism 8 software was used to perform all statistical analyses and to
provide graphical representation of the data. All data was assessed using normality
and lognormaility tests and the Shaprio-Wilk test was applied to assess the

normality of the data.

Normally distributed data was presented as the mean # standard deviation within
the text and figures. Normally distributed data sets where both the X and Y values
were normally distributed were analysed using Pearson correlation coefficient

analysis. Data was considered statistically significant when P<0.05.

Non-normally distributed data was presented as median * interquartile range (IQR)
within the text and figures. Non-normally distributed data sets where both the X
and Y values were not both normally distributed were analysed using the non-
parametric Spearman correlation!®. Data was considered statistically significant

when P<0.05.
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4. Results

4.1. Patient demographics

The patient cohort consisted of seventy six adult asthmatic patients in which the
total antibody immunoglobulin IgA, IgD, IgE, IgG1, 1gG2, I1gG3, 1gG4 and IgM levels
were measured in the bronchoalveolar lavage (BAL) and in time and patient

matched serum samples

Within the cohort of seventy six adult asthmatic patients there were 28 males and
48 females. 63% (48/76) of the asthmatic patients had never smoked, while 28%
(21/76) were ex-smokers and 9% (7/76) were current smokers. 63% (48/76) of the

cohort lived in a rural location while 37% (28/76) lived in an urban location.

When stratified by asthma severity 34% (26/76) were classified as mild (GINA 1+2),
22% (17/76) were moderate (GINA 3) and 44% (33/76) were classified as severe
asthmatics (GINA 4+5). When stratified by level of asthma control (ACQ-7), 37%
(28/76) were controlled (ACQ-7<1.5) while 63% (48/76) were uncontrolled (ACQ-
7>1.5).

Nine patients within the study cohort were in receipt of oral steroids (mg) at the
time of bronchoscopy (min 5 — max 30 mg) of which all nine patients in receipt of
oral steroids were classified as severe asthmatics (GINA 4+5). 14% (11/76) of
asthmatics were steroid naive at time of bronchoscopy. 86% (65/76) of patients
were in receipt of inhaled corticosteroids (ICS) (FDP 250) (min 250 — max 2000 FDP)

at time of bronchoscopy

See Table 1 for patient demographics at bronchoscopy
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Table 1 Patient demographics at bronchoscopy. Note *ACQ-7, Asthma Control
Questionnaire; ~ICS, Inhaled Corticosteroid; T FEV-1, Forced Expiratory Volume in
the first second; § FeNO, Fractional exhaled Nitric Oxide; 9 BMI, Body Mass Index; ¥

ESR, Erythrocyte Sedimentation Rate; ¥ CRP, C-reactive protein.

Mild Moderate
(GINA 1-2) (GINA 3)
Patients n=76 (%) 26 (34%) 17 (22%)
Male 10 (38%) 5(29%)
Female 16 (62%) 12 (71%)
ACQ-7* [Mean (SD)] [1.1 (0.6)] [1.9 (1.0)]
[Median (IQR)]  [1.1(0.6-1.6)] [1.9(1.1-2.6)]
ICS (FDP 250)~ [Mean (SD)] [442.3 (470.7)] [926.5 (521.2)]
[Median (IQR)] [375 (0-1000)] [1000 (500-1000)]
IgE (KU/L) [Mean (SD)] [361.3 (643.2)] [168.8 (237.8)]

[Median (IQR)]  [96.1 (30.7-399.0)] [138.0 (63.1-180.0)]

FEV-1 (Percent Predicted)t [Mean (SD)] [86.9 (13.1)] [86.7 (20.7)]
[Median (IQR)] [88.0 (78.8-96.0)] [81.6 (74.0-101.5)]
FeNO (ppb) & Readings from 23 14
[Mean (SD)] [30.5 (27.4)] [22.7 (11.4)]
[Median (IQR)] [21.0 (11.0-43.0) [21.0 (15.5-32.0)]
BMI (kg/m?) 1 [Mean (SD)] [26.0 (4.5)] [27.5 (6.9)]
[Median (IQR)] [24.5 (22.4-30.0)] [26.0 (22.5-31.2)]
Haemoglobin (Hb) (g/L) [Mean (SD)] [14.1 (1.2)] [13.8 (0.9)]
[Median (IQR)]  [14.0 (13.1-15.3)] [14.1 (13.0-14.4)]
White cell count (WBC) (10°/L)  [Mean (SD)] [6.6 (1.6)] [7.0 (1.6)]
[Median (IQR)] [6.6 (5.3-7.8)] [6.7 (5.6-8.1)]
Blood Lymphocyte count [Mean (SD)] [2.0 (0.6)] [1.9 (0.7)]
(10°/1)
[Median (IQR)] [2.0 (1.6-2.6)] [1.9(1.5-2.3)]
Blood Eosinophil count (10°/L)  [Mean (SD)] [0.3 (0.2)] [0.3 (0.4)]
[Median (IQR)] = [0.2(0.1-0.3)] [0.2 (0.1-0.4)]
Blood Neutrophil count (10°/L)  [Mean (SD)] [3.8(1.2)] [4.5 (1.0)]
[Median (IQR)] [3.9 (3.0-4.6)] [4.8 (3.6-5.4)]
ESR (mm/hr)¥ Readings from 25 15
[Mean (SD)] [6.3 (4.4)] [9.8 (7.9)]
[Median (IQR)] [5.0 (2.0-9.5)] [8.0 (3.0-16.0)]
CRP (mg/L)% Readings from 26 17
[Mean (SD)] [5.8 (2.0)] [5.9 (2.7)]
[Median (IQR)] [5.0 (5.0-5.0)] [5.0 (5.0-5.8)]

Severe
(GINA 4-5)
33 (44%)
13 (39%)
20 (61%)

[3.2 (1.1)]
[3.1(2.5-4.1)]

[1038 (464.0)]
[1000 (750-1250)]

[270.6 (436.3)]
[100.1 (22.4-286.3)]

[64.9 (22.7)]
[67.0 (46.5-80.5)]

24
[20.2 (25.1)]
[13.0 (19.3-23.8)]

[30.0 (6.5)]
[29.0 (25.1-33.8)]

[13.4 (1.4)]
[13.5 (12.5-14.5)]

[8.7 (3.5)]
[8.2(7.1-9.1)]

(2.3 (1.0)]
[2.1(1.5-2.9)]

[0.3 (0.3)]
[0.2 (0.1-0.3)]

[5.5(2.9)]
[5.0 (4.0-6.0)]

27
[11.8 (13.1)]
[6.0 (2.0-14.0)]

29

[10.0 (15.9)]
[5.0 (5.0-8.5)]
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Figure 1. Patient asthma severity and level of control. The patient cohort was
stratified by asthma severity (GINA). Upon grouping patients by GINA stage it was
observed that 34% (26/76) were mild (GINA 1+2), 22% (17/76) were moderate
(GINA 3) and 44% (33/76) were severe (GINA 4+5) (A). When patients were
stratified by level of control (ACQ-7) 37% (28/76) were controlled (ACQ-7<1.5) while
63% (48/76) were uncontrolled (ACQ-721.5) asthmatics (B). n=76
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Figure 2. Patient oral steroids and inhaled corticosteroids. At time of
bronchoscopy 9 patients were in receipt or oral steroids (5mg min — 30mg max)
while 67 patients were not in receipt of oral steroid (A). Breakdown of patient
inhaled corticosteroid (ICS) (FDP) dose at time of bronchoscopy. 86% (65/76) of
patients were in receipt of ICS while 14% (11/76) of patients within the cohort were

newly diagnosed and ICS naive at the time of sampling. n=76
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Figure 3. FeNO and FEV-1 at bronchoscopy. Fractional exhaled Nitric Oxide (FeNO)
is @ non-invasive marked of inflammation. Patients who were capable of undergoing
the procedure underwent FeNO measurements prior to bronchoscopy whereby the
level of nitric oxide in parts per billion (ppb) in the air which is exhaled slowly from
their lungs was measured using a portable FeNO device (A). n=61. Patients
underwent spirometry prior to bronchoscopy. Forced Expiratory Volume in the first
second (FEV-1) is a measurement of the expiratory volume in the first second of the
Forced Vital Capacity (FVC) maneuver whereby (B) depicts theFEV-1 % predicted

measurements obtained from the cohort on the day of bronchoscopy. n=76.
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4.2. BAL immunoglobulins

BAL immunoglobulins IgA, 1gD, IgE, 1gG1, 1gG2, 1gG3, IgG4 and IgM were analysed by
RayBiotech using a Quantibody Human Ig Isotype Array 1 (RayBiotech, Georgia,
USA) which utilised sandwich-ELISA based technology, quantifiably measuring the
eight human isotype immunoglobulins. 100% (76/76) of patients had detectable
levels of IgA within the BAL. 37% (28/76) of patients had detectable levels of IgD
within the BAL. 28% (21/76) of patients had detectable levels of IgE within the BAL.
86% (65/76) of patients had detectable IgG1 within the BAL. 95% (72/76) of
patients had detectable levels of 1gG2 within the BAL. 100% (76/76) of patients had
detectable levels of IgG3 within the BAL. 96% (73/76) of patients had detectable
levels of IgG4 within the BAL. 100% (76/76) of patients had detectable levels of IgM
within the BAL. See figure 4.

Looking specifically at Immunoglobulin presence in relation to asthma severity
(GINA) there was an even distribution of IgA, 1gG3 and IgM across patient GINA
groups (100% detection). IgD was present at detectable levels within 31% (8/26) of
mild asthmatics (GINA 1+2), 29% (5/17) of moderate asthmatics (GINA 3) and 45%
(15/33) of severe asthmatics (GINA 4+5). IgE was present at detectable levels within
23% (6/26) of mild asthmatics (GINA 1+2), 29% (2/17) of moderate asthmatics
(GINA 3) and 30% (10/33) of severe asthmatics (GINA 4+5). 1IgG1 was present at
detectable levels within 77% (20/26) of mild asthmatics (GINA 1+2), 82% (14/17) of
moderate asthmatics (GINA 3) and 94% (31/33) of severe asthmatics (GINA 4+5).
IgG2 was present at detectable levels within 100% (26/26) of mild asthmatics (GINA
1+2), 94% (16/17) of moderate asthmatics (GINA 3) and 91% (30/33) of severe
asthmatics (GINA 4+5). 1IgG4 was present at detectable levels within 96% (25/26) of
mild asthmatics (GINA 1+2), 94% (16/17) of moderate asthmatics (GINA 3) and 97%
(32/33) of severe asthmatics (GINA 4+5). See figure 5 for BAL immunoglobulins
stratified by asthma severity and figure 6 for the differences in individual BAL
immunoglobulins when patients are stratified by asthma severity. n=76 No
statistically significant difference was found by GINA with respect to the levels of

immunoglobulins.
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Figure 4. Total BAL immunoglobulin levels. The immunoglobulins IgA, IgD, IgE,
IgG1, 1gG2, IgG3, IgG4 and IgM were quantifiably measured in the patient BAL using
a Quantibody Human Ig Isotype Array 1 (RayBiotech, Georgia, USA). Patient BAL
immunoglobulin levels are represented in the form of a log10 graph with [Median

(IQR)], n=76.
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Figure 5. GINA grouped BAL immunoglobulins levels. The immunoglobulins IgA,
IgD, IgE, 1gG1, 1gG2, I1gG3, 18G4 and IgM were quantifiably measured in the patient
BAL using a Quantibody Human Ig Isotype Array 1 (RayBiotech, Georgia, USA). The
BAL immunoglobulin levels for patients grouped by asthma severity (GINA) are
represented in the form of a log10 graph with [Median (IQR)] whereby (A)
represents mild (GINA 1+2) asthmatics, n=26, (B) represents moderate (GINA 3)

asthmatics, n=17, and (C) represents severe (GINA 4+5) asthmatics, n=33.
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Figure 6. Differences in individual BAL immunoglobulin levels by GINA groupings.

Potential differences in the individual immunoglobulins IgA(A), 1gD (B), IgE (C), IgG1

(D), 1gG2 (E), 1gG3 (F), 1gG4 (G) and IgM (H) when patients were stratified by asthma

severity (GINA) was investigated. While there are clear visual differences in certain

immunoglobulin levels when patients were stratified by GINA, in particular a higher

level of immunoglobulins were observed in patients stratified as severe asthmatics

(GINA 4+5) there was so statistically significant difference when patient

immunoglobulin levels were analysed. The data is represented in the form of a

log10 [Median (IQR) graphs, n=76.
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4.3. Serum immunoglobulins

Serum immunoglobulins IgA, IgD, IgE, I1gG1, 1gG2, IgG3, 1gG4 and IgM were analysed
by RayBiotech using a Quantibody Human Ig Isotype Array 1 (RayBiotech, Georgia,
USA) which utilised sandwich-ELISA based technology, quantifiably measuring the

eight human isotype immunoglobulins.

100% (76/76) of patients had detectable levels of IgA within the serum. 97% (74/76)
of patients had detectable levels of IgD within the serum. No patients had
detectable levels of IgE within the serum. 100% (76/76) of patients had detectable
IlgG1 within the serum. 100% (76/76) of patients had detectable levels of 1gG2
within the serum. 100% (76/76) of patients had detectable levels of 1gG3 within the
serum. 100% (76/76) of patients had detectable levels of IgG4 within the serum.
100% (76/76) of patients had detectable levels of IgM within the serum. See figure
7.

Looking specifically at Immunoglobulin presence in relation to asthma severity
(GINA) there was an even distribution of IgA, 1gG1, 1gG2, 1gG3, IgG4 and IgM across
patient groups stratified by asthma severity (GINA) (100% detection). IgD was
present at detectable levels within 100% (26/26) of mild asthmatics (GINA 1+2),
94% (16/17) of moderate asthmatics (GINA 3) and 94% (32/33) of severe asthmatics
(GINA 4+5). No patients within the cohort had detectable levels of IgE within the
serum. See figure 8 for serum immunoglobulin levels upon stratification of patients

by severity (GINA).

Potential differences in the individual immunoglobulins IgA(A), IgD (B), IgE (C), IgG1
(D), 18G2 (E), 1gG3 (F), IgG4 (G) and IgM (H) when patients were stratified by asthma
severity (GINA) was investigated. Significant difference was found between IgA
GINA 3 and GINA 4+5 (P<0.05). A Brown-Forsythe test to determine if the SD of the
values was significantly different was used and as there was no significant
difference an ordinary one way ANOVA with Tukey test for multiple comparisons
was utilised. The mean difference between GINA 3 v GINA 4+5 was 2x10°

(2548237726) and the S.E of difference was 9x108 (909338107).
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IgG1 was also determined to be significantly different between GINA 3 and GINA
4+5 (P<0.05) where the mean difference was 8x108(864992847) and the S.E of
difference was 3x102 (337319407). The data is represented in figure 9 in the form of
log10 [Median (IQR)] graphs, n=76
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Figure 7. Total serum immunoglobulin levels. The immunoglobulins IgA, IgD, IgE,
IgG1, 1gG2, IgG3, 1gG4 and IgM were quantifiably measured in the patient serum
using a Quantibody Human Ig Isotype Array 1 (RayBiotech, Georgia, USA). Patient
serum immunoglobulin levels are represented in the form of a log10 graph with

[Median (IQR)], n=76.
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Figure 8. GINA grouped serum immunoglobulins levels. The immunoglobulins IgA,
IgD, IgE, 1gG1, 1gG2, I1gG3, 18G4 and IgM were quantifiably measured in the patient
serum using a Quantibody Human Ig Isotype Array 1 (RayBiotech, Georgia, USA).
The serum immunoglobulin levels for patients grouped by asthma severity (GINA)
are represented in the form of a log10 graph with [Median (IQR)] whereby (A)
represents mild (GINA 1+2) asthmatics, n=26, (B) represents moderate (GINA 3)

asthmatics, n=17, and (C) represents severe (GINA 4+5) asthmatics, n=33.

472



>

vy

£ 10" * £ 10°4
5 El .
-g -g (1Y [ ]
o O A
g - 1 LT
s= | A sS= mg A
EE ou "Es W EE I_i_ x
] = =
Eg ALY £g | [
5 e | [EE| [ 5= 10 i
E Aa T ada
A :
@100 . . r & 108 , , ,
GINA 1+2 GINA 3 GINA 4+5 GINA 1+2 GINA 3 GINA 4+5
C D *
£ 107 £ 1004
2 2 Ny
a 2 .
=) =) Lod 4,
] 2
5= S = 0 "
EE EE o] | W
EZ =2 . “
8 3
£
n 1 T T T * 108 T T T
GINA 1+2 GINA 3 GINA 445 GINA 1+2 GINA 3 GINA 445
£ 1014 £ 10°4
2 2 "a
] o et® o
o ) oo:t" iy
g on e 4 2 1eey
S= S= ';;3
EE ®oee =-. 4, atd Eg 1084 . ® Ads,
£3 oogie ry iad, Ep
07 10 peEe i A, o
2 .o " Ala
E * = ata E
2 2
g 108 T T T 3 107 T T T
GINA 1+2 GINA 3 GINA 4+5 GINA 1+2 GINA 3 GINA 4+5
£ 1%10°+ £ 107
g H :
_g’ 8x108- N _:’ ..I o
< L] 4 2 10°4 I [
2 T ex10° = ) o [ “
ES e £ #
3 2 ax108- . =&
0] o mglmm Aga = 108
o . u AxE—A o A
E 2x108 ] | LYYV £
2 CR=l Fz 2
13 J LA
& 0 .I. -I. atpsl & 107 T T T
GINA 1+2 GINA 3 GINA 4+5 GINA 1+2 GINA 3 GINA 4+5

Figure 9. Differences in individual serum immunoglobulin levels by GINA
groupings. Potential differences in the individual immunoglobulins IgA(A), 1gD (B),
IgE (C), 1gG1 (D), IgG2 (E), IgG3 (F), 18G4 (G) and IgM (H) when patients were
stratified by asthma severity (GINA) was investigated. Significant difference was
found between IgA GINA 3 and GINA 4+5 (P<0.05) and IgG1 GINA 3 and GINA 4+5
(P<0.05). The data is represented in the form of a log10 [Median (IQR) graphs, n=76
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4.4. Comparison of the BAL and serum immunoglobulins

The IgA, IgD, Igk, 1gG1, 1gG2, 1gG3, IgG4 and IgM levels within the patient cohorts
BAL and serum were compared using the t-test with Welch’s correction. Significant
differences were observed between all BAL and serum immunoglobulin levels. BAL
IgA (mean=6255285) and serum IgA (mean=7367716755) were significantly
different (P<0.0001). BAL IgD (mean=288710) and serum IgD (mean=93002950)
were significantly different (P<0.0001). IgE was not present at detectable levels
within the patient serum and so BAL and serum IgE levels could not be compared.
BAL IgG1 (mean=1593259) and serum IgG1 (mean=2617043155) were significantly
different (P<0.0001). BAL IgG2 (mean=1949990) and serum IgG2
(mean=2199076095) were significantly different (P<0.0001).BAL IgG3
(mean=275453) and serum IgA (mean=257423140) were significantly different
(P<0.0001). BAL IgG4 (mean=351389) and serum IgG4 (mean=229551172) were
significantly different (P<0.0001). BAL IgM (mean=985106) and serum IgM
(mean=1291739719) were significantly different (P<0.0001). n=76
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Figure 10. Comparison of the BAL and serum immunoglobulin concentrations. A
comparison of the different immunoglobulin concentrations present within the

patient BAL or serum sample. Log10 graph [Median (IQR)]. n=76
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4.5 BAL and plasma cytokine concentrations
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Figure 11. Cytokine levels in patient BAL and plasma. Measurement of secreted

human cytokines interleukin- 1B (IL-1p), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17,

tumour necrosis factor-a (TNF-a) and interferon-y (IFN-y) in patient BAL and plasma

using an electro-chemiluminescence QuickPlex SQ 120 imager from Meso Scale

Discovery (Gaithersburg, MD, USA) where antibodies labelled with SULFO-TAG™

reagents emitted light upon electrochemical stimulation. n=76
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4.6 BAL antibody and BAL cytokine correlations

The immunoglobulins IgA, IgD, IgE, 1gG1, 1gG2, I1gG3, IgG4 and IgM antibody
concentration in the BAL from the patient cohort was analysed against the time
matched BAL cytokines. The data was first analysed for normality using the Shapiro-
Wilk test. All data was not considered to be normally distributed. Therefore
Spearman correlations were used to examine the dataset with P<0.05 considered as
statistically significant. No significant correlation was detected for the
immunoglobulins IgA, IgE, 18G2, IgG3 or IgG4. IgD negatively correlated with BAL IL-
17 levels (P<0.05; rs=-0.7857). See figure 12 (A). IgM positively correlated with BAL
TNF-a levels (P<0.05; rs=0.2559) although the correlation was weak. See figure 12
(B). IgG1 positively correlated with BAL IL-6 levels (P<0.01; rs=0.3251) and BAL TNF-
o levels (P<0.05; rs=0.3280). See figure 12 (C-D). n=76
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Figure 12. BAL antibody and cytokine correlations. IgD negatively correlated with
BAL IL-17 levels (P<0.05; rs=-0.7857) (A). IgM positively correlated with BAL TNF-a
levels (P<0.05; rs=0.2559) (B). IgG1 positively correlated with BAL IL-6 levels
(P<0.01; rs=0.3251) and BAL TNF-a levels (P<0.05; rs=0.3280).(C-D). n=76
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4.7. Serum antibody and plasma cytokine correlations

The immunoglobulins IgA, IgD, IgE, I1gG1, 18G2, IgG3, IgG4 and IgM antibody
concentration in the serum obtained from the patient cohort on the day of
bronchoscopy was analysed against the time matched sample of plasma cytokine
concentrations. The data was first analysed for normality using the Shapiro-Wilk
test. All data was not considered to be normally distributed. Therefore Spearman
correlations were used to examine the dataset with P<0.05 considered as

statistically significant.

No significant correlation was detected for the immunoglobulins IgD, IgG1 and
IgG2. IgE was undetectable within the patient serum and therefore could not be
further analysed. 1gG4 did appear to significantly correlated with the plasma
cytokine TNF-a (P<0.05; rs=0.2468) however the Spearman r value indicated this

was a very weak correlation and so it was not included in figure 13.

Serum IgA negatively correlated with plasma IL-4 levels (P<0.0005; rs=-0.5126). See
figure 13 (A). Serum IgA negatively correlated with plasma IL-13 levels (P<0.0005;
rs=-0.4519). See figure 13 (B).

Serum IgM negatively correlated with plasma IFN-y levels (P<0.05; rs=-0.2518),

although the correlation is weak. See figure 14 (C).

Serum 1gG3 correlated negatively with plasma IL-4 levels (P<0.01; rs=-0.3692),
plasma IL-6 levels (P<0.01; rs=-0.3407) and weakly with plasma IL-13 levels (P<0.05;
rs=-0.2523). See figure 13 (D-F). n=76
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Figure 13. Serum antibody and plasma cytokine correlations. Serum IgA negatively
correlated with plasma IL-4 levels (P<0.0005; rs=-0.5126)(A). Serum IgA negatively
correlated with plasma IL-13 levels (P<0.0005; rs=-0.4519) (B). Serum IgM negatively
correlated with plasma IFN-y levels (P<0.05; rs=-0.2518), although the correlation is
weak(C).Serum IgG3 correlated negatively with plasma IL-4 levels (P<0.01; rs=-
0.3692), plasma IL-6 levels (P<0.01; rs=-0.3407) and weakly with plasma IL-13 levels
(P<0.05; rs=-0.2523) (D-F). n=76
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5. Discussion

Background

Immunoglobulins can be described as heterodimeric glycoproteins?. There are five
main classes of immunoglobulins; IgA, I1gD, IgE, IgG and IgM; with 1gG further
divided into the subclasses of IgG1, 1gG2, IgG3 and IgG4Y2. Individual
immunoglobulins can bind to antigen specific to the immunoglobulin in question;
however as a population immunoglobulins can, bind to a vast set of antigens®. It is
known that immunoglobulins function on two levels as they can both act as an
antigen cell surface receptor allowing for cell signalling and activation and they can
also act as soluble effector molecules whereby they can specifically bind to antigens

resulting in antigen neutralisation?.

Immunoglobulins and monoclonal antibodies

Immunoglobulin research has awarded the creation of numerous immunoglobulin
applications as diagnostic and therapeutic agents?. Perhaps one of the greatest
advances in implementing the knowledge gained through immunoglobulin research
has been with respect to monoclonal antibodies. Monoclonal antibodies represent
the highest growth segment within the biopharmaceutical field and monoclonal
antibody therapies, such as Omalizumab (Xolair®, Novartis-Genentech) which
targets IgE, offer real potential for treatment of severe asthmatic patients?4”.
Therefore research which advances the current understanding of the
immunoglobulin profile within the BAL and serum of asthmatic patients may offer
real therapeutic insights into potential treatment options for asthma patients

through the use of humanised monoclonal antibody therapy.

Demographics of the study cohort

The patient cohort in this study consisted of seventy six adult asthmatic patients in

which the total antibody immunoglobulin IgA, IgD, IgE, 1gG1, 1gG2, 1gG3, I1gG4 and
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IgM levels were measured in the bronchoalveolar lavage (BAL) and in time and
patient matched serum samples. Within the cohort of seventy six adult asthmatic
patients there were 28 males and 48 females. When stratified by asthma severity
34% (26/76) were classified as mild (GINA 1+2), 22% (17/76) were moderate (GINA
3) and 44% (33/76) were classified as severe asthmatics (GINA 4+5). When stratified
by level of asthma control (ACQ-7), 37% (28/76) were controlled (ACQ-7<1.5) while
63% (48/76) were uncontrolled (ACQ-721.5) asthmatics.

Nine patients within the study cohort were in receipt of oral steroids (mg) at the
time of bronchoscopy (min 5 — max 30 mg) of which all nine patients in receipt of
oral steroids were classified as severe asthmatics (GINA 4+5). 14% (11/76) of
asthmatics were steroid naive at time of bronchoscopy. 86% (65/76) of patients
were in receipt of inhaled corticosteroids (ICS) (FDP 250) (min 250 — max 2000 FDP)
at time of bronchoscopy. From this we are confident that the study group is robust
and relatively unbiased to asthma factors such as asthma severity (GINA), asthma

control (ACQ-7) and inhaled corticosteroid (ICS) treatment.

BAL and serum immunoglobulins

BAL and serum immunoglobulins IgA, IgD, IgE, IgG1, 1gG2, IgG3, 1gG4 and IgM were
analysed by RayBiotech using a Quantibody Human Ig Isotype Array 1 which utilised
sandwich-ELISA based technology, quantifiably measuring the eight human isotype

immunoglobulins.
Immunoglobulin A (IgA)

Expressed mainly in its monomeric form within the serum IgA is often expressed as
a dimer within the mucosal environment!.IgA plays a vital protective role at
mucosal surfaces and through methods such as direct neutralisation or the

prevention of binding, IgA protects the host from bacteria, viruses and toxins!

It was discovered that 100% of patients had detectable levels of IgA in both the BAL

and plasma samples. The IgA levels within the patient cohorts BAL and serum were

480



compared using the t-test with Welch's correction. Significant differences were
observed between BAL IgA and serum IgA where the mean of the BAL IgA was
6255285 pg/ml and serum IgA mean was 7367716755 pg/ml and levels were
significantly different (P<0.0001). IgA levels within the serum are believed to be at
15% of total immunoglobulins, however within mucosal surfaces IgA levels are
significantly higher'.Looking at potential correlations present between the BAL
immunoglobulin A levels and the human cytokines interleukin- 1 (IL-1B), IL-4, IL-5,
IL-6, IL-8, IL-10, IL-13, IL-17 and tumour necrosis factor-a (TNF-a) no significance

was observed, n=76.

Similarly the serum immunoglobulin A levels were compared to the human
cytokines interleukin- 1B (IL-1B), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17, tumour
necrosis factor-a (TNF-a) and interferon-y (IFN-y) in the plasma samples a number
of significant correlations were observed. Serum IgA negatively correlated with
plasma IL-4 levels (P<0.0005; rs=-0.5126). See figure 13 (A). Serum IgA negatively
correlated with plasma IL-13 levels (P<0.0005; rs=-0.4519). See figure 13 (B).

The significant correlation present between IgA and the plasma cytokine IL-4 is
interesting as IL-4 plays a key role in allergic inflammation. The cytokine IL-4 is
known to be associated with the development of allergic inflammation by driving
differentiation of naive T helper type 0 (ThO) lymphocytes to a T helper type 2 (Th2)
response!?. IL-4 plays a role in the induction of IgE dependent mast cell activation
resulting in sudden allergic reactions'. The cytokine IL-4 is also capable of inducing
the expression of the gene mucin which results in the hypersecretion of mucus a

well-known characteristic feature of asthma?®.

The significant correlation existing between serum IgA and the plasma cytokine IL-
13 is also of interest. IL-13 has been linked to many key asthma characteristics such
as mucus hyper-secretion and airway hyper-responsiveness and IL-13 has been

documented to be the central regulator in IgE synthesis®.
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Immunoglobulin D (igD)

IgD was detectable in 37% (28/76) of BAL and 97% (74/76) of serum samples. IgD is
found at low levels in the serum in comparison to other immunoglobulins. IgD can
recognise and react to certain bacterial proteins and the binding to these bacterial
proteins may result in the stimulation and activation of Bcells. IgD can also be
found in its membrane bound form on B cells when the B cells populate secondary

lymphoid organs?.

The IgD levels within the patient cohorts BAL and serum were compared using the
t-test with Welch’s correction. Significant differences were observed between levels
of IgD in the BAL and IgD in the serum. BAL IgD (mean = 288710 pg/ml) and serum
IgD (mean = 93002950 pg/ml) were significantly different (P<0.0001).

The levels of BAL IgD negatively correlated with the levels of IL-17 in the BAL
(P<0.05; rs=-0.7857). See figure 12 (A).

The cytokine IL-17 plays a key role in the pathobiology of asthma. The pro-
inflammatory cytokine IL-17 is known to promote the production of cytokines and
chemokines in bronchial epithelial cells!®. IL-17 has also been implicated in airway
remodelling, neutrophilic inflammation and asthma severity®. IL-17 is produced in
high amounts by T helper type 17 (TH17) cells and TH17 cells have in in vitro studies

been shown to induce a strong proliferative response within B cells'’.

Immunoglobulin E (IgE)

IgE is associated with hypersensitivity and allergic®. While IgE is present at low
concentrations (<0.01%) within the serum it acts as a very potent immunoglobulin?.
IgE is expressed as a monomer and upon allergen exposure, circulating allergen
specific IgE binds to the FRI receptors, on immune cells such as mast cells and
basophils, leading to crosslinking and release of inflammatory mediators4.
Currently monoclonal antibody therapy exists with respect to IgE in asthma in the

form of Omalizumab. Omalizumab (Xolair®) (Novartis-Genentech), the recombinant
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humanised monoclonal antibody, binds to the IgE antibody at the Fc portion which
reduces the amount of free IgE, stops IgE from binding to inflammatory cell IgE
receptors and reduces IgE receptor (FcRI and FRIl) density on effector cells, all of

which prevent an inflammatory cascade from occurring®>.

Within this study cohort 28% (21/76) of patients had IgE detectable within the BAL
while IgE was at undetectable levels in the serum under the Quantibody

Immunoglobulin Array protocols for limits of detection.

No significant correlations were found to exist between IgE in the patient cohorts
BAL and the cytokines interleukin- 1B (IL-1pB), IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17,

tumour necrosis factor-a (TNF-a) present within the patient BAL.

Immunoglobulin G

IgG consists of the subclasses IgG1, 1gG2, IgG3 and IgG4 which are ranked by
number based on the serum levels expected of these immunoglobulins within a
healthy population whereby total IgG represents 75% of total serum
immunoglobulin and 1IgG1 = 67%, 1§G2=22%, 1gG3=7% and 1gG4 = 4%*. All are
expressed as monomers and IgG key function is related to both the secondary
immune response and as a neutralization agent to toxins and viruses within the

host?.

lgG1 was detectable in 86% (65/76) of BAL and 100% (76/76) of serum samples. BAL
IgG1 levels (mean = 1593259 pg/ml) and serum 1gG1 levels (mean = 2617043155
pg/ml) were significantly different (P<0.0001) when compared using a t-test with
Welch’s correction, n=76. When BAL IgG1 was analysed against BAL cytokine levels
it was found that IgG1 positively correlated with BAL IL-6 levels (P<0.01; rs=0.3251)
and BAL TNF-a levels (P<0.05; rs=0.3280). See figure 12 (C-D). IL-6 is a pleotrophic
cytokine with the ability to act in an anti-inflammatory and pro-inflammatory
manner. It is recognised that IL-6 is produced in response to the recognition of
microbes by pattern associated molecular patterns®®. It is interesting that IL-6,

known for its pro-inflammatory abilities produced in response to microbial
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presence is significantly linked to 1gG1 levels as the immunoglobulin 1gG1 is known
to function within the adaptive immune response’. TNF-a is also recognised for its
response to the presence of microbes and plays a key role in the hosts immediate
response to the presence of microbes before the adaptive immune response is

activated?®?.

lgG2 was detectable in 95% (72/76) of BAL and 100% (76/76) of patient serum. BAL
IgG2 (mean = 1949990 pg/ml) and serum IgG2 (mean = 2199076095 pg/ml) were
significantly different (P<0.0001). However with respect to BAL and plasma cytokine
levels no correlations with respect to BAL and serum IgG2 levels were found to

exist.

IgG3 was detectable in all of the patients BAL and serum samples (100%). BAL 1gG3
(mean = 275453 pg/ml) and serum IgA (mean = 257423140 pg/ml) were
significantly different (P<0.0001).No correlation was found to be present with
respect to BAL IgG3 and BAL cytokine levels. However serum IgG3 correlated
negatively with plasma IL-4 levels (P<0.01; rs=-0.3692), plasma IL-6 levels (P<0.01;
rs=-0.3407) and weakly with plasma IL-13 levels (P<0.05; rs=-0.2523). See figure 13
(D-F).

lgG4 was detectable in 96% (73/76) of patient BAL and 100% of serum samples. BAL
IgG4 (mean = 351389 pg/ml) and serum 1gG4 (mean = 229551172 pg/ml) were
significantly different (P<0.0001). When IgG4 BAL and serum levels were analysed
against the respective cytokine levels IgG4 did appear to significantly correlated
with the plasma cytokine TNF-a (P<0.05; rs=0.2468) however the Spearman r value
indicated this was a very weak correlation and so it was not included in further

analysis.

Immunoglobulin M (IgM)

IgM is the first immunoglobulin expressed during B cell development, where naive
B cells express IgM in its monomeric form within their surface. Upon maturation

and antigenic stimulation IgM is usually expressed in its pentameric form making
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IgM highly successful in opsonizing antigens for elimination and fixing
complement?. IgM can be considered as a primary immune response antibody and
is often associated with immunogen or pathogen exposure?. IgM provides both the
first initial response to an antigen and also upon subsequent exposure IgM plays a

regulatory role in response to an antigen3.

IgM was detectable within all of the cohorts BAL and serum samples. BAL IgM
(mean = 985106 pg/ml) and serum IgM (mean = 1291739719 pg/ml) were
significantly different (P<0.0001). With respect to cytokine levels BAL IgM
correlated with BAL TNF-a levels (P<0.05; rs=0.2559). Serum IgM correlated with
plasma IFN-y levels (P<0.05; rs=-0.2518). Interferon-y (IFN-y) plays a vital role in
pathogen recognition and elimination and is responsible for the mediation of a
wide variety of biological activities?°.As previously mentioned TNF-a is recognised
for its response to the presence of microbes and plays a key role in the host
immediate response to the presence of microbes before the adaptive immune
response is activated®®. It is interesting that both the BAL immunoglobulin levels of
IgG1 and IgM correlated with the levels of the cytokine TNF-a. It is recognised that
IgM can play a regulatory role in response to an antigen and can accelerate the
production of IgG therefore it is interesting that both IgG1 and IgM appear to be

linked to the cytokine TNF-a in the asthma patient cohorts immune response?.

It should be noted that while there is a statistically significant difference between
the BAL and serum levels this may in part be explained by the nature of the sample,
whereby the antibodies present within the bronchoalveolar lavage are diluted

whereas the serum levels are as would be detected in the blood.
Conclusions

Immunoglobulin research has awarded the creation of numerous immunoglobulin
applications as diagnostic and therapeutic agents?. Research which advances the
current understanding of the immunoglobulin profile within the BAL and serum of
asthmatic patients may offer real advances in potential treatment options for

asthma patients.
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6. Supplementary

Supplementary Table 1: The serial standard concentration (pg/ml) of the

immunoglobulin antigens of interest.

(pg/ml) | Ctrl | std7 | std6 | Std5 | Std4 | std3 | Std2 | stdl
IgA 0 274 | 823 | 2469 | 7407 | 22222 | 66667 | 200000
IgD 0 69 206 | 617 | 1852 | 5556 | 16667 | 50000
IgE 0 69 206 | 617 | 1852 | 5556 | 16667 | 50000
IgM 0 137 | 412 | 1235 | 3704 | 11111 | 33333 | 100000
IgG1 0 549 | 1646 | 4938 | 14815 | 44444 | 133333 | 400000
IgG2 0 549 | 1646 | 4938 | 14815 | 44444 | 133333 | 400000

IgG3 0 69 206 | 617 | 1852 | 5556 | 16667 | 50000
IgG4 0 69 206 | 617 | 1852 | 5556 | 16667 | 50000
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Thesis Summary
Within this thesis we have reported novel findings which will contribute to a better

understanding of the role the microbiome plays within the lungs of clinically
diagnosed asthmatic patients. The prevalence of asthma is increasing in the
western world with more than 300 million people worldwide believed to affected
by this chronic respiratory disorder. Through this thesis we have dissected the
immune microbe dialogue at play within the asthmatic lung. The findings within this
thesis are novel, and we feel add to recent discoveries within the field of
microbiome research, with an emphasis on the potential contribution the lung

microbiome may play in the pathogenesis of asthma.

Within this study we were fortunate to have access to a large well-defined and
stratified asthma patient cohort thanks to Dr Des Murphy and his asthma clinic at
Cork University Hospital. As discussed in Chapter 2 — Study Cohorts’ this thesis
consisted of a number of clinical sampling components. We believe the possession
of such a cohort adds greatly to lung microbiome studies as through the thorough
analysis of patient demographics such as asthma severity (GINA), asthma control
(ACQ-7), patients habitual residence (Rural or Urban), patients spirometry. FeNO,
BMI, ICS usage and hospital blood analysis it is possible to investigate a multitude of
questions with respect to the asthmatic immune microbe dialogue hypothesis
posed in this thesis. Through the availability such data it was possible to stratify
patients by GINA type (severity) or ACQ-7 (level of control) and in doing so we not
only investigated the immune microbe dialogue at play within asthmatics in general
but also within various subgroups of asthma such as controlled or uncontrolled
asthmatics (ACQ-7) or mild, moderate or severe asthmatics based on severity of

disease (GINA). Through this we believe greater insights have been gained.

Chapter 3 — Fungi in Asthma involved a published study of the mycobiome in the
airways of 69 adult asthmatics. This included the striking finding that fungal spores
and hyphae were detected microscopically in 70% of the cohort. Molecular analysis

demonstrated that 86% of patients had evidence of fungal presence within their
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BAL and almost half had detectable Aspergillus fumigatus in the airways by gPCR
analysis. Asthma severity was associated with BAL neutrophils and the detection of
fungal DNA correlated with BAL neutrophil counts. Fungal B-glucans represent the
most abundant cell wall polysaccharides found in fungi and can be used in vitro in
order to model its pathophysiology in asthma, representing an exciting future
direction that this research could take. Our work in Chapter 3 — Fungi in Asthma
resonates well with emergent studies showing that exposure to bacterial and fungal
components may imprint epigenetic memory in inflammatory cells of the innate

immune system.

Chapter 4 — The Microbiome in Asthma implemented both Next Generation
Sequencing and qPCR technology in order to investigate the lung microbiome. In
doing this we fell a defined picture of the lung microbiome can be discovered as the
techniques are complementary of each other. We confirmed the presence of
previously published findings with respect to a number of bacteria while at the
same time we discovered new species by both gPCR and NGS. The implementation
of both qPCR and NGS offered a deeper insight into the microbes present within the
lungs of a cohort of asthmatic patients than the implementation of only one of the
techniques would have revealed. For example, during NGS analysis it was
determined that Micromonospora was dominant at the genus level, a finding not
currently associated with the microbiome of the lung. Through the use of qPCR this
finding was confirmed and 85% (49/73) of patients had detectable levels of
Micromonospora within the BAL by qPCR. Another exciting finding upon further
analysis of the NGS dataset was the prevalence of Ralstonia by NGS, a genus which
has been linked to the Cystic Fibrosis lung. While Ralstonia was not also determined
by qPCR family members such as Pseudomonas aeruginosa (34%) and Pseudomonas
fluorescens (88%) were detected by gPCR. Indeed Ralstonia and Pseudomonas are
closely related genetically and this overlap could be investigated at the genome
level. In the future it would also be possible to design specific qPCR for Ralstonia

species to differentiate these and also apply culture specific means. While Chapter
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4 — The Microbiome in Asthma mainly focused on the bacterial kingdom subsequent

analysis of the fungal, viral and other eukaryote reads present within the dataset.

Chapter -5 — The Effect of Immunomodulation Therapy on the Microbiome of the
Adult Asthmatic Lung investigated the effects of anti-IgE (Omalizumab) treatment
on the lung microbiome in a subset of nine severe adult asthmatic patients. Chapter
6 — The Microbiome of the Lung investigated the effect of anti-IL5 therapy on the
lung microbiome in a cohort of eight severe adult asthmatic patients. While both
groups of patients received monoclonal antibody therapy the interaction of the
monoclonal antibodies in question with the host is very different. Within these
studies patient cytokines and immune cells have been linked to certain bacterial
species and clinical data. It would therefore be of interest to investigate this

phenomenon further.

Monitoring of the lung microbiota during treatment may allow for identification of
therapeutic benefit but also susceptibility to respiratory tract infections. In the
future it would be of interest to investigate the two asthma cohorts over a longer
period of time, analysing BAL from various treatment time-points may help pinpoint
changes to the lung microbiota with respect to therapy. It would also be of interest
to investigate other asthma approved monoclonal antibodies such as Mepolizumab
and Benralizumab, two other anti-IL-5 monoclonal antibodies, in order to
investigate potential difference such drugs may have on the patients’ lung
microbiome. Novel treatment protocols such as those implemented in Chapter 5
and Chapter 6 offer a lifeline to severe, difficult asthmatic therefore further

understanding the microbiome changes may aid the treatment of such patients.

Within Chapter 7 — Epithelial Response to Inflammatory Stimuli the response of
asthmatic airway bronchial epithelial cells (BEAS-2B) to microbial compounds,
cytokines and metabolites was investigated. The stimulation of cells with microbial
compounds including LPS derived from Escherichia coli, Porphyromonas gingivalis
and Pseudomonas aeruginosa and Pam3CSK4, cytokines including IL-1B, IL-4, IL-7

and IL-17A and metabolites including Indole Acetic Acid and Sodium Acetate alone
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or in combination resulted in a significant change in the relative expression of an
array of targets of interest including IL-6, CXCLS8, EGR1, IFN-y, TGFB, TSLP, HDACS,
IL-36y, GPR41, GPR109A and GPR109B. Many facets of allergic sensitisation are
controlled by the airway epithelium and it in turn plays a key role in allergic
inflammation, remodelling and bronchial hyper-reactivity. Therefore, experiments
targeting the airway epithelium with the goal of further understanding the
pathophysiology of asthma could have many beneficial ramifications in terms of
targets for new therapies and advancements in general asthma understanding and
management. Overall, the research aim to investigate the response of bronchial
epithelial cells to microbial compounds, cytokines and metabolites individually and
in combination and to investigate the resulting immune reaction upon stimulation
was carried out. In the future this research aim could be expanded to include both
the use of primary bronchial epithelial cell culture models and also the addition of

further stimulants of interest.

Chapter 8 — Bronchial brushings and inflammatory stimuli consisted of an
investigation as to the effectiveness of using bronchial brushings as a potential
method to investigate the inflammatory response of the asthmatic cohort. Patient
bronchial cDNA revealed a patient specific immune profile by gRT-PCR with IL-1
detectable in 39%, IL-5 detectable in 15%, IL-17F detectable in 22%, CCL5 in 98%,
CXCL8 in 98%, CCL11 7%, CCL20 in 7%, EGR1 in 98%, INF-y in 76%, TSLP in 59%,
TGFB-1in 93%, TGFB-2 in 68% and TGFB-3 in 85% of cDNA from the patients
bronchoscopy bronchial brush, n-=41 with subsequent significance found to certain
patient demographics upon further analysis. This is an exciting finding as bronchial
brush cDNA analysis could easily be implemented within lung microbiome study

protocols as an adjunct means of analysing the patient epithelial cell profile.

Chapter 9 — Primary Cell Culture Techniques is an exciting chapter in that it
highlights potential future avenues this research can take. The implementation of

various experiments such as ALl culture, Transepithelial Electrical Resistance (TEER)
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analysis, Ussing chamber analysis of barrier function, glycoprotein mucin analysis
and electron microscopy analysis of extracellular vesicles all offer exciting new
experimental additions to existing research protocols. Overall primary epithelial
differentiated ALI cells demonstrated novel insights as to how cell culture can be
used for a variety of experiments to reveal the real-life responses of epithelial cells.
The airway epithelium can provide key insights into the pathophysiology of asthma
and can potentially lead to the development of a system to improve the treatment
of asthma; therefore, it is a hope that in the future through the expertise gained
during the ERS fellowship it would be possible to develop primary bronchial
epithelial cell (PBEC) culture facilities and culture PBEC cells obtained from patient

bronchial brushings during bronchoscopy procedures at Cork University Hospital.

Chapter 10 — Immunoglobulins and Asthma investigated the immunoglobulins IgA,
IgD, IgE, 1gG1, 1gG2, 1gG3, IgG4 and IgM within the BAL and serum of 76 adult
asthmatic patients. This is an exciting study as immunoglobulins play a vital role in
the host immune response and insights into immunoglobulins present within the an
asthmatic cohort may lead to further knowledge of the complex immunoglobulin
immune response at the mucosal and systemic level and may aid in the discovery of

novel therapeutic avenues.

Overall | believe this thesis contains novel insights into many different facets of
asthma research from the host to the microbial perspective and the combination of
these areas is the future for therapy development. | am looking forward to building

on these findings in future works.
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Future Directions

As highlighted within the thesis summary the findings contained within this thesis
pave the way for exciting and novel research to be continued and key discoveries
made during the course of this PhD will be further interrogated by the research

group.

Future research directions envisioned by the group include further investigations
with respect to the exciting and novel finding, the presence of Micromonospora,
within the lungs of the asthmatic patient cohort. The presence of Micromonospora
within the lungs of asthmatic patients has, to the best of our knowledge, been
unreported. While linked to conditions such as ‘Farmers Lung’, clinically referred to
as extrinsic allergic alveolitis or hypersensitivity pneumonitis, Micromonospora has

not been examined to date in lung microbiome sequencing studies.

Micromonospora is widely distributed in nature and is known to produce both
antimicrobial and antifungal agents which is of great excitement to the group and
poses the question as to the effect the presence of this bacteria may have upon the
overall lung microbiome in asthmatic patients. As a bacteria, Micromonospora
possesses a complex lifecycle, with the ability to differentiate into both substrate
mycelia and spores. Given the high number of patients who, in Chapter 3, displayed
visible hyphae and spores by microscopy (70%) it would be exciting in the future to
investigate the lifecycle of Micromonospora within the lungs of the asthmatic
patients and further interrogate if its presence is linked to the high number of

patients, 70%, who displayed visible signs of spores by microscopy.

Looking back the Next Generation Sequencing data it was exciting that
Micromonospora aurantica was the most dominant microbe present in 51/70
patients. The Next Generation Sequencing findings of high abundance of
Micromonospora species within the BAL of the asthmatic cohort lead to the
investigation of its presence by qPCR within all asthma cohorts present within this
PhD thesis. It was exciting that upon confirmation of its presence by gPCR within

85% of the cohort, further analysis of data revealed correlations present between
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the presence of Micromonospora by qPCR and Next Generation Sequencing findings

of Micromonospora aurantiaca (P<0.05) and Micromonospora globosa (P<0.05).

Micromonospora globosa was found subsequently to correlate with BAL IL-13
(P<0.05), plasma IL-1B (P<0.05) and plasma IL-8 (P<0.0001) and Micromonospora
aurantiaca was found to correlate with plasma IL-1 (P<0.05) and plasma IL-8
(P<0.0005) levels. Given its high abundance within the asthma cohort by both qPCR
and Next Generation Sequencing techniques and its correlation to immune
cytokines such as IL-1B and IL-8 and given the exciting fact that there is little
research present with respect to the presence of Micromonospora within the lungs
of asthmatic patients we are most interested to continue researching this novel and

exciting finding.

We relish the opportunity to implement the model systems discussed within
Chapter 7, which would implement a high throughput cell culture model system
and Chapter 9, which through the use of primary cell culture and Air Liquid
Interface culture systems which would enable the utilisation of a in vivo model
system in future studies of Micromonospora enabling us to research the interplay

present between the airway epithelium and Micromonospora.

Through culture independent techniques Micromonospora has been found within
the BAL of asthmatic patients. In the future we would like to implement culture
dependent techniques to investigate the microbe Micromonospora. Building on this
aim we also would like to investigate the interaction of Micromonospora within the

airway epithelium.

The advancement of primary Air Liquid Interface (ALI) cell culture allows for a
physiologically robust system whereby the primary human epithelial cells are fully
differentiated in a pseudostratified and polarised manner, with differentiated cells
including cilia and goblet cells. This ALI model enables primary epithelial cells to
develop Transepithelial Electrical Resistance (TEER) and represents a model system
to elucidate the pathogenic mechanisms present in respiratory disorders such as
asthma and would also enable us to study the potential effects of Micromonospora

upon the airway epithelium.
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It is interesting that from our findings Micromonospora presence ensues an
immune reaction. Through the implementation this in vivo modelling technique in

the future there is huge potential for novel findings.

Overall, through the various chapters of this thesis we have uncovered a number of
exciting and novel research findings to which a great number of future research
avenues exist. As highlighted by our future plans with respect to Micromonospora
we hope to build upon the findings of this thesis, adding to the growing body of
evidence published with respect to the importance of the microbiome with regards
to the human host. We look forward to building upon the findings of this thesis to

advance the knowledge base with respect to the microbiome and asthma.
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Academic achievements during this PhD
Publications

Sullivan A, Hunt E, MacSharry J, Murphy DM. The Microbiome and the
Pathophysiology of Asthma. Respiratory Research. 2016;17(1):163.

Hunt EB, Ward C, Power S, Sullivan A, Pearson JP, Lapthorne S, O’Byrne PM,
Eustace J, Plant BJ, Maher MM, MacSharry J, Murphy DM. The Potential Role of
Aspiration in the Asthmatic Airway. Chest. 2017;151:1272-1278.

Hunt EB, Sullivan A, Gavin J, MacSharry J, Murphy DM. Gastric Aspiration and its
Role in Airway Inflammation. The Open Respiratory Medicine Journal. 2018;12:1-10.

Sullivan A, Hunt EB, Ward C, Lapthorne S, Eustace J, Fanning LJ, Plant BJ, O’Byrne
PM, MacSharry J, Murphy DM. The Presence of Aspergillus fumigatus in asthmatic

airways is not clearly related to clinical disease severity. Allergy. 2019 In press.

Manuscripts in preparation

Immunoglobulins and Asthma

Epithelial Cell Stimulation with Cytokine, Microbial and Metabolite compounds.
The Microbiome and Asthma

The Microbiome and Aspiration

Oral Presentations

‘A combination of cytokines and LPS increase pro-inflammatory chemokine
expression in bronchial epithelial cells’. APC Microbiome Ireland — Imperial College

London Postgraduate Symposium, September 2015, Cork, Ireland.

‘Aiming at asthma — the asthmatic immune microbe dialogue’. APC Microbiome

Ireland Research Forum, December 2016, Cork, Ireland.
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‘Aiming at asthma — the asthmatic immune microbe dialogue’. APC Microbiome

Ireland Innovation Forum, May 2017, Cork, Ireland.

‘A study to define microbiome subtypes in the adult asthmatic airway’. Notable
Abstracts in Asthma — European Respiratory Society Congress, September 2017,

Milan, ltaly.

‘Detecting the presence of Aspergillus in the asthmatic airway and its relationship
to disease severity’. Irish Thoracic Society Annual Scientific Meeting, November

2017, Limerick, Ireland.

‘Detecting the presence of Aspergillus in the asthmatic airway and its relationship
to disease severity’. New Horizons Medical Conference, December 2017, Cork,

Ireland.

Poster Presentations

‘A combination of cytokines and LPS increase pro-inflammatory chemokine
expression in bronchial epithelial cells’. New Horizons Medical Conference,

December 2015, Cork, Ireland.

‘A study to define the microbiome of the asthmatic airway’. APC Microbiome
Ireland — Imperial College London Postgraduate Symposium, October 2016, London,

UK.

‘A study to define the microbiome of the asthmatic airway’. New Horizons Medical

Conference, December 2016, Cork, Ireland.

‘Presence of Aspergillus in the asthmatic airway and its relationship to disease

severity’. European Respiratory Society Congress, September 2017, Milan, ltaly.

‘An investigation into adult asthma to define the microbiome subtypes present’.

Irish Thoracic Society Annual Scientific Meeting, November 2017, Limerick, Ireland.
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‘An investigation into adult asthma microbiota subtypes and the association with
disease severity’. International Human Microbiome Congress, June 2018, Killarney,

Ireland.

‘Detecting the presence of fungal signals in the asthmatic airway’. European

Respiratory Society Congress, September 2018, Paris, France.

‘Detecting the presence of fungal signals in the asthmatic airway’. New Horizons

Medical Conference, December 2018, Cork, Ireland.

Additional Conferences Attended
British Thoracic Society Winter Meeting, December 2017, London, UK.

North East Postgraduate Conference, November 2018, Newcastle upon Tyne, UK.

Future Conference Presentations

Two abstracts chosen for the 2020 ERS Congress which will take place online in

September 2020

Awards Received

Poster prize winner — New Horizons Medical Conference December 2016, Cork,

Ireland.

European Respiratory Society Young Scientist Sponsorship — European Respiratory
Society September 2017, Milan, Italy.

ITS—GSK-BTS Travel Bursary — British Thoracic Society Winter Meeting December
2017, London, UK.

ITS-GSK-ERS Travel Bursary — European Respiratory Society Congress September
2018, Paris, France.
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ERS International Short Term Research Training Fellowship — Institute of Cellular

Medicine, Newcastle University, October — December 2018, Newcastle upon Tyne,

UK.

European Respiratory Society Young Scientist Sponsorship — European Respiratory

Society. September 2020

Modules

PG6001 — STEPS Scientific Training for Enhanced Postgraduate Studies
PG6015 — An Introduction to Research Ethics

Postgraduate Cert in Innovation Commercialisation and Entrepreneurship
AC6301 — Innovation Finance

MG6705 — Marketing for Technology Entrepreneurs

IS6306 — Technology Business Planning

IS6307 — Creativity and Opportunity Recognition

LW6104 — Intellectual Property Law for Entrepreneurs

MG6704 — Internationalisation and Sales

Certificates

GDPR Compliance in the Republic of Ireland Workplace Fundamentals — 2018
ERS International Short Term Research Training Fellowship —2018/2019
Research Integrity — 2019

Postgraduate Cert — Innovation, Commercialisation and Entrepreneurship — 2019
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