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Abstract

As one-third of preschool wheeze (PSW) children progress to school-age
asthma, the early-life period (1- 3 years old) offers a window of opportunity to
better characterise the immune profile of preschool wheezers that may
progress to school-aged asthma.

The aim of this thesis was to phenotype the immune heterogeneity of
paediatric airways disease- In doing so, it was hypothesised that children with
severe PSW have a distinct airway and blood immune cell profile compared to
non-wheezing disease controls. Obtaining optimal airway samples from young
children remains challenging. Thus, a complex multiparameter spectral
cytometry approach measuring 34-parameters was developed using adult
bronchoalveolar lavage (BAL) and blood samples, to determine the cellular
phenotype of most immune cell subsets. This showed the technique could be
used for both conventional analysis of immune cell populations or unbiased
clustering.

Conventional analysis revealed that PSWs had several distinct immune
phenotypes compared to children with lower respiratory tract infections (LRTI)
and severe therapy-resistant asthma (STRA). PSWs displayed reduced
airway CD8" CD25* CD127-T cells compared to LRTIs. Additionally,
circulating CD15* neutrophils and CD14* CD16 classical monocytes were
decreased in PSWs relative to LRTIs. There was a notable positive correlation
between peripheral CD14* CD16" cells and the number of bacterial infections
in children with PSW. Furthermore, CD4* CD25* CD127- T cells were

markedly reduced in PSWs blood compared to both STRA and LRTls.



Unbiased analysis revealed multiple differentially expressed immune
populations in blood and BAL, that were not highlighted by conventional
analysis. For example, airway “cluster 100” described as CD3*, TCRaf",
CD8*, CD103*, CD69" cells were decreased in PSW and STRA compared to
LRTIs. This confirmed that unsupervised analysis can elucidate exclusive
subsets that may be overlooked during conventional flow cytometry gating.

Collectively, high parameter immune cell phenotyping can identify unique
immunological profiles in PSW children compared to non-wheeze disease
controls and automated analysis can uncover unique immune cell subsets that

were overlooked in standard flow gating.
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1.1  Lung homeostasis

The primary function of the human lungs is to conduct gas exchange whilst
preserving lung homeostasis when exposed to environmental stimuli. As
humans inhale 5 to 8 litres of air per minute, the lungs are susceptible to non-
pathogenic and pathogenic molecules which can lead to inflammation and
pulmonary diseases'. To manage these conditions, the lungs need to remove
debris, launch inflammatory responses, expediate tissue repair following
damage and modulate cell turnover without interrupting gas exchange?. Thus,
to maintaining lung homeostasis, highly specialized lung resident cells known
as alveolar macrophages and epithelial cells are considered essential in

shaping the immune response’.

Furthermore, most of what is known about human lung homeostasis is
deduced from animal studies or tissue samples extracted from human lungs.
However, research on human samples are difficult to interpret as factors such

as lifestyle and genetic variability can influence results?.

Numerous respiratory diseases have been associated with an imbalance in
lung homeostasis. In chronic obstructive pulmonary disease (COPD), primary
infection by pathogenic bacteria trigger inflammation and mucus secretion.
This damages the respiratory epithelium which weakens the innate immune
response, ultimately exposing the lungs to subsequent infections such as

haemophilus influenzae colonization®.

In pneumonia, lung inflammation is primarily caused by invading pathogens
within the lower respiratory tract. In response, the immune system coordinates

defence against microbes by mobilising resident cells and recruited cells to the

14



site of infection. This leads to excessive lung inflammation which can cause
tissue damage. An inability to control this host immune response can develop
in to sepsis. Thus, to reinforce tissue repair, the lung environment must be
able to counteract the inflammation whilst also maintaining gas exchange

processes®.

1.2 Asthma

Asthma is a chronic inflammatory disease of the airways characterised by
chest tightness, airflow obstruction, coughing and wheeze®. Globally it affects
over 300 million people and is increasing in prevalence amongst children &7.
This respiratory condition varies in severity ranging from mild to severe, with
the latter accounting for 5% of patients with asthma’. According to the Global
Strategy for Asthma (GINA) report, severe asthma is defined as asthma that
remains uncontrolled despite receiving maximal therapy and adherence plan®.
Children with severe asthma have a poor quality of life, an increased morbidity,

mortality and exhaust over 50% of the UK Asthma healthcare budget’8.

1.3 Asthma heterogeneity

Asthma is a heterogenous disease with different underlying phenotypes and
endotypes. Phenotypes are defined as observable characteristics based on
clinical and physiological features, whereas endotypes describe the
pathological mechanisms underlying the clinical presentations at a molecular
level such as Type 2 (T2) high or low asthma®. The most common asthma

phenotypes are allergic, non-allergic and late-onset asthma. Allergic asthma
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which frequently emerges in early life, relates to a family history of allergic
disease such as rhinitis or eczema and atopic sensitization'®. More than 85%
of children with severe asthma are severely atopic, which is distinguished by
multiple sensitizations to outdoor and indoor allergens and elevated specific
immunoglobulin E (IgE) levels in serum. Both early-onset allergic asthma and
sensitization are associated with severe asthma progression into adulthood'".
Patients with this phenotype exhibit eosinophilic airway inflammation in their
induced sputum prior to treatment and respond to inhaled corticosteroid (ICS)

therapy.

The non-allergic phenotype encompasses patients whose asthma is not
affiliated with allergy and account for <15% of paediatric severe asthma.
Environmental stimuli such as parental smoking and lower respiratory tract
infections are risk factor connected with this subtype'2. The immune profile of
these subjects can vary between eosinophilic, neutrophilic or a

paucigranulocytic phenotype .

Adult-onset asthma is mainly non-allergic, and patients possess reduced
sensitivity to corticosteroid therapy, as eosinophilic inflammation and nasal
polyposis persist with high doses of ICS. Associated risk factors include
smoking and obesity particularly in women''. An outline of these asthma

phenotypes is summarised in Fig 1.1.
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Allergic Non-allergic Adult onset
Early life Environmental stimuli mainlv non-alleraic
Eosinophilic airway lower respiratory tract y g

inflammation infections Smoking and obesity

Fig 1.1 Diagram of asthma phenotypes

Diagram shows the different types of asthma characterised by global
patient cohort studies. Phenotypes differ by age of onset, atopic
predisposition, environmental causes and type of inflammation.

1.4 Preschool wheeze

Although phenotyping early-onset asthma is complex, wheezing is the primary
clinical manifestation in preschool children. While half of all children
experience wheezing before the age of 5, one-third progress to school-age
asthma. Thus this early-life period between 1- 3 years offers a window of

opportunity to better characterise the immune profile of preschool wheezers
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(PSWs) that may go on to develop school-aged asthma'3. The progression to
asthma is associated with numerous factors, the strongest association being;
atopy, increased number of wheezing episodes, simultaneous coughing,
prematurity and maternal asthma during pregnancy'®. An outline of the

trajectory of respiratory disease in early life is summarised in Fig 1.2.

PSWs are categorised into two groups termed episodic viral wheeze (EVW)
and multiple-trigger wheeze (MTW) which are treated differently based on their
clinical phenotypes. EVWs are administered intermittent therapy using short-
acting bronchodilators, whereas MTWSs are mainly prescribed ICS'S. However,
the long-term use of steroids in such a young population can increase side
effects thus highlighting a demand for alternative biomarkers for PSWs. A
plethora of associative data demonstrate the influence of respiratory infections
on wheeze persistence, whereby 85% of PSWs had positive bacterial cultures,
65% had presence of viral pathogens and 55% had both bacterial and viral
infections. The most common viral pathogens were rhinovirus and adenovirus
whereas the most frequent bacterial strains included streptococcus
pneumonia and Moraxella'®. Furthermore, endobronchial biopsies from PSWs
showed an abundance of tissue eosinophils in the submucosa, regardless of
atopy'”. Moreover, Robinson et al. (2019) reported that increased neutrophils
in the bronchoalveolar lavage (BAL) fluid are associated with a presence of
airway bacterial pathogens in MTWs, while there was no correlation between

airway eosinophils and infection'®.
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Fig 1.2 Diagram of the trajectory of respiratory diseases in early life

Population-based observational studies found that maternal uncontrolled
asthma increases the risk of early-onset persistent asthma. Half of
preschool children with wheeze are diagnosed with school-age asthma by
17 years of age. School-age severe asthma is defined by multiple
aeroallergen sensitization, airway eosinophilia and airway type 2
mediators.

1.5 Severe therapy resistant asthma

Severe therapy-resistant asthma (STRA) falls under the category of
problematic severe asthma (PSA) which is an umbrella term that
encompasses children between 6 — 16 years of age with persistent asthma
symptoms whilst receiving maximal therapy'®. To accurately diagnose STRA,
children with PSA undergo a detailed assessment of modifiable factors such
as allergen exposure and adherence plan, to differentiate difficult-to-treat
asthma and mild asthma from STRAS. The remaining patients with poor
asthma control after addressing comorbid conditions, inhaler technique and

environmental stimuli, are classified as STRA and undergo invasive
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bronchoscopy to phenotype their airway pathology for a suitable add-on

treatment® 19,

1.6 Asthma pathogenesis in childhood

In early life, children with allergen sensitisation regularly exhibit elevated
airway tissue eosinophilia linked with increased reticular basement membrane
thickening (RBM). Alternatively, PSW children unaffected by allergen
sensitization, possess airway Dbacterial infections connected with
neutrophilia'”. Furthermore, clinical trials in PSWs given ICS have alleviated
exacerbations and symptoms but failed to rectify lung function decline and
airway hyperresponsiveness (AHR)'". Airway remodelling is described as a
hallmark feature of established asthma and has been observed in severe
PSWs as early as 3 to 5 years of age. Additionally, increased airway smooth

muscle has been detected in PSWs by 2 years of age’”.

Children with STRA predominantly exhibit T2 inflammation characterised by
eosinophilia which is induced by epithelial cytokines interleukin (IL) - 33, IL-25
and thymic stromal lymphopoietin (TSLP) and maintained by T2 cytokines IL-
4, IL-5 and IL-13. These cytokines are produced by a range of cells including
T helper 2 (Th2) cells, group 2 innate lymphoid cells (ILC2s) and eosinophils?°.
In paediatric asthma research however, T2 cytokines were rarely detectable
in STRA BAL fluid®. Non-invasive biomarkers that are regularly used to
determine eosinophilic inflammation are blood and sputum eosinophil counts,
level of serum IgE and fractional exhaled nitric oxide (FeNO). There is a direct
relationship between eosinophilic inflammation and FeNO level which is

implemented to pinpoint asthmatic patients that may respond to ICS?.
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Currently, the treatment for severe asthma involves ICS combined with long-
acting beta 2 agonists (LABA). However, children with STRA require additional
add-on therapies to achieve symptom control and reduce exacerbations.
Thus, biologics have been developed to target T2 inflammatory pathways and
alleviate steroid use. Although biologics are common for adult asthmatics, they
are less regular in children because the underlying mechanisms are not
necessarily the same for paediatric asthma. At present, omalizumab and
mepolizumab are the only two biologics approved for use in children between
6 — 18 years with allergic asthma. Omalizumab is a monoclonal antibody that
immobilizes peripheral IgE resulting in decreased IgE receptors on mast cells
and dendritic cells, consequently diminishing Th2 inflammation. However due
to the restricted IgE criteria for this biologic, one third of paediatric patients are
ineligible and an additional third remain unresponsive'®'2. On the other hand,
mepolizumab is an anti-IL-5 antibody which inhibits IL-5 stimulated eosinophil
activation, albeit confirmation of safety and efficacy in children was mainly

extrapolated from adult clinical trials*®.

1.7 Immune responses in early life airways disease

1.7.1 Th2 cells in asthma

Exposure to microbes and allergens can lead to epithelial barrier dysfunction
whereby molecules infiltrate the epithelial tissue, destabilising tight junctions.
Impaired epithelial cells secrete the alarmins IL-33 and TSLP?' which induce
dendritic cells (DCs). The DCs process the allergen and travel to the lung

draining lymph nodes to deliver the antigen peptides to naive CD4* T cells via
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major histocompatibility complex (MHC) 2 molecule, thus prompting Th2 cell
differentiation and proliferation. Distinct Th2 subsets are produced comprising
effector T cells, central memory and tissue-resident memory (TRM) T cells?2.
Newly differentiated Th2 cells migrate to the damaged lung tissue sites to
release T2 cytokines IL-4, IL-5 and IL-13 leading to T2 inflammatory
responses?®>?2, IL-4 and IL-13 drive B-cell immunoglobulin class switching
from IgM to IgE which is a key player in allergic sensation. Furthermore, IgE
associates with a mast cell receptor triggering degranulation which in turn
promotes goblet cell hyperplasia and airway smooth muscle constriction. IL-5
facilitates eosinophil activation and survival??. CD4* CRTH2* Th2 cells were
observed to be elevated in the blood of severe asthmatics relative to mild

asthmatics and were connected with lower lung function results?*.

1.7.2 Eosinophils

Eosinophils mature in the bone marrow and egress into the peripheral blood
following IL-5 signalling. Subsequently, eosinophils adhere to the endothelium
and are guided by the chemokines eotaxin I, Il and Ill to migrate into the lung
tissue. Activated eosinophils excrete inflammatory proteins including major
basic protein (MBP) and eosinophil peroxidase (EPO) which perpetuate
airway injury in T2 asthma??. Research has established that an increase in
eosinophils in the airways correlates with airflow obstruction. An increase in
peripheral (>150 cells/pl) and sputum (>2%) eosinophils indicate type 2

inflammation and possibility of asthma exacerbations?2.
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1.7.3 Dendritic cells

DCs are fundamental antigen-presenting cells (APC) that bridge the gap
between the innate and adaptive cells in T2 immune responses. During
inflammatory conditions, the human airways contain three distinct DC subsets
which express different surface receptors. Type 1 DCs (cDC1s) express
CD141 and are involved in antigen presentation to CD8* T cells, and therefore
participate in the antiviral response. T2 DCs (cDC2s) express CD1c and are
crucial for the initiation of Th2 differentiation in allergic asthma?>. While DC2s
have a superior capacity to take up allergens compared DC1s, both subsets
can elicit Th2 cytokines and were augmented in the blood?®, induced sputum?’
and BAL fluid?® of adult allergic asthmatics following allergen exposure relative
to controls. In addition, plasmacytoid (pDCs) are implicated in antiviral immune
response and immunological tolerance by stimulating T regulatory (Treg) cell

differentiation?>.

1.7.4 Neutrophils

Neutrophils are a crucial element of the innate immune system and are the
most abundant leukocyte in the peripheral blood accounting for up to 70%%°.
Contrary to adults, neutrophil quantity and phagocytosis activity is reduced in
children®°. Neutrophil recruitment is set in motion when pathogen associated
molecular patterns (PAMPs) induce specific receptors that initiate the
secretion of pro-inflammatory mediators such as CXCL-8%'. Although
neutrophils are released from the bone marrow into the periphery and recruited

to damaged tissue by chemoattractant signalling?®, there is a population that
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is naturally resident in the lungs during steady state3'. It is presumed that these
airway neutrophils are maintained by the overexpression of chemokine
receptor CXCR4 which associates with the ligand CXCL12 that is also
expressed by endothelial cells in the lungs®'. Activated neutrophils perform an
array of effector functions ranging from degranulation of proteolytic enzymes

to pathogen clearance by phagocytosis®'.

While the T2-high asthma endotype is well documented in adults, there is
growing research to support the existence of T2-low asthma which is
associated with neutrophilia®?. Patients with neutrophilic asthma display
reduced atopy and FeNO levels. Robinson et al. (2021) recently demonstrated
using clustering analysis that PSW children with positive BAL bacterial cultures
had substantially higher BAL neutrophils'. Furthermore, it has also been
established that lung neutrophils are significantly elevated in children with
respiratory syncytial virus (RSV) and rhinovirus infections. Thus neutrophils
are heavily implicated in viral-induced asthma exacerbations and wheeze in
early life®'. In contrast, STRA children do not possess elevated neutrophils in

their BAL fluid33.

1.7.5 ILCs in asthma

ILCs are a rare innate immune population that inhabit mucosal environments
and mimic T effector cells by producing cytokines?*. These cells differentiate
into three subsets based on their transcription factor expression and cytokine
production. ILC1s are characterised by the expression of transcription factor

T-bet and production of Th1 cytokine interferon-gamma, whereas ILC2s are
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distinguished by the GATA-3 transcription factor and secretion of Th2
cytokines IL-5 and IL-13. ILC3s on the other hand display RORyt transcription

factor expression and release IL-17 and IL-22 cytokines®®.

ILC2 are elevated in the blood, sputum and BAL fluid of children and adults
with severe asthma®63’. Like Th2 cells, ILCs can be directly induced by
epithelial-derived IL-33 and TSLP and amplify T2 inflammation leading to
further lung injury??32, ILCs do not express conventional lineage markers of
other immune cells and can be classified by the expression of CRTH2* and
CD127* surface markers®53°. Using these immune-phenotypes, Nagakumar
et al. (2019) illustrated an increased presence of sputum and airway ILC2s in
STRA children compared to disease controls with lower respiratory tract
infections33. Moreover peripheral and sputum ILC2s from STRA children were
determined to be steroid sensitive following a longitudinal study and in vitro

treatment with systemic steroids®’.

1.8 Hypothesis

The overall hypothesis of this thesis is that children with severe preschool
wheeze have a distinct airway and blood immune cell profile compared to non-
wheezing disease controls. As the pathophysiology and immunology of
paediatric asthma phenotypes are not well understood, it is necessary to
examine immune cells in a range of paediatric respiratory disease groups. To
investigate a wide variety of cells and their sub-phenotypes in limited
bronchoalveolar lavage volumes, an advanced spectral flow cytometry

approach was implemented using the Aurora cytometer.
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1.9

Aims

. Optimise a 34-multicolour flow panel to identify immune cell subsets in

blood and bronchoalveolar lavage fluid

. Phenotype the immune heterogeneity of paediatric airways disease and

integrate clinical information

. Conduct automated analysis to distinguish immune cell clusters

between childhood airways diseases
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Chapter 2. Materials and methods
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2.1 Paediatric patients

Children aged between 1 to 16 years old were recruited. Wheeze or severe
asthma diagnosis was confirmed by doctors following a detailed checklist and
clinical tests. For non-asthmatic controls, children with LRTIls undergoing
elective bronchoscopy were consented to provide BAL fluid. Clinical data was
collected by clinicians and obtained from the Inform database. All
bronchoscopies undertaken in children were part of standard clinical protocols
and samples for research were obtained with ethical permission and written,
informed parental consent. The samples were obtained with the Research

Ethics Council reference number 15/L0O/1885.

2.2 Sample processing

2.21 Blood processing

Blood was collected in an anti-coagulant EDTA (Ethylenediaminetetraacetic
acid) coated tube and transferred to a 50ml falcon tube. Red blood cell (RBC)
lysis buffer (8.26g of NH4CI, 1.19g of NaHCO3 and 200ul of 0.5M, pH8 EDTA)
was added at a 1:10 ratio (1ml blood: 10ml RBC) and incubated for 15min on
a roller. Sample was topped up with equal volume of PBS and centrifuged at
1800 rpm for 5min in a 50ml falcon tube to pellet the cells. Cells were washed
in 10ml PBS again before resuspending in 1ml of FACS buffer (500ml PBS,

2% fetal bovine serum and 2mM EDTA).

2.2.2 BAL processing
Whole BAL was obtained by instilling 1ml/kg (maximum of 40mis/aliquot) of

sterile saline via a bronchoscope into the right middle lobe. The sample was
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accumulated from 3 washes. An aliquot was filtered through a 70um cell
strainer and centrifuged in a 50ml falcon tube at 1800 rpm for 2 min, 4°C. The
supernatant was separated and stored in -80°C. If the pellet is too bloody, an
RBC lysis step was performed for 5min and cells were washed in PBS. The

cell pellet was resuspended in 1ml FACS buffer for downstream steps.

2.3 Cell counts

2.3.1 Live cells

To count live cells for flow cytometry, cells were stained with Trypan Blue (1:10
or 1:2) to label dead cells. The solution was transferred into a haemocytometer
chamber. The average of two squares and the dilution factor was used to

calculate total leukocytes per ml.

2.3.2 Differential cell counts

Approximately 5 x 10* cells in 100ul FACS buffer was loaded into a cyto-funnel
attached to a charged microslide (Thermo Fisher). A cytospin was conducted
using a cytocentrifuge for 4min at 400 rpm. The slide was left to air dry to allow
cells to adhere and then fixed in 100% methanol for 5min. The Kwik Diff Stain
Kit from Thermo Scientific is utilized to stain immune cells. The slide was first
submerged five times in the red Solution 2 and rinsed in a water bath two
times. This was followed by three dips in the blue solution 3 and rinsed again.
After air drying for 24 hours, the cells were covered with ~700ul of DPX
mounting medium and preserved with a coverslip. The slide was viewed under
a microscope after drying. To quantify cell types, neutrophils, eosinophils,

macrophages and lymphomononuclear cells were differentiated by nucleus
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morphology staining and size. Roughly 200-300 cells were counted, and the

proportion of each cell type was enumerated as a percentage of total cells

2.4 Spectral flow cytometry

The Aurora spectral cytometer was purchased from Cytek and utilized in the
acquisition and phenotyping of blood and BAL cells. It is equipped with a 5-
laser system and 64 fluorescence channels to facilitate our 34-colour panel.

Typically, 500,000 — 1 x 10° cells were stained for acquisition.

2.5 Antibody titrations
To determine suitable antibody concentrations, serial dilutions were conducted
at 1:5, 1:20, 1:50 and 1:100. The 33 fluorophore conjugated antibodies were

prepared in groups of 11, using a U-bottom 96 well plate.

Dilution Factor Mixture

1:5 40ul FACS + 10ul of antibody
1:20 30ul FACS + 10ul 1:5

1:50 31.5ul FACS + 3.5ul 1:5
1:100 24ul FACS + 6ul 1:20

Table 2.1 List of antibody serial dilutions

1. For the 1:5 dilution, 40ul of FACS buffer was combined with 10ul of
antibody, in the first well and mixed.
2. Then 10ul of the 1:5 dilution was transferred to the second well

containing 30ul of FACS buffer to make 1:20 dilution.
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3. Next, 3.5yl of the 1:5 dilution was added to the third well to make 1:50
titration.

4. For the 1:100 titration, 6yl of the 1:20 dilution was resuspended in 24l
of FACS buffer. 1x10° cells were plated into a separate U-bottom 96-
well plate in an identical format to the antibody titrations plate.

5. Cells were centrifuged at 2000 rpm for 2min at 4°C and 25pl of each
antibody titration and resuspend into wells containing cells.

6. The plate was covered in foil and incubated in the fridge for 30min.
Following a wash step in PBS, the cells were fixed in 1%
paraformaldehyde (PFA) for 10min and washed again with PBS.

7. Cells were resuspended in 150ul FACS buffer and stored at 4°C until
flow acquisition.

8. Single-colour Ultra-comp ebeads purchased from Thermofisher were
prepared using the same reagents and incubation steps to be

comparable controls to the cells.

2.6 Aurora panel components

Antibodies were purchased from Biolegend, BD Bioscience and Thermo-
Fisher. Live/dead (L/D) Blue stain was acquired from Thermo-Fisher and is
reconstituted in DMSO and stored in 3l aliquots in -20°C. A fresh aliquot is
reconstituted each day for staining cells in 1X PBS in a 1:1000 dilution. Anti-

CD32 antibody is included to block Fc receptors.
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Laser Fluorophore Antigen Clone Vendor Dilution
BUV395 CD69 FN50 BD Biosciences 1,20
BUV496 CD8 RPA-T8 BD Biosciences 1;100
BUV563 CD45RA HI1100 BD Biosciences 1,100
uv BUV661 CD11c B-ly6 BD Biosciences 1;100
BUV737 CD56 NCAM16.2 BD Biosciences 1,100
BUV805 CD3 UCHT1 BD Biosciences 1;100
Live/Dead Blue Dead cells ThermoFisher
Bv421 IgD IA6-2 Biolegend 1,100
Super Bright 436 CD16 3G8 ThermoFisher 1,100
eFluor450 CD25 CD25-4E3 ThermoFisher 1,100
BvV480 CD20 2H7 BD Biosciences 1,100
BV510 CD127 A019D5 Biolegend 1,50
Violet BV570 HLA-DR 1243 Biolegend 1,100
BV605 CD28 CD28.2 Biolegend 1;100
BV650 CD38 HB-7 Biolegend 1,100
BV711 CD15 W6D3 Biolegend 1,100
BV750 PD1 EH12.2H7 Biolegend 1,100
BV785 CD206 15-2 Biolegend 1,20
BB515 CXCR5 RF8B2 BD Biosciences 1,50
AF488 Siglec 8 837535 R&D systems 1,100
Spark Blue 550 CD4 SK3 Biolegend 1,100
Blue PerCP CD161 HP-3G10 Biolegend 1,20
BB700 CD27 M-T271 BD Biosciences 1;100
PerCP Cy5.5 CD45 HI30 Thermofisher 1;25
PeCP eFlour710 CD86 1T2.2 ThermoFisher 1;100
PE CDh141 M80 Biolegend 1,20
Yellow/ Green PeDz594 TCRg/d B1 Biolegend 1;100
PECy5 TCRa/b IP26 Biolegend 1,100
PECy7 CD11b ICRF44 Biolegend 1,100
APC CD123 6H6 Biolegend 1;100
A647 CRTH2 BM16 Biolegend 1,100
Red Spark NIR 685 CD14 63D3 Biolegend 1,100
APC R700 CD1c F10/21A3 BD Biosciences 1;100
APC Cy7 CD103 Ber-ACT8 Biolegend 1,100
Purified | Pure 32 | 6c4a | ThemoFisher 1,100

Table 2.2 List of flow antibodies
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2.7 Staining protocol

First 1 x 108 cells resuspended in FACS buffer were plated into a V-bottom 96
well plate for staining and at least 5 x 10° cells were allocated to the unstained
control for sample unmixing. The plate was spun at 2100 rpm with FACS buffer
for 2 min and the supernatant was discarded. Then 25yl of the L/D Blue was
added to each well and mixed by pipetting. The L/D control was prepared by
heat killing 2.5 x 10° cells at 60°C for 10min and divided into two wells. Only
one well is stained with Live-dead Blue and both wells are combined after
fixation. Cells were incubated for 20min at 4°C, then washed with PBS and
spun to remove supernatant. Then 30yl of the antibody cocktail was added per
1 x 10% cells for 30 mins at 4°C. For the multicolour panel controls, six
additional wells of cells are included to stain with single panel 1, panel 2, panel
3, or panel combinations 1+2, 1+3, and 2+3. The plate of cells was wrapped
in foil and incubated in the fridge for 30min. Following this, two wash steps
were carried out with FACS buffer. Cells were then fixed with 50ul of 1% PFA
for 10min in the dark. After a wash step with PBS, cell pellets were

resuspended in 200l FACS buffer and left in the fridge until flow acquisition.

2.8 Flow data analysis

All flow data was generated by the Aurora cytometer and SpectroFlo software.
For autofluorescence (AF) removal, flow cytometry files were imported back
into SpectroFlo to visualize populations on the AF channel and create AF tags
for unmixing. AF spectra was assessed using FCS express and GraphPad
Prism. Flow data was analysed using the FlowJo software and cell frequencies

were plotted and represented as line graphs using GraphPad. Dimension
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reduction and unbiased analysis was performed in R studio using flow
cytometry files containing gated cells that were CD45 positive, that were
exported from the FlowJO software. The coding scripts utilised were published

by CyTOF38 and the open software Bioconductor®.

2.9 Data statistics

All statistics analyses were conducted in GraphPad Prism software. Data was
interpreted as non-parametric distributions. Mann-Whitney U test was applied
to comparisons between two groups. For comparisons between three groups
Kruskal-Wallis test, followed by the Dunn’s multiple comparisons test was
used. Differences were considered significant if p-value was less than 0.05.
Correlation analysis was carried out the by non-parametric Spearman

correlation approach.
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Chapter 3. Optimisation of 34-colour

Aurora spectral cytometry panel
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3.1 Aurora spectral cytometer

The Aurora 5-laser instrument was launched by Cytek Bioscience in 20194
The configuration consists of an ultraviolet, violet, blue, yellow-green and red
laser system combined with 64 detector channels for fluorescence that can
detect emission spectra between 365 — 829nm and can separate up to 40
fluorophores*®#1. The five-laser system has a distinctive optical framework
whereby the lasers are spatially separated as they enter the flow cell to prevent
cross-laser excitation of dyes that are excited by multiple laser lines. The
lasers are assigned to a designated detector array assembled from avalanche
photodiodes (APDs) which encompass up to 16 detector channels. APDs are
currently the preferred choice for high sensitivity detection as they can
examine much narrower bandwidth ranges than photomultiplier tubes and
exhibit a higher quantum efficiency across a wider wavelengths range of 400
— 1100nm which accommodates most fluorophores frequently utilized. Owing
to this, the Aurora has a smaller footprint, less background noise and is more

thermostable in comparison to traditional flow machines*°.

The aim of spectral cytometry is to capture the whole emission spectrum of a
fluorophore generated by all five lasers using the built-in 64 detector channels.
Individual fluorophores are then isolated based on their emission across this
entire spectrum through a process called spectral deconvolution/unmixing. In
doing so, the Aurora cytometer can segregate fluorophores with close
emission peaks but dissimilar secondary emissions, thus allowing extra
flexibility for panel design. In comparison conventional flow cytometry assigns
a specific wavelength of light passes through an wavelength restricted optical

filter generated after laser excitation to an individual fluorophore.
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Fluorescence spillover in a multicolour stained sample is corrected by a
mathematical algorithm in Aurora software called spectral unmixing which
requires an unstained sample and single-stain controls. This means, unlike
conventional flow cytometry, this algorithm can also subtract baseline
fluorescence of cells in the mixed sample using the tissue-specific unstained
sample and assigns a parameter which is beneficial for extremely

autofluorescent tissue*°.

Autofluorescence (AF) is an intrinsic feature in all cells whereby endogenous
biological molecules emit fluorescence. These biomolecules include flavins
and NADPH which fluoresce in the absence of a fluorophore, when excited
with laser light. Studies show that small lymphocytes are less autofluorescent
that large macrophages which possess high side scatter, indicating that a high
degree of granularity is related to AF4?. Adjusting for AF eliminates these
background signals that may obscure dim markers emanating light at a similar

wavelength°.

Spectral cytometry via the Cytek Aurora, can therefore substantially increase
the number of markers that can be measured on a single cell compared to
traditional flow cytometry, while correcting for cellular characteristics like AF
that might obscure marker expression. It is therefore optimal for work where
sample size is limited, such as when working with paediatric samples.
Therefore, by combining all these aspects, a multicolour panel was developed
with a rigorous staining protocol to efficiently phenotype the immune profile of

paediatric airway and blood samples.
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3.2

Hypothesis

A 34-colour panel of extracellular surface proteins can characterise key

immune cells within peripheral blood and BAL samples.

3.3

3.4

3.4.1

Aims

Establish optimal working concentrations of 33 fluorophore-conjugated
antibodies

Determine an efficient staining method which conserves fluorophore
integrity

Identify and extract autofluorescent populations in unstained blood and
BAL samples

Compare cell frequency data from matched samples acquired by

spectral and conventional flow cytometry

Results
A 34-parameter flow cytometry approach for investigating airway

and peripheral immune cells

A key focus of this thesis was to define multiple immune cell types in the blood

and airways of children with wheeze and non-wheeze. The volume of samples

taken in paediatric cohorts is extremely limited for clinical and ethical reasons

This is particularly relevant for samples of the airways, which are obtained by

invasive bronchoscopy. This is only carried out in children for clinical reasons,

placing a natural limit on donor numbers, and cellular yield available for

research purposes, especially once clinically relevant assays are accounted
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for, can often be low. High resolution, low volume assays, such as
multiparameter flow described here, are therefore particularly valuable. The

panel was designed to address the following:

1. Define key immune cell subsets in the restricted airways and peripheral
blood of patients.

2. Differentiate between activation and stimulatory status of distinct
subsets of cells.

3. Explore rare cell types during disease

A 34-colour panel was designed consisting of 33-flouorphore conjugated
antibodies and a blue-Live/Dead stain to characterize viable leukocytes
(lymphocytes, granulocytes and myeloid cells). These markers include those
that distinguish all major immune cell populations, their activation status and
functional identity. Broadly speaking the markers could be split into three
subpanels related to their expression pattern, useful for quality control of the
full 33 fluorophore panel. Panel 1 consisted of T cell markers (Fig. 3.1A),
Panel 2 included B cell and activation markers (Fig. 3.1B), whilst Panel 3
mainly comprised granulocyte and myeloid markers (Fig. 3.1C). To ensure
that all proteins were efficiently characterised, markers known to be highly
expressed were conjugated to dim fluorophores (e.g. CD8-BUV496) whereas
less expressed proteins were coupled to fluorophores with high excitation yield

(e.g. CD123-APC).
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A B C
Panel 1 Panel 2 Panel 3

Fig 3.1. lllustration of the Aurora subpanel components and

staining procedure
Table of markers in A) Panel 1, B) Panel 2, C) Panel 3. Anti-CD32 was

added to each antibody mix to block Fc receptor interactions.
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3.4.2 Aurora panel antibody titrations

To set up the high-parameter panel, antibody titrations were performed to
ascertain the optimum concentration of each antibody that displays a distinct
positive signal at the lowest dilution. By doing so, this method accomplished
sufficient staining and minimized costs. Titrations ranging between 1 in 5 to 1
in 100 (e.g., CD11b-BUV737 50ug/ml) were conducted in sets. Lymphocytes
are an abundant population in peripheral blood*3, therefore were readily
identifiable, and most of the lymphocyte markers analysed in blood samples
showed a clear positive population even at the 1 in 100 dilution (Fig. 3.2). For
some less well detected surface proteins, higher titrations were selected i.e.

CD127 (1:50), CD69 (1:20) and CD161 (1:20).

Likewise, to optimize the myeloid markers on the panel, serial dilutions were
conducted and antibody concentrations that produced discrete populations
were selected (Fig. 3.3). The remaining markers were grouped into panel 3
and subsequently titrated to establish optimal dilutions (Fig. 3.4A, B). As panel
3 contains the macrophage surface receptor CD206, a BAL fluid sample was
utilized to depictimmune cells with a positive CD206 signal (Fig. 3.4C). Pooled
cells from the serial dilutions indicated that CD206 signal decreases post 1:20

titration.
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Fig 3.2. Merged plots of lymphocyte marker titrations to determine
suitable antibody concentration

Schematic of merged plots from individually stained and unstained
blood cells from healthy adults. Blood cells were processed and 1x10°
cells were plated in a U-bottom 96-well plate. Cells were washed with
PBS and stained with 25pl of each antibody titration for 30min. Cells
were fixed with 1% PFA, washed with PBS and stored in FACS buffer.
Samples were acquired on the Aurora cytometer. All cells were gated
and assessed for staining at 1:5, 1:20, 1:50 and 1:100 dilution.
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Fig 3.3. Representative plot of myeloid markers serial dilutions

Flow events were pooled from unstained and stained blood cells.
Dilution factors for each myeloid marker were compared. Blood cells
were processed and 1x10° cells were plated in a U-bottom 96-well plate.
Cells were washed with PBS and stained with 25ul of each antibody
titration for 30min. Cells were fixed with 1% PFA, washed with PBS and
stored in FACS buffer. Samples were acquired on the Aurora cytometer.
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Fig 3.4. Visualization of antibody dilutions for granulocyte and
macrophage specific markers

Schematic of flow gating and antibody titrations for A) granulocytes, B)
eosinophils and C) macrophages. Blood cells were processed and
1x10° cells were plated. Cells were washed with PBS, stained with 25l
of each antibody titration for 30min followed by fixation with 1% PFA.
Samples washed with PBS and acquired on the Aurora cytometer in
FACS buffer.

3.4.3 Fluorescence-minus panel controls

Traditional flow cytometry routinely implements fluorescence minus one
(FMQOs) controls, which contain every marker on the panel minus one*'. This
method is advantageous in highlighting signal spillover of markers into
unrelated channels and facilitates accurate gating of the positive and negative
populations. However, the high cell yield required, and the technical variation
associated with preparing 33 individual antibody cocktails is error prone and
limits feasibility. To overcome this difficulty, while still screening for non-
specific spillover, the 33 antibodies were divided into three subpanels
categorized by cell types, thus creating three cocktails of 11 antibodies each.
In the staining protocol, cells were incubated with combinations of these
subpanels and compared to cells stained with the complete panel (Fig. 3.5).
Combinations of two subpanels allowed the visualization and identification of
any irregular or indistinguishable signals between markers. For example, CD4
and TCRaf marker signals were analysed to evaluate Panel 1 controls. Firstly,
the lymphocyte population was gated, followed by removal of doublet cells

(Fig. 3.6A). Marker expression was compared across a blood sample stained
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with different panel combinations. Unstained cells showed where the negative
population sits and confirmed that there was no spectral spillover (Fig. 3.6B).
Panel 1 staining indicated that 31% and 35% of lymphocytes were TCRaf*
and double CD4" TCRa* respectively (Fig. 3.6C). As expected, panel 2 and
panel 3 that lacked TCRa3 and CD4 antibodies did not show a positive signal
(Fig. 3.6D, E). Analysis of the multiple panel combinations revealed no
interference from other markers and the frequencies remain similar when

panel 1 stain is added to the cells (Fig. 3.6F, G, H, ).

Panel 1 Panel 2 Panel 3

\ }J
\
\ |
\/

14243

142 1+3 243

Fig 3.5. lllustration of the Aurora staining protocol

Diagram of the subpanels staining protocol. Blood or BAL cells were
processed as described in methods. 1 x10 © cells were plated in each
well and incubated with live-dead blue, washed with PBS and followed
by the designated antibody mixture. Wells receiving more than one
cocktail were washed at intervals with PBS. After staining, cells were
fixed in 1% PFA for 10min and washed again with PBS. Cells were
stored in FACS buffer and acquired on the Aurora.
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Fig 3.6. Visualization of panel 1 markers CD4 and TCRaf i

fluorescence-minus-panel controls using blood

335

n

1 x10 © cells were plated in each well and incubated with live-dead blue
for 20min. Cells were stained with 30ul of the antibody cocktail for 30min.
Wells receiving more than one cocktail were washed at intervals with
PBS. After staining, cells were fixed in 1% PFA for 10min and washed
again with PBS. Cells were stored in FACS buffer and acquired on the
Aurora. A) Lymphocyte gating and debris exclusion. B) Unstained
control, C) Panel 1 controls, D) Panel 2 controls, E) Panel 3 controls, F)
Panel 1+ 2 controls, G) Panel 1+ 3 controls, H) Panel 2+3 controls and 1)

Panel 1+ 2+3 staining.
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Likewise, when examining markers found in panel 2 markers such as CD14
and CD38 could be used to gate a monocyte population across the various
fluorescence-minus (FM) panel controls (Fig. 3.7A). As CD14 and CD38 are
designated to panel 2 only, unstained cells and samples stained with panel 1
or 3 alone did not exhibit any signal (Fig. 3.7B, C, E, G). Panel 2 revealed that
CD38* and dual CD14* CD38* expression accounted for 6% and 83% of
monocytes respectively (Fig. 3.7D), which was replicated in samples stained

with panels 1+ 2, 2+3 and 1+2+3 (Fig. 3.7F, H, ).
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Fig 3.7. Flow plots of panel 2 markers CD14 and CD38 expression
in fluorescence-minus-panel controls using blood

1 x108 cells were plated in each well and incubated with live-dead blue
for 20min, washed and stained with 30ul of the antibody cocktail for
30min. Wells receiving more than one cocktail were washed at intervals
with PBS. After staining, cells were fixed in 1% PFA for 10min and
washed again with PBS. Cells were stored in FACS buffer and acquired
on the Aurora. A) Monocyte gating and doublet exclusion. B) Unstained
control, C) Panel 1 controls, D) Panel 2 controls, E) Panel 3 controls, F)
Panel 1+ 2 controls, G) Panel 1+ 3 controls, H) Panel 2+3 controls and
I) Panel 1+ 2+3 staining.
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To inspect panel 3 antibody performance and integration with the remaining
markers, a BAL sample was stained with the different subpanels. To highlight
granulocytes and macrophages, a wide gate was drawn across cells with high
side-scatter area and debris was excluded by single cell gating (Fig. 3.8A).
The neutrophil and macrophage populations are displayed on a scatter plot
using CD15 and CD206 expression across the diverse subpanel
compositions. Unstained cells were used to approximate the position of the
positive signals (Fig. 3.8B). The cells stained with the control panels 1 and 2
were void of CD15 and CD206 expression as anticipated (Fig. 3.8C, D, F).
Panel 3 staining illustrated that 25% and 55% of the population of interest were
denoted by neutrophils and macrophages sequentially (Fig. 3.8E). This was
reproduced in the multi-panel combinations 1+3, 2+3 and 1+2+3 (Fig. 3.8G,

H, I).
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Fig 3.8. Scatter plots of fluorescence-minus-panel controls for
macrophage and neutrophil markers in a BAL sample

1 x108 cells were plated in each well and incubated with live-dead blue
for 20min, washed and stained with 30ul of the antibody cocktail for
30min. Wells receiving more than one cocktail were washed at intervals
with PBS. After staining, cells were fixed in 1% PFA for 10min and
washed again with PBS. Cells were stored in FACS buffer and acquired
on the Aurora. A) Macrophage and neutrophil gating and doublet
exclusion. B) Unstained control, C) Panel 1 controls, D) Panel 2 controls,
E) Panel 3 controls, F) Panel 1+ 2 controls, G) Panel 1+ 3 controls, H)
Panel 2+3 controls and I) Panel 1+ 2+3 staining.
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3.4.4 Comparison of a 1-step versus 3-step staining protocol

Combining 33 fluorophores can lead to technical challenges, such as loss of
antibody specificity (e.g. aggregation of polymer based fluorophores), reduced
fluorescence due to spectral spread and nonspecific binding*4. Therefore it
was important to develop a methodical staining protocol. Given the complexity
of spectral cytometry and the intricate algorithms applied to differentiate
fluorescent spectra, two comprehensive staining techniques were tested.
Leukocytes isolated from blood were either incubated with each subpanel
sequentially or stained with a single cocktail containing all 33 antibodies and
a number of key immune cells representing each sub-panel were analysed.
Using this approach flow cytometry analysis showed that the 1-step and 3-
step staining methods were comparable for CD4* and CD45RA* T cell subsets
(Fig. 3.9A, B), CD56" NK cells (Fig. 3.9C), CD15" neutrophils (Fig. 3.9D),

IgD* B cells (Fig. 3.9E), and CD14" monocytes (Fig. 3.9F).
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Fig 3.9. Comparison of the one-step versus a three-steps staining
protocol with a 33-colour panel in blood

1 x10° cells were plated in each well and incubated with live-dead blue
for 20min, washed and stained with 30yl of the antibody cocktail for
30min. Wells receiving more than one cocktail were washed at intervals
with PBS. After staining, cells were fixed in 1% PFA for 10min and
washed again with PBS. Cells were stored in FACS buffer and acquired
on the Aurora. Flow cytometry percentage of A) CD4* cell, B) CD45RA*
cells, C) CD56" cells, D) CD15* cells, E) IgD* cells and F) CD14" cells.
Statistical significance was measured by unpaired, non-parametric

Mann-Whitney U-Test.

40~

CD4" CD45RA™
%CD3
=] (2]
S =)
1 1

-
(=}
1

T T
1 step 3 step

/1

T T
1 step 3 step

o —0
.2.

/

54

T T
1 step 3 step



3.4.5 Autofluorescence identification and removal in spectral cytometry

Live cells have an inherent AF which can obscure the signal of dim markers?,
thus making flow data analyses challenging. AF is produced by the existence
of cellular granules and lipids, and is further magnified by the numerous laser
excitations*®. The presence of highly granulocytic neutrophils and eosinophils
in blood and the abundance of AF macrophages in BAL fluid, necessitates an
AF removal workflow. To facilitate this, the Aurora provides a parameter for
AF, whereby a population can be identified in an unstained sample and taken
as a reference control to extract AF and unmix the spectra. To determine AF
signatures in blood and BAL samples, a framework was devised to outline the
steps involved (Fig. 3.10A). Using the SpectroFlo software, an unstained
blood sample was unmixed using a library of single stain bead controls, and
the leukocytes and debris negative cells were distinctively labelled (Fig.
3.10B). Debris cells were utilized as a base control for the AF cells as they
lack components known to contribute to AF, and thus could be considered as
AF negative. Doublets were excluded, and the fluorophores were plotted
against the AF channel (Fig. 3.10C). Using BUV563 as an example, the
appearance of positive and super negative populations in the unstained
sample confirmed the presence of AF (Fig. 3.10D). By gating and exporting
these populations as individual flow cytometry files termed FCS files, they
could then be imported back into the SpectroFlo experiment and listed as
additional reference controls, alongside those for the individual fluorophores
in the panel. The unmixing protocol was repeated using the same unstained
sample and the resulting scatter plot of BUV563 showed that the AF

populations were eliminated (Fig. 3.10E). This method was applied to all
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unstained samples acquired on the Aurora creating a bank of flow cytometry
files of AF signatures. Four recurrent AF populations were observed across
the unstained blood samples, which were assigned a number AF1 — AF4,

based on their location on the scatter plot.
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Fig 3.10. Autofluorescence removal workflow and identification
of AF populations in blood

A) Diagram of AF removal workflow generated on the SpectroFlo
software, Scatter plot of B) unstained cells, C) single cells, D) AF cells,
E) cells post AF removal.
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To develop a consistent, and appropriate, workflow for AF subtraction it was
necessary to determine if the 4 AF populations observed in peripheral blood
were consistent between donors or showed substantial donor to donor
variance. The former allowing a single common AF reference to be used for
all samples, the latter requiring individual donor AF to be calculated. The
aurora has 64 detector channels and each AF file exhibits 64 variables
corresponding to its spectra. Therefore, to determine the variance of AF
populations between samples principal component plots (PCA) were
constructed to visualize the multiple parameters (Fig. 3.11). This also allowed
selection of a representative median population for blood AF1 (Fig. 3.11A),
AF2 (Fig. 3.11B), AF3 (Fig. 3.11C) and AF4 (Fig. 3.11D) which could be used
to unmix samples. Next to unmix a batch of stained blood samples, these
median AF signatures were added to the reference library as controls and a
similarly index was generated to ensure they were distinctive enough to be
spectrally unmixed (below 0.98) (Fig. 3.11E). The four AF populations were
overlaid on to the unstained cells they were extracted from to determine their
cell type. AF1 appeared to be derived from lymphocytes (Fig. 3.11F) whereas
AF2 signified neutrophils (Fig. 3.11G). The forward and side scatter profiles of
AF3 (Fig. 3.11H) and AF4 (Fig. 3.11l) suggesting they were of monocytes and

eosinophils morphology, respectively.
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Fig 3.11. Selection of median autofluorescence populations in
peripheral blood for autofluorescence removal

PCA plot of A) AF1 populations, B) AF2 populations, C) AF3
populations, D) AF4 populations. E) Similarity index of median AF
populations. Scatter plot of F) AF1 signature, G) AF2 signature, H)
AF3 signature and I) AF4 signature overlaid on unstained cells.
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The same strategy was applied to BAL samples to extract autofluorescent
signatures. Interestingly for BAL only three unique AF populations were
identified by inspecting the AF channel against a fluorophore channel after
unmixing the unstained sample (Fig. 3.12A). PCA plots were applied to
ascertain the median AF population for each cohort (Fig. 3.12B, C, D). To
unmix the batch of stained BAL samples, the similarity of BAF1 — BAF3
populations were verified to ensure the index was below 0.98 (Fig. 3.12E).
The three AF populations appeared to be representative of a lymphocytic and
granulocytic phenotype based on their scatter plot localization (Fig. 3.12F, G,

H).
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Fig 3.12. Identification and removal of autofluorescent populations
in BAL samples

A) Gating illustration of AF populations. PCA plot of B) AF1 populations,
C) AF2 populations and D) AF3 populations acquired from BAL
samples. E) Similarity index of BAL median AF populations. Scatter plot
of F) AF1 signature, G) AF2 signature, H) AF3 signature overlaid on
unstained cells.

To determine whether autofluorescence extraction altered protein expression
frequencies, the proportion of cell types pre and post AF removal were
enumerated. Analysis of blood samples indicated that CD15", CD3" and
Siglec-8" proportions were comparable (Fig. 3.13A, B, C). Similarly, in BAL,
there was no difference in the percentage of CD206*, CD3* and CD15" cells

following AF removal (Fig. 3.13D, E, F).
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Fig 3.13. Flow frequencies of cell types pre and post AF extraction

1 x108 cells were plated in each well and incubated with live-dead blue
for 20min, washed and stained with 30ul of the antibody cocktail for
30min. After staining, cells were fixed in 1% PFA for 10min and washed
again with PBS. Cells were stored in FACS buffer and acquired on the
Aurora. Frequency of A) CD15" cells, B) CD3" cells and C) Siglec-8* cells
as a percentage of CD45" cells in blood. Proportion of D) CD206* cells,
E) CD3* cells and F) CD15" cells as a percentage of CD45" cells in BAL.
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3.4.6 Comparison of spectral and conventional flow cytometry

Finally, as the Aurora spectral cytometer is a relatively new approach, |
validated the data with an existing well-established approach. To achieve this,
all samples were acquired simultaneously using 12-marker panel on a
conventional Fortessa flow cytometer. Given the limitations of the Fortessa
panel, only a finite number of markers could be correlated using a matched
gating strategy (Fig. 3.14, 3.15). Analysis of blood samples revealed that most
immune cell frequencies were similar in blood and BAL except for monocyte
subsets. Heatmap illustrations showed that CD14" classical monocytes were
significantly increased and CD16* nonclassical monocytes were significantly
decreased in the Fortessa file compared to the matched Aurora file (Fig.
3.16A). In BAL, the CD16" proportions were increased in the Aurora relative
to the Fortessa data (Fig. 3.16B). These differences could be due to a

fluorophore and clone differences between both panels.
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Fig 3.14. Aurora gating strategy

Representative flow cytometry gating strategy for BAL cell types defined
on the Fortessa panel and replicated on the Aurora. The diagram shown
is from a sample analysed on the Aurora cytometer.
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Representative flow cytometry gating strategy for BAL cell types defined
on the Fortessa panel. The diagram shown is from a sample analysed on
the Fortessa Ill cytometer.
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Fig 3.16. Comparison of cell frequencies in matched blood and BAL
samples acquired on the Aurora and Fortessa flow cytometers
Samples from paediatric donors in this study were processed. 1 x108 cells
were plated in each well and incubated with live-dead blue for 20min,
washed and stained with 30ul of the antibody cocktail for 30min. After
staining, cells were fixed in 1% PFA for 10min and washed again with
PBS. Cells were resuspended in FACS buffer for flow cytometry. Heatmap
of immune cell proportions in A) Blood B) BAL samples acquired on the
Aurora (A) and Fortessa (F). Statistical significance was measured by
Kruskal Wallis test + Dunn’s multiple comparison test. Significance value
presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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3.5 Discussion
The aim of this chapter was to establish a multi-parameter flow panel capable
of phenotyping key immune cell types within peripheral blood and BAL fluid.

To this end the 5-laser Aurora spectral cytometer was implemented.

The findings of this chapter showed that spectral cytometry can be used to
accurately identify 33 immunological surface markers simultaneously. As
paediatric samples are precious, preliminary experiments were conducted
using blood from healthy adult volunteers and ample supply of BAL fluid was
obtained from an adult patient with Idiopathic pulmonary fibrosis. Antibody
titrations showed that most of the lymphocyte surface antigens were
detectable at 1 in 100 dilutions. Certain lymphocyte associated markers that
required higher concentrations to obtain a distinct signal resolution were
CXCRS5, CD69, CD161 and CD127. This could be due to the lower affinity of
the antibodies used to identify these markers or the lower protein density of
these markers on the cells analysed*’. Certainly, many of the markers for
which higher concentrations of antibodies were required are activation
markers, which may have relatively low expression in the circulation of healthy
adult volunteers but may be elevated in clinical samples from individuals with
inflammatory or infectious disease. Likewise, myeloid-derived proteins
revealed that positive populations were mostly distinguishable at 1 in 100

dilutions except for CD141-PE which was assigned a 1 in 20 titrations.

Flow data analysis of BAL cells stained with serial dilutions of the macrophage
marker CD206, displayed that the signal resolution of CD206* cells decline
after 1 in 20. It is well documented that macrophages are the most abundant

population in healthy BAL fluid*® and are extremely autofluorescent with
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adhesive attributes*?. Therefore, a higher concentration of antibody may be

required to capture a clear positive signal.

Subdivided panels provide an alternative to FMOs for a 33-colour panel. As
an alternative to FMOs, the high-parameter panel is often subdivided into three
smaller panels. However, this approach does have limitations in terms of
certainty. The Aurora panel contains 34 fluorophores, some of which have high
emission wavelengths (PE-Dazzle 594) and similar signatures (APC and
A647). These factors create spreading error which is present after spectral
unmixing, making it difficult to determine where a positive population begins.
Some measures were applied to minimize the spreading error generated by
fluorophores. Co-expressed markers such as CD3 and CD4 were conjugated
to distinguishable fluorophores BUV805 and Spark Blue 550 respectively.
Highly similar fluorophores were placed on unrelated cell types to avoid gating
them together (CD123-APC and CRTH2-A647). Fluorophores that cause
extensive spreading error were assigned to markers that are rarely expressed

(TCRy® — PE Dazzle 594)%9:°051,

Furthermore, the removal of multiple markers simultaneously (panel 1, 2 or 3)
can obscure the potential spread of fluorophores®2. Using these FM-panel
controls masks the contribution of each fluorophore to the spreading error in a
scatter plot of two markers. Therefore, individual FMOs are more accurate in
positioning gating boundaries. Nevertheless, obtaining enough peripheral
immune cells to run FMOs for a 34-colour panel would require multiple donors,
split across sessions which would lead to technical variability and cannot be
performed regularly. This approach would also be impossible for paediatric
BAL cells. Although single stain controls are utilized for the spectral unmixing
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algorithm, they can also be used to visualise the positive signals, albeit beads

are not a perfect representation of human cells.

In addition, both blood and BAL samples are processed to prepare clean viable
cell suspensions for staining. As airway samples are mixed with mucus®3, more
stringent steps are taking to filter and wash BAL fluid reducing cell yield. The
repeated washing leads to cell loss®4, therefore it is suggested to plate at least
a million cells. However, cell recovery from paediatric samples can be
unpredictable, which highlights a major advantage of the Aurora. Given its
high-level of sensitivity and signal resolution, immunophenotyping samples

with low cell counts is achievable®2.

While the Aurora provides an advanced approach for single cell analysis, the
post-acquisition modifications are laborious, particularly dealing with AF
removal in continuous patient samples. A major complication to consider in
human samples is that AF varies with cell type and disease. Specifically in
BAL fluid, macrophages are highly autofluorescent causing a nonuniform
distribution of AF between cell types within a sample®®. Thus, an extensive
protocol was required to determine the AF contributed by each cell type in
blood and BAL. To achieve this, the AF in each donor’s unstained sample was
analysed using the unmixing workflow described in this chapter. Our findings
showed that three and four distinct AF populations were discovered in

unstained BAL and blood samples respectively.

Based on the forward and side scatter features of the AF populations, this
suggested that they represented lymphocytes, neutrophils, eosinophils and

macrophages. To accelerate the AF extraction workflow, a library of median
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AF populations was created for each tissue using a batch of donor samples.
Assessment of stained cell frequencies pre and post AF removal indicated that

protein fluorescence is unaffected.

While this batch unmixing protocol is practical for clinical studies, overtime
individual sample variance may lead to inaccuracies. For example, AF of
immune cell populations will vary based on inflammation status®® and may lead
to imperfect AF removal and unmixing of markers such as CD206 and CD16

which are expressed by highly autofluorescent macrophages.

Most cell type proportions in blood and BAL were comparable between the two
flow cytometry systems. However, comparison of CD14* and CD16" gated
populations acquired by conventional and spectral flow were dissimilar and
could be contributed to clone or fluorophore differences between the panels.
For example, CD14 on the aurora was produced by the clone 63D3 whereas
on the Fortessa, CD14 was generated by the clone M5E2. Different clones of
antibodies can bind to different epitopes on a single antigen, and therefore will
have dissimilar affinity and performance when comparing stained
populations®’. The abundance of epitopes may also be influenced by disease

type and ethnicity which is variable in patient cohorts.

As previously highlighted, a 34-colour panel will exhibit more spreading error
than a 12-colour panel. Furthermore, on the Fortessa instrument, each
detector is assigned to a single fluorophore and compensation is applied to
eliminate spillover*'. This does not apply in spectral cytometry as all detectors
are used to capture the whole spectrum of each fluorophore, thus there are

multiple fluorophores in the detector*'. In conventional flow cytometry, the
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simplicity of a 12-colour panel allows the selection of uncomplicated
fluorophores. Whereas a 34-colour panel must make use of all commercially
available fluorophores and therefore is exposed to more complexities. Thus, it
is possible that with the spectral cytometry approach, the gating for minute
CD14* and CD16" monocyte populations may not be precise due to overlaps

with the intermediate monocytes and the double negative population.

This experimental chapter provides some positive prospects for the future of
multi-parameter flow cytometry. We have established a functional multicolour
flow panel that can rapidly differentiate lymphocytes, granulocytes and
myeloid cells in a single sample, devised an effective staining technique and
developed an AF removal strategy for spectral cytometry. This approach
surpasses the limitations of mass cytometry such as low sensitivity of less
expressed markers, low flow rate of cells per second and an inability to recover
cells for subsequent assays®®. In clinical studies, samples are preserved for
further functional analyses which highlights the major advantage of spectral

cytometry in using a minute sample and sparing cells.

3.6 Conclusion

Taken together, the results presented here demonstrate a comprehensive
high-parameter flow panel which can stain key immune subsets in blood and
BAL samples and a functional AF extraction protocol which can be applied to

clinical samples for deep phenotyping.
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Chapter 4. Cellular phenotyping of
peripheral and airway immune cells in

childhood airways disease
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4.1 Introduction

In chapter 3, a comprehensive multi-parameter flow panel allowing
phenotyping multiple immune cell types within peripheral blood and BAL fluid
was established. The panel was developed to overcome the limitations of
paediatric samples and the scarcity of BAL cell yield. To delineate asthma
and wheeze phenotypes, key immune cells introduced in chapter 3 were
investigated in this study including T cells, NK and NKT cells, B cells,
eosinophils, neutrophils, macrophages, monocytes, DCs and ILCs. This
chapter presents the characterisation of these immune cells in the blood and

airways, their activation status and correlations with clinical demographics.

Blood and BAL samples were chosen for this study because they offer various
advantages for phenotyping disease pathogenesis. For example, peripheral
blood is easily accessible and offers a wide variety of immune cells in large
quantities. BAL samples provide discrete information on specialised immune
cells relevant to respiratory diseases. Immune cell responses to asthma
therapies are commonly investigated in both tissue types'®'2. As our
understanding of the early-life immune system is limited and asthma trajectory
prediction is challenging'®, multi-parameter flow cytometry may offer a novel
approach that allows more detailed immune phenotyping and improve patient

diagnosis.

4.2 Hypothesis
Children with severe preschool wheeze have a distinct airway and blood

immune cell profile compared to non-wheezing disease controls.
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4.3 Aims
1. To phenotype the cellular profile of lower airways and blood in
children with preschool wheeze, severe asthma and non-wheeze
controls
2. To relate the cellular phenotypes of the disease cohorts with their

clinical features

4.4 Results
4.4.1 Study design of patient recruitment and overview of immune

profile

Forty children aged between 1 to 16 years with STRA, PSW or other
respiratory infections were recruited from the Royal Brompton Hospital. Their
clinical demographics are summarised in Table 4.1. STRA diagnosis was
confirmed by doctors following a detailed clinical evaluation of underlying
modifiable features including optimal adherence to maintenance asthma
therapy®®. Wheeze in preschool children (1- 5 years) was confirmed using
clinical assessment and parental reports'®. Children (1- 16 years) undergoing
an elective clinically indicated bronchoscopy for recurrent lower respiratory
tract infections were selected to represent a non-wheeze control group.
Parents gave informed consent for additional blood and BAL samples to be
used for research. Samples were processed in the lab using established
methods (Chapter 2) and cell phenotypes were delineated using the Aurora
spectral cytometer. Cytospins were prepared to give a rapid overview of cell
distribution and morphology (Fig. 4.1A). Proportions of total leukocytes in

circulation and in BAL fluid between the disease groups were comparable,
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although STRA children showed an increasing trend in total peripheral cells
but a decrease in total airway leukocytes (Fig. 4.1B, C). The paediatric
disease patients’ white blood cell count compared to healthy children are

outlined in Table 4.2.
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Fig 4.1. Study design of patient recruitment and phenotyping method
A) Schematic of subject recruitment and sample processing methods.
Number of total leukocytes in B) Blood and C) BAL samples. Statistical
significance was measured by Kruskal Wallis test + Dunn’s multiple
comparison test.
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Characteristics STRA PSW LRTI
Subjects 12 17 11
Number of blood samples 12 17 11
Number of BAL samples 4 9 8
Volume of BAL recovered mL 1.9 57 14
median (range) (4.0-18.2) (2.0-10.7) (3.5-22.0)
Number of matched samples 4 9 8
Age (years) 1217 242 3.9
median (range) (5.7-16.8) (1.58-4.16) (1.3-16.3)
Sex 6M : 6F 10M: 7F 7™ : 4F
Atopic 8 5 0
ICS prescribed 12 16 2
Steroid dos;u;zjeerscci)?itdeeqU|valent fo 1000meg 400mog 250mog
- (400 - 2000) (100 - 400) (100-400)
median (range)
Serum IgE median IU/ml 1082.5 24 20
median (range) (15 - 4483) (15 - 480) (15 - 291)

Positive for bacterial pathogens

4 of 12 patients

7 of 17 patients

5 of 11 patients

Types of bacterial pathogens

S. aureus, C. diffluens,
P. alcaligenes

S. pneumoniae, M.
catarrhalis, S. aureus,
H. influenzae,

S. pneumoniae,
Aspergillus, S. aureus,
M. catarrhalis

Positive for viral pathogens

1 of 12 patients

12 of 17 patients

5 of 11 patients

Type of viral pathogens

Rhinovirus,
Enterovirus

Rhinovirus,
Enterovirus,
Parainfluenza 3,
Adenovirus,
Parechovirus,
Parainfluenza 3 & 4

Rhinovirus,
Enterovirus,
Parainfluenza 3,
Human

metapneumovirus

Table 4.1. Demographics of paediatric STRA, PSW and LRTI

patients
All

patients were recruited when undergoing clinically indicated

bronchoscopy. Number of BAL and blood samples collected are not
matched. Data shown as median with range. STRA = severe therapy
resistant asthma. PSW = preschool wheeze. LRTI = lower respiratory

tract infections.

78




Normal

Normal

Characteristics STRA PSW LRTI Normal Normal Females Males
Age (years)| 6-17 2-4 1-16 1-6 6-12 12-18 | 12-18
White
b";‘;incte" 32-20 | 1.8-154 |125-111| 5-17 |45-145|45-13.0 | 45-13.0
(x108/mL)

Table 4.2. Demographics of paediatric disease patients’ white blood
cell count compared to healthy children
The normal children’s reference ranges for white blood cell count were
obtained from North Bristol NHS Trust. Data shown as a range.
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4.4.2 Comprehensive gating strategy and distribution of immune cells

To characterise the relevant immune cell subsets in asthma and wheeze
pathogenesis, a hierarchical gating strategy was devised using the Aurora 34-
colour panel (Fig. 4.2A). The list of markers gated to define each cell type and
putative cell subsets are summarised in Table 4.3. The description of the
antigens recognised by each antibody are highlighted in Table 4.4. The
primary gating criteria used for each cell type consisted of; macrophages
(CD206"), neutrophils (CD15"), eosinophils (Siglec8*, CD15*-, CD16°), T cells
(CD3* TCRap*/ TCRyd* CD4* or CD8*), NKT cells (CD3* CD56"), NK cells
(CD56%) and B cells (CD20%). Monocytes were categorised as CD11b*, HLA-
DR, CD11c* cells and split by CD14* or CD16" or dual positive expression.
The remaining double negative population was examined for DC subsets
using CD1c*, CD123 and CD141 expression. ILC gating was adjusted to focus
on the lymphoid population and is presented later. The cell types that are

identified by the panel are presented in chapter 3 pages 29 — 32.
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Fig 4.2. Gating strategy for BAL immune cells using the Aurora panel
Schematic of flow cytometry scatter plots showing immune cell gating
strategy. All cells were selected using forward and side scatter. Doublets
were removed by gating for single cells using FSC-A versus FSC-H. Live
cells were selected as Live-Dead blue negative cells. Viable immune cells
were defined as CD45 positive.
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Cell type

Gated markers

CD4 Tecells | CD3*TCRab*CD4"
Naive CD4 CD3"TCRab*" CD4*CD45RA"
CDA4 Tregs CD3*TCRab* CD4* CD45RA-CD25*
CD4 TFH CD3*TCRab* CD4* CD45RA-CD25 - CXCR5* PD1*
CD4 TRM CD3*TCRab* CD4* CD45RA CD25 - CD69*CD103* or CD69*CD103"
CD8 Tecells | CD3*"TCRab*CD8"
Naive CD8 CD3*TCRab*® CD8* CD45RA*
CD8 Tregs CD3*TCRab* CD8* CD45RA CD25*
CD8 TF cells | CD3" TCRab* CD8" CD45RA CD25 - CXCR5* PD1*
CD8 TRM CD3*TCRab* CD8* CD45RA CD25 - CD69*CD103* or CD69*CD103"
NKT cells CD3*CD56*
NK cells CD3-CD15 CD20-CD56*
B cells CD3 CD15 CD56 CD20*

Naive B cells

CD20*IgDh* CD27-

Memory B CD20"IgD-CD27*
cells
Plasmacells | CD20-CD38* CD27*
Eosinophils CD3-CD15"°" CD56 CD20- Siglec-8*
Neutrophils CD3 CD15*
Macrophages | CD206" = CD14* CD11c* orCD11¢* CD14-
Classical CD3-CD15 CD56-CD20" Siglec-8 = CD11b* HLA-DR* CD11¢c* CD14*
Monocytes

Intermediate
Monocytes

CD3 CD15 CD56 CD20 Siglec-8 - CD11b* HLA-DR* CD11¢* CD14*
CD16*

Nonclassical

CD3 CD15 CD56 CD20 Siglec-8 - CD11b* HLA-DR* CD11¢* CD16*

Monocytes CD14-

T1 Dendritic | CD3-CD15-CD56-CD20- Siglec-8-- CD11b* HLA-DR* CD11c* CD14-
cells CD16- - CD1¢- CD123-CD141*

T2 Dendritic | CD3-CD15-CD56-CD20- Siglec-8-= CD11b* HLA-DR* CD11c¢* CD14-
cellS CD16- - CD123 CD1c*

Plasmacytoid
Dendritic cells

CD3 CD15 CD56 CD20 Siglec-8 - CD11b* HLA-DR* CD11¢* CD14-
CD16 - CD1c CD123*

ILCs

Lymphoid cells  CD3 CD15 CD20 CD56" Siglec-8 CD11¢ CD123 =
CRTH2" CD127*

82




Table 4.3. Aurora markers used to identify the cell types

The list of markers gated to define the cell types and putative cell
subsets. All cells were first gated as singlets, live and CD45*. Next
macrophages were separated using CD206" expression and the
remaining cells were characterised using their relevant antigens.
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Antigen

Description

CD69 Marker of T cell activation and tissue retention®

CD8 Glycoprotein expressed on cytotoxic T cells involved in antiviral
immunity®’

CD45RA  Glycoprotein expressed on naive/resting T cells®?, B cells®® and
monocytes®

CD11c Adhesion protein expressed on monocytes, macrophages,
granulocytes, DCs, NK cells and subsets of T and B cells®>®

CD56 Cell adhesion molecule present on NK cells and T cells with
cytotoxic capacity®’

CD3 Antigen recognition and signal transduction receptor expressed on
T cells®®

IgD Immunoglobulin expressed on naive B cells and participates in cell
maturation®

CD16 Cell surface molecule essential for cellular cytotoxicity by NK cells,
and is expressed on macrophages and monocytes®

CD25 IL-2 receptor associated with cell proliferation and survival of
regulatory T cells”’

CD20 B cell differentiation antigen expressed throughout B cell
development’

CD127 IL-7 transmembrane receptor expressed on effector T cells, NKT
cells and ILCs™

HLA-DR Antigen presenting molecule expressed on B cells, activated T
cells, monocytes, macrophages and dendritic cells’™

CD28 Co-stimulatory molecule involved in the activation of T cells during

antigen presentation’®
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CD38 Activation marker involved in cell adhesion, migration and signal
transduction. Highly expressed on plasma cells and activated T

and B cells and NK cells”®

CD15 Adhesion molecule found on neutrophils and mediates

phagocytosis and chemotaxis’”

PD1 Cell surface marker of exhaustion and apoptosis mostly expressed

on activated T cells, B cells, and myeloid cells’®

CD206 Pattern recognition receptor expressed on macrophages and DCs

and mediates endocytosis and phagocytosis’®

CXCR5 B cell and T follicular helper cells receptor for chemokines and

regulates migration into the follicles®

Siglec-8 Surface protein expressed exclusively on eosinophils, mast cells
and basophils. Receptor engagement results in eosinophil

apoptosis, or inhibition of mast cell degranulation®'

CD4 Receptor expressed on T cells that recognises antigens and
participates in thymic differentiation, cell-cell interactions and

signal transduction®

CD161 Stimulatory receptor expressed on NK cells, NKT and T cells®

CD27 Lymphocyte-specific co-stimulatory molecule that regulates

activation and survival®

CD45 Common leukocyte antigen involved in in the regulation of cell

differentiation®®

CD86 Co-stimulatory molecule constrictively expressed on B cells,

macrophages and dendritic cells®®®’

CD141 CD141 is a cofactor in the protein C anticoagulant system and is

found on DC1s which induce Th1 immune response®

TCRyd T cell receptor that recognises unprocessed antigens®®
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TCRap

T cell receptor that recognises antigens bound to MHC

molecules®®

CD11b Integrin expressed on granulocytes, monocytes, macrophages and
DCs that assists in cell migration and adhesion®

CD123 IL-3 receptor used for the identification of plasmacytoid DCs and
basophils®

CRTH2 Inhibits apoptosis of Th2 cells and mediates the chemotaxis of
CRTH2 expressing cells to the sites of allergic inflammation®’

CD14 Pattern recognition receptor for gram-negative pathogens and
highly expressed on monocytes and macrophages®

CD1c Surface protein that presents antigens to T cells and used to
define DC2 subset which mediate Th2 responses®

CD103 Integrin expressed on a subset of T cells and DCs which interacts

with E-cadherin to mediate cell adhesion, migration, and

lymphocyte homing®?

Table 4.4. Antigens recognised by each antibody on the Aurora

panel

A description of the role of each antigen and the cell types defined by
their cognate antibody
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4.4.3 Phenotyping of peripheral and airways lymphocytes

Next the cellular phenotype of each immune cell and differential frequencies
between the disease groups was evaluated. With the array of surface markers
available, the differentiation and activation status were analysed using FlowJo.
It is accepted that CD4* T cells contribute to the pathology of asthma via the
secretion of T2 cytokines IL-5 and IL-13%* and that cytotoxic CD8* T cells
drive immunity against viruses® which are common infections in preschool
wheezers'®. T cells were identified using CD3*and TCRaf* co-expression and
split between CD4* and CD8* populations. Examination of blood CD4* T cells
showed no difference between the subject groups (Fig. 4.3A), while a subset
defined as naive CD45RA* CD4* T cells were elevated in LRTI and PSWs
compared to STRA children (Fig. 4.3B). This decrease is associated with
aging as studies show that thymic production of T cells peaks in the first year

of life and naive CD4 T cell export declines over time to a steady state®.

There was increased CD25* CD127- CD4* T cells in the periphery of STRA
and LRTI children as opposed to PSW (Fig. 4.3C). This population likely
represents Tregs, which are generally immunosuppressive®”. There was no
distinction in blood CD4* T cell populations expressing T follicular helper (TFH)
cell markers CXCR5* and PD-1* however there were some children with
pronounced populations that appeared as outliers (Fig. 4.3D). As anticipated,
all three disease cohorts had minimal frequency of circulating CD4* T cells
expressing CD69 surface antigen (Fig. 4.3E). Further assessment of the
geometric mean fluorescence intensity (gMFI) of activation markers expressed
on the CD25* CD127- CD4* subset revealed that only CD38 expression was
augmented in PSW and LRTI children compared to STRA patients (Fig. 4.3F).
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This suggested that STRA individuals may have heightened CD4" immune
activity. In contrast, total airway CD4* T cell populations were comparable

between the study groups (Fig. 4.4A).

Spectral cytometry analysis of the paediatric airways conveyed a minor
composition of naive CD45RA* (Fig. 4.4B) and CD25" CD127- CD4*
populations (Fig. 4.4C) but an abundance of BAL T cells that displayed
markers associated with TRMs (CD69* and CD103*) (Fig. 4.D, E). In summary
these findings indicate that children with STRA and PSW have distinct

peripheral CD4 T cell phenotypes but comparable airway immune profiles.
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Fig 4.3. Naive CD4" T cells are reduced in STRA blood compared to
PSW and non-asthmatic children

Proportion of blood A) CD4" cells as a percentage of CD3* T cells. B)
CD45RA" cells, C) CD25* cells, D) CXCR5*PD1* cells and E) CD69* cells
as a percentage of CD4* T cells. F) Heatmap of activation markers gMFls
expressed by CD4+ CD25+ CD127- cells. Statistical significance was
measured by Kruskal Wallis test + Dunn’s multiple comparison test.
Significance value presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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Fig 4.4. Airway CD4" T cell subsets are comparable between PSW
and STRA children

Proportion of BAL A) CD4" cells as a percentage of CD3* T cells. B)
CD45RA" cells, C) CD25* cells, D) CXCR5* PD1* cells and E) CD69*
CD103" and F) CD69* C103 cells as a percentage of CD4* T cells.
Statistical significance was measured by Kruskal Wallis test + Dunn’s
multiple comparison test. Significance value presented * < 0.05, **<0.01,
***<0.001. ****< 0.0001.
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Assessment of peripheral CD8" T cells revealed that total CD8 cells were
increased in STRA patients relative to children with LRTIs (Fig. 4.5A). While
there was no difference in circulating naive CD45RA* (Fig. 4.5B), CD25*
CD127- (Fig. 4.5C) and CD69* CD8* T cell subsets (Fig. 4.5E), the CXCR5*
PD-1* subset was augmented in STRA children (Fig. 4.5D) which may have

contributed to the expansion of their total CD8* T cell frequency.

Although the PSW and LRTI patients had a greater detection of respiratory
viruses in BAL (Table 4.1), total and naive CD45RA" airway CD8 T cells were
similar between the groups (Fig. 4.6A, B). Interestingly the airways of non-
wheeze patients with LRTI were enriched with a CD8 subset with a regulatory
phenotype®® expressing CD25 and low or negative CD127, relative to PSW
and STRA children (Fig. 4.6C). While there was no significant expression of T
cell activation markers CD27, CD127, HLA-DR, PD-1 within this subset, there
was an increasing trend in CD38 gMFI observed in LRTI and PSW patients
(Fig. 4.6F). Likewise, there was no substantial variance in CD69" subsets of
BAL CD8" T cells (Fig. 4.6D, E). The proportion and ratio of CD4 an CD8 T

cells in the periphery and airways are enumerated in Table 4.5 and Table 4.6.

Collectively, these results suggest that children with PSW and STRA have
similar proportions of peripheral and airway CD8" T cells but have reduced
CD8" regulatory profile in their airways relative to children with recurrent lung
infections. Additionally, phenotyping of blood and BAL T cell types, showed
that the blood is augmented with naive CD4* and CD8" T cells, whereas the
airways are enriched with cells that are CD69 and CD103 positive,

representative of a TRM profile.
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Fig 4.5. Circulating CD8"* T cell subsets are comparable between
PSW and STRA children

Proportion of blood A) CD8* cells as a percentage of CD3" T cells. B)
CD45RA" cells, C) CD25* cells, D) CXCR5*PD1* cells and E) CD69* cells
as a percentage of CD8" T cells. Statistical significance was measured by
Kruskal Wallis test + Dunn’s multiple comparison test. Significance value
presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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Fig 4.6. Airway CD8* CD25" CD127- cells were significantly

reduced in PSW and STRA compared to LRTI patients

Proportion of BAL A) CD8" cells as a percentage of CD3* T cells. B)
CD45RA" cells, C) CD25" cells, D) CXCR5* PD1* cells and E) CD69*
CD103"and F) CD69* C103" cells as a percentage of CD8" T cells. F)
gMFI of activation and inhibition markers on CD8* CD25" CD127" cells.
Statistical significance was measured by Kruskal Wallis test + Dunn’s
multiple comparison test. Significance value presented * < 0.05,

**<0.01, ***< 0.001. ****< 0.0001.
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Blood % CD3 LRTI PSW STRA
CD4 59 57.7 53.35
median (range) (53.4-68.8 (46.2 — 68) (23.6 — 65.8)
cDs 29.1 30.5 36.65
median (range) (20.6 — 36.2) (20.4 — 45.3) (24.1-60.7)
CD4/CD8 2.03 1.89 1.46

Table 4.5 Blood T cell frequencies from paediatric cohorts
Proportion of circulating CD4 and CD8 T cells as a percentage of CD3"
cells obtained by flow cytometry. Data presented as median with range.

BAL % CD3 LRTI PSW STRA
cD4 32.05 36.7 43.95
median (range) (12.3 - 65.2) (22.2 - 68.6) (21.1 - 59)
cDS8 55.35 51.9 42.05
median (range) (20.9 — 57.6) (13.8 — 65.2) (28.1-65.1)
CD8/CD4 1.73 1.41 0.96

Table 4.6. BAL T cell frequencies from paediatric cohorts
Proportion of airway CD4 and CD8 T cells as a percentage of CD3*
cells obtained by flow cytometry. Data presented as median with range.
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4.4.4 Composition of innate lymphocytes in circulation and BAL fluid

NK and NKT cells are innate lymphocytes which share the expression marker
CD56%. NKT cells can express the full range of lymphocyte-associated
cytokines and are implicated in the induction of airway hyperresponsiveness
(AHR) in allergic asthma®. In contrast, NK cells are naturally cytotoxic and are
capable of secreting cytokines'®. Both cell types have been linked to asthma
pathogenesis, and therefore their distribution in wheeze and early-onset
asthma was investigated. Using CD3 and CDS56 surface protein expression,
NKT cells were found to be significantly increased in the blood of STRA
children compared to children with PSW and non-asthmatics (Fig. 4.7A). To
further explore the difference in peripheral NKT cell phenotypes, the
percentage of CD4 and CD8 expression on CD3* CD56* cells were examined.
The results conveyed that while the peripheral distribution of NKT cells were
predominantly CD8", children with PSW had elevated CD4* CD3* CD56* NKT
cells compared to STRA individuals in circulation (Fig. 4.7B, C). In contrast,
there was no variance in the corresponding CD3* CD56" population in BAL
fluid (Fig. 4.7D). Quantification of NK cells using CD56 expression revealed
comparable frequencies between disease groups in blood and BAL (Fig. 4.7E,

F).
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Fig 4.7. Peripheral NKT cells are increased in STRA children
relative to PSW and LRTI

Proportion of blood A) CD3* CD56" cells as a percentage of CD3* T
cells. B) CD4" and C) CD8" cells as a percentage of CD3* CD56" NKT
cells. D) BAL CD3" CD56" cells as a percentage of CD3" T cells.
Frequency of E) blood CD56" cells and F) BAL CD56* cells as a
percentage of CD45" immune cells. Statistical significance was
measured by Kruskal Wallis test + Dunn’s multiple comparison test.
Significance value presented * < 0.05, **<0.01, ***< 0.001. ****<
0.0001.
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4.4.5 Distribution of B cells and association with IgE

More than two-thirds of asthmatics have an allergic phenotype which is
associated with the presence of allergen specific-IgE'®'. B cells express
immunoglobulins as a surface protein which are released when they
differentiate into antibody-secreting plasma cells'®2. During an allergic
reaction, secreted IgE binds to surface receptors on DCs and granulocytes to
capture the allergens resulting in cell degranulation and release of pro-
inflammatory mediators such T2 cytokines, which propagate the features of
allergic airways disease'?'1%2, Thus, characterising the distribution of B cell
subsets and plasma cells is crucial to better understanding the immunology of

allergic respiratory disease.

Total circulating CD20* B cells were comparable between the groups (Fig.
4.8A), however, IgD* CD27- populations were increased in children with PSW
and LRTI relative to STRA (Fig. 4.8B). Typically, B cell populations vary with
age with the majority of circulating B cells in children being CD27 negative'%3.
Hence, this phenotype could be attributed to the difference in median age
between the cohorts, as children with PSW and LRTI were younger than those

with STRA (Table 4.1).

Conversely, STRA children demonstrated a notable rise in circulating CD27*
IgD-B cells (Fig. 4.8C). The IgD* CD27- phenotype was associated with naive
B cells whereas, the alternative CD27" IgD- expression is used to define
antigen-experienced memory B cells'®. In the BAL, CD20* and IgD* CD27- B
cell frequencies were similar between the subject groups (Fig. 4.8D, E).

Although CD27* IgD" B cells were increased in the airways of STRA children
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relative to LRTI, this is largely due to one outlier in a group of 4 patients and

therefore not an accurate representation (Fig. 4.8F).

During B cell differentiation, plasma cells are reported to downregulate CD20
protein expression'%®, thus to quantify the proportion of plasma cells in the
blood, CD20-CD38" CD27* expressing cells were examined and correlated to
serum IgE levels. Overall, there was no difference in proportions of circulating
CD20- CD38* CD27* cells between the cohorts (Fig. 4.8G). There was no
association between serum IgE levels and this subset in STRA and PSW
children (Fig. 4.8H, I). Together, these findings illustrate that STRA subjects
had fewer circulating IgD* CD27- CD20* B cells but increased CD27" IgD-
CD20* cells which are associated with an effector phenotype, suggestive of an

enhanced pro-inflammatory profile.
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Fig 4.8. Circulating IgD* B cells are decreased in STRA patients

Proportion of peripheral A) CD20* cells as a percentage of CD45*immune
cells, B) IgD* CD27-cells and C) CD27* IgD- cells as a frequency of CD20*
cells. Proportion of BAL D) CD20* cells as a percentage of CD45" immune
cells. E) IgD* CD27-cells and F) CD27* IgD cells as a frequency of CD20*
cells. G) Frequency of CD20- CD38* CD27* cells as a percentage of
CD45* immune cells. Correlations between peripheral CD20- CD38*
CD27* cells and total serum IgE in G) PSWs and H) STRAs. Statistical
significance was measured by Kruskal Wallis test + Dunn’s multiple
comparison test. Correlations were conducted using Spearman test.
Significance value presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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4.4.6 Quantification of eosinophils and correlation with clinical

phenotypes

Since eosinophilia is a characteristic feature of allergic asthma and is
associated with elevated IgE levels'', the composition of circulating and
airway eosinophils and their connection with serum IgE was investigated.
Siglec-8* eosinophils were increased in the blood of paediatric STRA
compared LRTI controls by flow analysis and differential cytospin counts (Fig.
4.9A, B). In contrast, the proportions of BAL- Siglec-8" eosinophils were not
substantially different between the subject groups. Although flow analysis
indicated a pattern towards increasing eosinophils in PSW and STRA BAL

samples (Fig. 4.9C, D).

Correlation studies of Siglec-8" cell frequency and total IgE levels revealed a
significant positive relationship between circulating eosinophils and serum IgE
in PSW patients but not in LRTI or STRA (Fig. 4.10A, B, C). Although there
is a statistically significant association, the correlation graph does not appear

to be meaningful, so this data needs to be interpreted with caution.
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Fig 4.9. STRA children have increased frequency of blood
eosinophils compared to LRTI

A) Proportion of circulating Siglec-8* cells as a percentage of CD45*
immune cells, B) Differential cytospin count of blood eosinophils. C)
Proportion of BAL Siglec-8* cells as a percentage of CD45* immune cells.
D) Differential cytospin count of airway eosinophils. Statistical significance
was measured by an unpaired, non-parametric Mann-Whitney test.
Significance value presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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Fig 4.10. PSW patients exhibited a positive correlation between
circulating eosinophils and serum IgE quantity

Correlation between circulating eosinophils and serum IgE levels in A)
PSW, B) STRA and C) LRTI children. Statistical significance was
measured by Kruskal Wallis test + Dunn’s multiple comparison test.
Correlations were conducted using Spearman test. Significance value
presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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Atopy is considered a susceptibility factor for the development of asthma and
is defined by an exaggerated secretion of IgE due to environmental
allergens'. Consequently, the relationship between peripheral eosinophils,
IgE levels and atopy were assessed in early-life wheeze and school-aged
asthma. The serum IgE measurements and Siglec-8* cell frequencies of PSW
and STRA patients were separated by clinical atopic status defined from
reported allergies to outdoor and indoor allergens such as nuts, eggs, and
house dust mite. The results demonstrated there was no significant distinction
between atopic disposition and total IgE or eosinophils in the blood. Of note
however, atopic individuals suggested an increasing frequency in Siglec-8*

cells in PSWs and serum IgE level in STRA children (Fig. 4.11A, B, C, D).
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Fig 4.11. There is no difference in peripheral eosinophils or serum
IgE levels in PSW or STRA subjects grouped by atopic disposition
PSW profile of A) Serum IgE levels and D) peripheral Siglec-8* cells
grouped by atopic status. STRA profile of E) Serum IgE levels and F)
circulating Siglec-8* cells grouped by atopic status. Statistical significance
was measured by Kruskal Wallis test + Dunn’s multiple comparison test.
Correlations were conducted using Spearman test. Significance value
presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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4.4.7 Frequency of neutrophils and association with infections

Based on the limited understanding of neutrophilic asthma, neutrophilia in
children is not considered to be associated with disease severity but linked
with airway microbiology and infection clearance'®2%. Thus, the proportion of
neutrophils in the lungs and periphery were determined by spectral cytometry
and differential cytospin counts and correlated with the presence of airway
infections. By flow analysis, CD15* blood neutrophils were not significantly
different, but LRTI children had an increasing trend compared to PSW and
STRA cohorts (Fig. 4.12A). This was verified by differential cell counts which
showed that both PSW and STRA children have reduced circulating
neutrophils relative to LRTI (Fig. 4.12B). There was no difference in BAL
neutrophils between the study groups by flow or cytospin analysis (Fig. 4.12C,

D).

Correlations between the number of bacterial and viral infections and the
frequency of neutrophils in each disease group across both tissues did not
uncover any notable associations. However, when tested as a combined
cohort, there was a significant correlation between BAL CD15* cells and
number of viral infections and total number of viral and bacterial infections
(Fig. 4.12E, F, G). This may have been influenced by three PSW patients with
elevated neutrophils and 2 to 4 viral infections (blue dots) and two LRTI
children with 20% BAL neutrophils and 1-2 viral infections (red dots). When
examined separately, PSWSs with viral infections had a nonsignificant positive
correlation with proportion of airway CD15* cells (virus r = 0.5006) (virus +

bacteria r =0.6342).
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Fig 4.12. Peripheral neutrophils are lower in PSW and STRA children
relative to LRTI

A) Proportion of circulating CD15" cells as a percentage of CD45*
immune cells, B) Differential cytospin count of blood neutrophils. C)
Proportion of BAL CD15" cells as a percentage of CD45" immune cells.
D) Differential cytospin count of airway neutrophils. Correlation between
BAL CD15" cells and number of airway E) viral, F) bacterial culture or G)
viral and bacterial infections in disease cohorts. Statistical significance
was measured by Kruskal Wallis test + Dunn’s multiple comparison test.
Correlations were conducted using Spearman test. Significance value
presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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4.4.8 Macrophage phenotypes and expression of co-stimulatory

molecules

Airway macrophages are the predominant cell type in the lungs during
homeostasis and provide host defence during lung injury and infection. It has
been reported that inflammatory classical monocytes (CM) migrate from the
blood into the lungs following tissue damage and thereupon differentiate into
macrophage subsets'®. The other major monocytes in the circulation
comprise CD14* CD16" intermediate monocytes (IMs) which assist in antigen
presentation and CD16* CD14  nonclassical monocytes (NCMs) which
facilitate phagocytosis and anti-viral responses'®. Numerous studies
researching macrophage differentiation in the gastrointestinal tract have
elucidated that peripheral CD14* CMs transition through IMs and CD14" state
into macrophages, a process defined as the monocyte waterfall'°6:108.109 |n
allergic asthma, the dominant Type 2 cytokines promote a macrophage
phenotype  which  exhibit anti-inflammatory and tissue repair
mechanisms'%1"" Thus, it is important to define macrophage and monocyte
phenotypes and determine their association with infection. Analysis of
CD206" macrophages in the BAL showed similar proportions between the
different disease groups (Fig. 4.13A). Gating the airway macrophages by
CD11c and CD14*/- expression displayed an equal distribution between the
subsets across the study cohorts (Fig. 4.13B, C, D). PSW patients had a trend
towards increasing CD11c* CD14" population which is indicative of large
macrophages with less inflammatory capacity’'!. To examine the inflammatory
phenotype of the two CD206* macrophage populations, CD11c* CD14*-

subsets were gated by scatter plot and the gMFIs of their activation markers
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were quantified (Fig. 4.13 E, F). Overall, the combined data showed no
significant difference in the costimulatory signal expressed by the airway

macrophage subsets of STRA, PSW and control patients.
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Fig 4.13. Airway macrophage frequencies are similar between
children with PSW and STRA
Proportion of BAL A) CD206" cells as a percentage of CD45* immune
cells. B) Scatter plot of CD11c and CD14 expression on CD206"
macrophages, C) CD11c* CD14" cells and D) CD11c* CD14 cells as a
percentage of CD206* cells. Heatmap of activation markers gMFI
expressed by E) CD11c* CD14* and F) CD11c* CD14* CD206"
macrophage subset. Statistical significance was measured by Kruskal

Wallis test + Dunn’s multiple comparison test. Significance value
presented * < 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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4.4.9 Monocyte subsets and association with bacterial and viral

infections

Looking at monocyte composition in the periphery, illustrated significant
variation in CD14* CMs but no changes in IMs and NCMs between the patient
groups. CMs were augmented in the blood of LRTI children compared to
children with PSW, suggestive of their recurrent infections (Fig. 4.14A, B, C).
There were no differences in lung monocyte subsets (Fig. 4.14D, E, F). The
number of bacterial and viral infections in each disease group were tallied and
correlated to the frequency of airway and peripheral CD14* monocytes. There
was a notable positive association between blood CD14* CD16" cells and the
number of bacterial infections in children with PSW (Fig. 4.14G). This implied
that as the number of airway infections increased, the proportion of
inflammatory classical monocytes increased also to enhance the immune

reaction.
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Fig 4.14. Classical monocytes are reduced in PSW blood compared
to controls

Proportion of peripheral A) CD14* CD16 cells B) CD16* CD14" cells and
C) CD14* CD16* cells as a percentage of CD45" immune cells.
Frequency of airway D) CD14* CD16" cells E) CD16* CD14" cells and F)
CD14* CD16* cells as a percentage of CD45* immune cells. G)
Correlation between CD14* CD16" cells and number of airway bacterial
infections in PSWs. Statistical significance was measured by Kruskal
Wallis test + Dunn’s multiple comparison test. Correlations were
conducted using Spearman test. Significance value presented * < 0.05,
**<0.01, ***< 0.001. ****< 0.0001.
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4.4.10 Distribution of DC subsets and expression of co-stimulatory

signals

It is acknowledged that DCs contribute to the induction of T2-dircted allergic
asthma by migrating to the mesenchymal lymph nodes (MLN) to present
antigens and therefore potentiate variable immune responses?®. Studies have
reported that the frequency of conventional DC1s and DC2s are altered in the
peripheral blood and BAL of asthmatic patients and their expression of co-
stimulatory molecules change in different tissue''2''3, Thus, DCs were
assessed using the Aurora panel markers CD1c, CD141 and CD123.
Expression of CD86 and PD-1 were inspected using gMFI to determine

inhibitory and stimulatory phenotypes of the DC subsets.

The proportion of DC subsets in STRA and PSW subjects’ blood and BAL were
assessed. The data showed a skew towards DC1 dominance in the blood and
an abundance of DC2s in the BAL (Fig. 4.15A, B). Further investigation of
stimulatory and inhibitory molecules on airway CD141* DC1s revealed that
there was no differential expression of CD86 and PD-1 gMFI (Fig. 4.15C, D).
While CD1c* DC2s showed no difference in CD86 expression (Fig. 4.15E),
STRA children had a substantial decrease in PD-1 gMFI (Fig. 4.15F). There
was no distinction in the gMFI of CD86 and PD-1 on peripheral DC subsets
between the cohorts. In summary this data suggests that the airway DC
composition is biased towards a DC2 phenotype and the CD1c* population in
severe asthmatics exhibit less PD-1 molecule to promote further T2 T cell

differentiation.
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Fig 4.15. Airway CD1c* dendritic cells displayed decreased PD-1
expression in STRA children

Proportion of CD45" DC subsets in A) Blood and B). gMFI of C) CD86
and D) PD-1 markers expressed by BAL CD1417 cells. gMFI of E) CD86
and F) PD-1 markers expressed by BAL CD1c* cells. Statistical
significance was measured by Kruskal Wallis test + Dunn’s multiple
comparison test. Significance value presented * < 0.05, **<0.01, ***<
0.001. ****< 0.0001.
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4.4.11 Characterisation of rare lineage negative cells expressing CRTH2

and CD127

ILCs in cooperation with Th2 cells are a major source of T2 cytokine production
in allergic asthma''4. While ILC research has accelerated in recent years, the
quantification of these rare cells is challenging, particularly in children. To
overcome the limited cell recovery and restricted airway access, the aurora
panel was implemented to enumerate key immune cells and exclusive lineage
negative CRTH2* CD127* cells. To ensure accurate characterization, the
lymphoid population was selected, and a list of lineage markers were
sequentially removed by flow analysis (Fig. 4.16). To compare to existing
literature, lineage negative cells were analysed as a proportion of CD45*
lymphoid cells (Fig. 4.17A, B) and the subsequent Lin- CRTH2* CD127" cells
were gated as a percentage of CD45" cells. Overall, the proportion of Lin
CRTH2* CD127* ILCs were comparable between asthmatic and non-
asthmatic children in the periphery (Fig. 4.17C). Likewise, there was no
distinctive expression observed in the airway between the disease groups

(Fig. 4.17D).
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Fig 4.16. Gating strategy for Lineage negative ILCs using the Aurora
panel Schematic of flow cytometry scatter plots showing ILC gating
strategy. Singlets, live and CD45" cells were pre-set using the extended
gating strategy above in Fig 4.2.
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Fig 4.17. Circulating and airway CRTH2* CD127* ILC subsets are
comparable between disease groups

Proportion of A) blood and B) BAL lymphoid cells that are negative for
CD15, CD3, CD56, CD20 and Siglec-8 markers. Frequency of C) blood
and D) BAL Lin- CRTH2" CD127* cells as a percentage of CD45"
immune cells. Statistical significance was measured by Kruskal Wallis
test + Dunn’s multiple comparison test. Significance value presented *
< 0.05, **<0.01, ***< 0.001. ****< 0.0001.
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4.5 Discussion

The aim of this chapter was to characterise the cellular phenotype of peripheral
and airway immune cells in preschool aged children with wheeze and school-
aged children with severe asthma and uncover distinctive immuno-
phenotypes. Therefore, blood and BAL samples were collected and analysed
using a spectral cytometer integrated with a 34-colour panel. In chapter 3, the
optimization of the flow panel and post-acquisition modifications were
addressed. This chapter builds upon an established protocol to accurately
phenotype the differential and activation status of lymphocyte, monocyte and

granulocyte subsets within disease cohorts.

The use of nonatopic children with LRTIs exhibiting lower airway inflammation
as a substitute for healthy control subjects is an important limitation
acknowledged in this study. For ethical reasons, bronchoscopy can only be
performed in patients undergoing elective procedures. This approach has

been adopted by many previous paediatric studies®¢3’.

To this end, each immune cell type was gated using the relevant surface
markers and analysed as a proportion of a specific population of interest. It is
worth noting however that a major limitation of this study is the low number of
STRA BAL samples collected. Although these patients only progress to
invasive procedures if they maintain poor asthma control despite maximal
therapy?®, they can only undergo bronchoscopy during stable disease''S. Due
to this low number, some of the observed results such as the increased CD27*
B cells in STRA airways is inconclusive due to one patient with an elevated

frequency in a group of four.
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Likewise, the proportion of the airway eosinophils (median 1.45%) and
CRTH2* CD127* ILCs (0.071%) in this STRA cohort were inconsistent with
published reports. Saglani and Lloyd lab have previously determined that
STRA children exhibit increased airway eosinophilia (median 2.7%) compared
to controls®. However, their study was based on 50 BAL samples obtained
from a diverse demographic of 53 subjects of which 33 were young boys®.
Furthermore, there is a gender bias in asthma susceptibility in early life,
whereby young boys are more likely to develop asthma than girls, and there
is a switch after puberty towards a female prevalence''®. Taking this into
consideration, this study is restricted to 6 boys and 6 girls with STRA, which is
not an accurate representation of childhood asthma demographics and may

limit the analysis and contribute to the discrepancy in ILCs.

Eosinophilic inflammation is considered a pathological hallmark of asthma in
adults and children''”. Thus, it is essential to quantify eosinophils in PSW for
early detection of asthma progression. Existing literature has described that
PSWs blood and BAL fluid eosinophil counts range between a median of 3.4
— 5.0% and 0.6 — 0.9% respectively. These medians vary with the type of
trigger underlying the wheezing such as episodic viral or multiple trigger —
induced wheezing'®. As anticipated, PSWs did not present a notable rise in
airway and circulating eosinophils, although they exhibited a positive
association between blood eosinophils and serum IgE levels. This profile
suggested that IgE production is associated with the recruitment of eosinophils

or vice versa in PSW patients.

Indeed, Siglec-8* eosinophils were raised in the peripheral blood of STRA
children relative to LRTI, indicating disease exacerbations'®'. There was no
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relationship between atopic status and serum IgE or Siglec-8* eosinophils in
the periphery. Published data have reported median blood eosinophils of 7.5%
in children with STRA33. This proportion is relatively close to this study’s
median peripheral eosinophils of 8.83% in children with STRA. Moreover,
previous studies indicate that the frequency of circulating eosinophils are
associated with allergen sensitization' 18, As the STRA cohort in this study
had more individuals with atopy, it was speculated that this may influence
peripheral eosinophil frequency. However, there was a nonsignificant increase
in atopic STRA patients’ blood eosinophils (median 8.44%) compared to atopic
PSWs (median 6.53%). This is likely because STRA children are sensitised to
more allergens and are more severely sensitised, as their sensitisation status
increases with age and allergen exposure. These outcomes highlight the
heterogenous nature of paediatric asthma and underlines the need for
extensive phenotyping and specialised technology to determine an effective

personalised therapy.

The STRA children in this study did not exhibit considerable airway
inflammation as total airway leukocytes showed a decreasing trend. A
plausible explanation for this observation could be that the high doses of ICS
they receive (1000mcg median) suppressed airway inflammation by inhibiting
the vascular migration of leukocytes''®. Alternatively, studies have shown that
the systemic bioavailability of ICS are lower in subjects with asthma compared
to healthy controls. As these drugs function locally in the lung, a reduced
amount reaches the lung periphery'?°. However, a limited number of STRA

BAL samples restricts the capacity to envision this.
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ILC frequencies in this study were not consistent with published literature.
Saglani and Lloyd lab have demonstrated that Lin- CRTH2* CD127* ILCs are
increased in BAL compared to blood in STRA children with median
frequencies of 0.2% and 0.05% respectively and compared to BAL LRTI
controls3®. In contrast, this study showed that Lin- CRTH2* CD127* ILCs were
more prevalent in circulation (median 0.545%) than in the airways (median
0.07%) of children with STRA. A potential explanation for this outcome could
be that most human ILC studies are conducted using peripheral blood
mononuclear cells (PBMCs) isolation which eliminate granulocytes. Given that
the aim of this study was to phenotype most major immune cells, whole blood
was utilized which may alter the proportion of ILCs obtained. The influence of
including all cell types in ILC analysis is not well known and could be further
investigated by comparing the number obtained by the different processing
methods. Alternatively, this flow panel lacks transcription factors to accurately
characterise ILC subsets which may hinder the results. This element is

covered in the final discussion chapter 6.

Compared to adult studies, healthy controls with a mean age of 48 have
demonstrated 0.02% ILC2s in PBMCs'?', whereas healthy controls with a
mean age of 27 exhibited a mean of 1% ILC2s in PBMCs with some subjects
having more pronounced composition 2 — 4%'22. This implied that ILCs may
vary with age, as they are more abundant in young adults but decrease in older

adults.

Although there was no difference observed in Lin- CRTH2" CD127* ILCs
between the disease cohorts in both blood and BAL, a subset of children with
PSW had a rising trend in blood and BAL Lin CRTH2* CD127" cells suggesting
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the involvement of ILC2s in early-life wheezing that could potentially progress
to asthma. ILC2s have been reported to be detectable in the peripheral blood
of PSWs, with a mean frequency of 0.056% of PBMCs and decline after

recovery from exacerbations'?3.

The finding that circulating CD45RA* CD4"* T cells were increased in PSW and
LRTI children relative to STRA suggested that naive T cells decrease with age.
In children, T cell homeostasis is influenced by growth and increasing blood
volume. Furthermore after the first year of life, thymus production reaches a
maximum and declines and stabilises®. Published data showed that CD45RA*
CD4"T cell decreased from birth to 6 months by 9.4% and from 6 to 12 months
by 5.7%"%*. CD45RA" T cells have been reported to decrease from an average
of 53% in 20-40-year olds to an average of 45% in over 40-year olds.
Longitudinal analysis of this cohort confirmed that 0.3% CD45RA* CD4" T cell
were lost each year'?®. Given that our STRA cohort is much older than the
wheezers and disease control group it is probable that age is a contributing

factor for the observed decline in peripheral CD45RA* CD4* T cells.

Children with PSW exhibited a CD4* CD25" CD127- T cell phenotype
representative of an acute phase. Circulating CD4* CD25* CD127- cells were
augmented in STRA and LRTI children compared to PSW. This cellular
phenotype is attributed to Tregs which perform immunosuppressive activities
that inhibit effector functions. Furthermore, the CD4* CD25* CD127- T cell
subset express the highest level of Foxp3 with a frequency of 84.92 + 4.14%
in adult blood®”. In autoimmune disorders, a decrease in peripheral Tregs is
associated with disease exacerbations, resulting in persistent proliferation of
autoreactive lymphocytes and secretion of multiple inflammatory mediators
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which harm organs®’. Childhood studies examining the proportions of CD4
Tregs in asthma have shown that Tregs decline with disease severity but
increase during the remission phase'?®'?’. In a cohort of 150 asthmatic
children with an average age of 5.6 years the CD4* CD25* Foxp3™ T cells in
their peripheral blood increased from 1.2% during the acute phase to 2.0%
during remission and all asthmatics were significantly lower compared to
disease controls (2.2%)'%. In another study of asthmatic children with a
median age of 8, the proportion of blood and BAL CD4* CD25" T cells were
1.9% and 6.5% respectively'?’. Moreover, 4 weeks of ICS administration
significantly increased CD4* CD25" T cells in the blood and predominantly in

the BAL fluid of asthmatic children'?7.

Tregs are well documented in mouse studies to inhibit allergic airways
disease'?8, however T cell activation is hindered by ICS®2. As the subjects with
STRA in this study received higher doses of ICS therapy, it may explain the
discrepancy in unchanged total T cells but altered T cell subsets such as
increased peripheral CD4* CD25" CD127- T cells and CD8* CXCR5" PD-1*T
cells. Further investigation of activation markers revealed that CD38
fluorescence intensity was increased on CD4* CD25* CD127- T cells in
children with LRTI and PSW but not STRA children. Importantly, patient
studies show that CD38* Tregs overexpress immune-inhibitory signals relative
to CD38 Tregs'?°, suggesting that in patients with asthma, the Tregs may not
be highly suppressive. While there is a lower percentage of CD4* CD25*
CD127" Tregs in children with PSW, the population maintains an activated
CD38* phenotype, indicating an increased potential to block the proliferation

of effector cells. The opposite is true for allergic asthma, whereby Tregs have
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been described to have limited suppressive function'?®. The corresponding
CD4* subsets in the airways were not statistically different between the

disease groups, indicating that BAL CD4* T cells were phenotypically similar.

As previously discussed, circulating CD8* CXCR5* PD1* T cells were elevated
in STRA patients. CXCRS expression promotes colocalization of T and B cells
into the germinal centre of lymph nodes, allowing for cell interactions and
antigen recognition'®. These CD8 follicular T cells also contribute to B cell
antibody production by stimulating B cell class switching''. Given that the
peripheral IgD-CD27* CD20* B cell subset was markedly increased in STRA
subjects, it is conceivable that the increased CD8+ CXCR5+ PD1+ T cell

profile may contribute to the elevated effector B cell phenotype.

Interestingly, LRTI subjects exhibited significantly increased CD8* CD25*
CD127- T cells which have a regulatory function and can inhibit CD8* T cell
responses via IL-10 cytokine secretion®®. The suppressive potential of this
specialised CD8 subset may rationalise the nonsignificant increase of total

CD8* and CD69* CD8* T cells in LRTI individuals.

Increased total NKT cells in STRA patients could be implicated in disease
pathogenesis as NKT cells recognize protein antigens and induce AHR
independently of conventional CD4* TH2 cells®: 32, Examination of exclusive
NKT subset frequencies in the circulation based on CD4 and CD8 expression
highlighted that, children with PSW displayed a pro-inflammatory profile, as
CD4* CD3" CD56* NKT cells rapidly release TH2 cytokines IL-4 and IL-13.
Heightened cytokine production by NKT cells contribute to subsequent

adaptive responses executed by DCs and B cells®®. Interestingly, the
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abundance of circulating CD8* CD3" CD56* NKT cells suggests that patients

were also experiencing immunosuppressive NKT responses concurrently 33,

There was no substantial recruitment of neutrophils into the airways of STRA
patients, however some children with PSW had a greater proportion. Lower
airway microbiota research in PSWs has demonstrated that BAL neutrophils
are elevated in wheezers with positive BAL bacterial cultures but there is no
association between airway neutrophils and the presence of viral
infections'®6. In this study, the PSW cohort showed a nonsignificant positive
correlation between the number of viral infections and proportion of airway
CD15" cells. When the data was combined with LRTI and STRA children, a
stronger association was seen, with a correlation between BAL CD15" cells
and number of viral infections and total number of viral and bacterial infections.
This outcome was attributed to PSW and LRTI children as only one STRA

child had a viral infection.

Furthermore, differential cytospin counts revealed that peripheral neutrophils
were significantly increased in children with LRTI compared to both PSW and
STRAs. LRTIs such as respiratory syncytial virus and adenovirus are common
in PSWs and healthy infants leading to hospitalization®'3*. As neutrophilia is
associated with clearance of bacterial and viral pathogens, the elevated

abundance in LRTI infants is reasonable3.

Monocytes were augmented in the periphery of patients with a history of
recurrent infections. This increase may be linked to monocyte migration
through the blood to reach inflamed tissue'® or priming for phagocytosis

activity'%’. Furthermore, the positive correlation between proportion of CMs
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and the number of bacterial pathogens in PSW, implies they were responding
to the recurrent infections reported in these patients such as rhinovirus and

Moraxella'>:16,

Like monocytes, DCs circulate in the blood and ultimately relocate to tissue
sites to initiate immune responses?3¢. DCs are rare cells, representing less
than 1% of circulating or tissue immune cells'®’. These antigen-presenting
cells were characterised using the aurora panel markers as non-lymphoid,
non-granulocyte, and non-monocyte cells expressing CD141 or CD1c surface
markers. Analysis of DCs conveyed that the airways of these children were
dominated by DC2 phenotype whereas the blood was primarily composed of
DC1s. Furthermore, the decreased expression of PD-1 inhibitory molecule on
BAL DC2s conveyed that STRA children had a T2 DC phenotype which are

involved in TH2 skewing?®.

4.6 Conclusion

In summary, this chapter explored major immune cell phenotypes in preschool
wheeze and severe asthma. Furthermore, exclusive cell types across disease
groups were investigated such as NKT cells, DCs and ILCs. The results
underlined multiple immune phenotypic differences between PSWs and LRTI
such as peripheral CD4* CD25* CD127- T cells, CD15" neutrophils and CD14*
CD16" classical monocytes were decreased in PSWs compared to children
with LRTIs. In addition, PSWs exhibited reduced airway CD8* CD25* CD127-
T cells and a positive correlation between serum IgE levels and blood

eosinophils suggesting severe exacerbations. This supports the hypothesis
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that PSW children have a distinct airway and blood immune cell profile

compared to non-wheeze disease controls.
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Chapter 5. Unbiased analysis of airway

and peripheral immune cells
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5.1 Introduction

In chapter three, a 34-multicolour panel combined with an AF removal
workflow was devised to efficiently phenotype major immune subsets in
peripheral blood and BAL samples. Then in chapter four, the panel was
implemented to identify differential immune profiles of children with airways
disease using a conventional analysis approach, particularly PSW and STRA
compared to LRTI controls. This chapter focuses on the use of unbiased
analysis algorithms to visualise high-parameter data and accelerate immune

profiling.

Current advances in multiparameter single cell flow cytometers have been
beneficial in our understanding of the heterogenous nature of the human
immune system at high resolution. However, the utility of such multi-
dimensional data is hindered by biased deductions and a limitation in
visualising the full depth of datasets in a relevant approach. In routine flow
cytometry, cell subsets are ascertained by sequentially manual gating on two-
dimensional scatter plots'. This method makes the analysis subjective and
time-consuming, particularly if dealing with a 34-colour panel. Naturally,
researchers have developed computational tools that can conduct unbiased
automated analysis to characterise cell populations whilst simultaneously

generating visualisation aids to reduce dimensionality'.

In this chapter, a CyTOF workflow3® incorporated with the FlowSOM algorithm
is utilized to facilitate unsupervised clustering of immune cells. FlowSOM s
software which objectively clusters cells using selected markers and can
reveal subsets that could be overlooked in manual gating during flow

cytometry analysis'®. This algorithm employs a consensus hierarchical
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clustering method to generate high quality schematics in the form of self-
organizing maps (SOM) which cluster cell populations based on their similarity.
In the CyTOF pipeline, a second layer of clustering is conducted to generate
metaclusters which encompass the lower-level SOM clusters and represent

the predicted cell types in the dataset'4°.

To define the cellular phenotype and relationship to diagnosis, the immune cell
clusters identified by unbiased analysis were manually gated in the patient flow
samples. By using clustering heatmaps and histograms of markers expressed
in each cluster, the distinct immune cells were determined by gating on

positive and negatively expressed markers.

5.2 Hypothesis
Unbiased analysis of high-dimensional spectral flow cytometric data can

uncover distinct immune clusters between paediatric airways disease cohorts

5.3 Aims
1. Conduct unsupervised clustering of paediatric blood and Bal samples
2. Define the cellular phenotype of immune cell clusters identified by

unbiased analysis
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5.4 Results

5.4.1 Experimental workflow of unsupervised clustering and data analysis

The experimental pipeline for unsupervised clustering consisted of acquiring
samples on the Aurora spectral cytometer using a 34-colour panel (Fig. 5.1A),
followed by an AF removal process as explained in chapter 3. Next, the
desired population in the sample flow file was gated using Flowjo by selecting
cells that were singlets, live and CD45* (Fig. 5.1B). Flow files containing total
CD45" events were exported to R studio to perform unbiased clustering
analysis using FlowSOM and CyTOF workflow packages to generate
heatmaps®®:'*° (Fig. 5.1C). Then subjective gating was applied to the sample
flow files to visualise any unique immune populations identified by unbiased
clustering (Fig. 5.1D). Thirty-five FCS files of the 40 samples analysed in
chapter 4 were imported to R studio. This was due to errors during flow
acquisition, whereby identical channels were not selected and therefore could

not be merged in the automated analysis.

As might be expected the number CD45* events in blood and Bal flow files
varied between donors. Although this was not explicitly linked to disease
group, bar plots of blood samples showed an increase in CD45" events in
several STRA samples (Fig. 5.1E), as previously shown by manual gating
(Fig. 4.1B). Grouping individual BAL CD45" events revealed that the airway

cellularity was mostly comparable between the subject groups (Fig. 5.1F).
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Fig 5.1. Summary of experimental pipeline for data acquisition and
unbiased analysis

lllustration of the unbiased analysis workflow consisting of A) acquisition
on the Aurora 34-colour panel, B) manually gating viable CD45* events,
C) FlowSOM clustering algorithm and D) dimensionality-reduction
algorithm. Number of CD45" cells per donor imported into R studio in E)
Blood and F) BAL samples grouped by disease type.
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5.4.2 Unsupervised clustering of blood immune cells revealed 10

unique populations

Peripheral CD45* cells were categorized by high resolution FlowSOM
clustering and low-resolution metaclustering algorithms using all the markers
available on the panel. Live-dead, CD45 and CD206 markers were excluded
to eliminate repetitive grouping and non-existent cells. The panel contained
differential markers that are characteristic of immune cell lineages such as
CD15, activation markers (CD69, CD27) and inhibitory markers (PD1). The
FlowSOM clustering of SOMs is embedded in consensus clustering which is
presented as an elbow plot of metaclusters. This plot illustrates the natural
number of cell types in the data, which equate to the value of k, where there
is no substantial increase in stability thus simplifying the dataset®8. Within each

metacluster, there are 10 clusters to identify differential sub-populations.

FlowSOM objective analysis was performed by using 100 clusters and 10
metaclusters. The number of cell types were first over-clustered using maxK
=14 to avoid the risk of missing rare populations (Fig. 5.2A). The intrinsic
number of distinct circulating immune cell clusters in blood were ascertained
to be 10, illustrated by the elbow plots showing that the plot plateaus at k = 10.

(Fig. 5.2B).
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Fig 5.2. The number of unique metaclusters in blood paediatric
samples
Elbow plot showing the natural number of metaclusters in blood using a
maximum of A) fourteen and B) ten clusters (maxK).
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5.4.3 Phenotyping of blood leukocyte clusters using differential marker

expressions

Next, a heatmap of median marker intensities was constructed to determine
the cellular phenotypes of each cell type encompassed in the blood
metaclusters (Fig. 5.3). Of note, each metacluster contains 10 sub-clusters
which were assigned by the FlowSOM analysis. This means that the
expression of markers observed at the metaclusters level can be split further
into subtypes when assessed at the higher level of clusters. This is explored

later by examining the heatmaps of the n=100 clusters.

In the heatmap of blood metaclusters, cluster 1 appeared to express CD15*
CD16" CD11b*™ CD86™" surface proteins, whilst cluster 2 denoted a CD14*
CD16 * HLA-DR* CD11c* CD11b * CD86* CD38* expression profile. Cluster 3
was enriched with a combination of CD1c* CD141* CD11b* CD69* CD127*
CD28* markers. Cluster 4 encompassed CD16" CD123* CD11b* CD38*
proteins whereas cluster 5 exhibited CD20* IgD* HLA-DR* CD45RA*" PD1*
phenotype. Cluster 6, 7 and 9 appeared to contain subsets of CD3" cells.
Cluster 6 displayed CD4" TCRaf* CD27* CD28* markers whereas cluster 9
demonstrated a CD4" TCRaB* CD28* CD25* CD127* surface profile. In
contract, cluster 7 was attributed to a CD8* TCRap* CD45RA* CD161* PD1*
subset. Furthermore, cluster 8 was enriched with CD15* CD103* CD11b*
CD11c* and cluster 10 illustrated a CD16* CD45RA * HLA-DR™ cellular

phenotype.
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Fig 5.3. Heatmap of blood immune cell metaclusters defined by
marker expressions

Heatmap of median marker intensities was constructed by hierarchical
clustering using all markers in the panel except CD45, CD206 and live-
dead. Red boxes outline the augmented markers within each cluster.
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5.4.4 Automated clustering uncovered sixteen peripheral populations
that were differentially expressed in PSWs compared to children with

LRTI and STRA

To determine any differential populations between the wheeze and non-
wheezers, the proportion of each cluster in the blood samples were quantified.
Multiple comparison tests were conducted between the means of PSW and
LRTI immune populations. The six clusters that were significantly increased
(p<0.05) in the peripheral blood of PSWs compared to LRTI children were C12,
C14, C54, C83, C92 and C93 (Fig. 5.4A). In contrast, three clusters were
markedly reduced in PSWs relative to LRTIs which were C49, C58 and C74

(Fig. 5.4B).

Similarly, multiple comparison tests between the means of PSW and STRA
cell populations confirmed that seven peripheral immune clusters were
differently expressed. Clusters 4, 23, 46, 83 and 93 were notably increased in
PSWs (Fig. 5.5A) whereas clusters 62 and 77 were decreased relative to

STRA children (Fig. 5.5B).
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Fig 5.4. The proportion of significantly different immune cell
clusters in PSW blood compared to LRTIs

Frequency of peripheral CD45" immune cell clusters that are A)
increased in PSWs compared to LRTI and B) decreased in PSWs
compared to LRTI controls. Statistical significance was measured by an
unpaired non-parametric Mann-Whitney U Test.
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Fig 5.5. The frequency of markedly different leukocyte clusters in
PSW blood compared to STRAs

Frequency of peripheral CD45" immune cell clusters that are A)
increased in PSWs compared to STRAs and B) decreased in PSWs
compared to STRAs. Statistical significance was measured by an
unpaired non-parametric Mann-Whitney U Test.
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5.4.5 Unbiased analysis discovered three circulating immune
populations that were differentially expressed in children with STRAs

compared to LRTI disease controls

Likewise, unbiased analysis found three unique peripheral immune cell
subsets that were significantly altered between STRA and LRTI conditions.
Multiple comparison tests between the means of both disease groups
confirmed that C100 was notably elevated in STRA children (Fig. 5.6A),
whereas C33 and C46 were reduced relative to infection controls (Fig. 5.6B).
Interestingly C46 was also decreased in the severe asthmatic children

compared to the PSW cohort which indicated a distinct STRA phenotype.
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Fig 5.6. The frequency of markedly different immune cell clusters
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Frequency of peripheral CD45" immune cell clusters that are A)
increased in STRA compared to LRTI and B) decreased in STRA
compared to LRTI. Statistical significance was measured by an
unpaired non-parametric Mann-Whitney U Test.
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5.4.6 Phenotyping of blood leukocyte clusters using differential marker

expressions

A heatmap of median marker intensities was constructed using all applicable
markers within the panel to assign phenotypes to each population cluster (Fig.
5.7). The immune phenotypes and disease types of the significantly altered
clusters in blood are summarized in Table 5.1. Of the clusters that were
elevated in PSWs compared to LRTIs; cluster 12 was CD15* CD16*, CD11b*,
and cluster 14 was CD16* CD14* CD11b*. Cluster 54 expressed a CD15'°¥
CD11b'¥ profile. Cluster 83 had a CD16* HLA-DR* CD45RA"* immune profile.
While cluster 92 and 93 were both CD20* and HLA-DR*, C92 exhibited an

IgD*, CD45RA* phenotype whereas C93 was IgD™ but CD45RA".

Next the marker expressions of peripheral blood cell clusters that were
reduced in PSWs compared to LRTIs were ascribed. Cluster 49 showed CD3",
TCRaB*, CD4*, CD27*, CD28" expression. Cluster 58 had a CD3*, CD4*,
TCRap*, CD25*, CD27*, CD28" phenotype. Cluster 74 displayed CD56",

CD161*, CD38", surface expression.

Subsequently, the expression of immune cell types that were elevated in
PSWs compared to STRAs were assessed. Cluster 4 displayed CD14* CD16",
CD11b*, and CD86" phenotype. Cluster 23 demonstrated a CD15* CD103*
CD86* CD11b* expression profile. Cluster 46 showed a CD16*, CD11b'"v,

CD86"" profile.

In contrast, the two populations that were reduced in PSW blood compared to

STRAs were defined as cluster 62 with a CD141*, CD11c*, HLA-DR*
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phenotype and cluster 77 which portrayed a CD3*, TCRaf*, CD8*, CD161*,

PD1* characteristic.

Finally, the immune cluster 100 that was distinctly increased in the periphery
of STRA children compared to LRTIs portrayed a CD3*, TCRap*, CD8",

CD27* CD25%, CD45RA" surface expression profile.

Although clusters 12 and 14 were numbered closely, the immune population
in cluster 12 displayed a CD15" CD16" profile, whilst cluster 14 uniquely

exhibited CD14 but lacked CD15 expression.
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Fig 5.7. Heatmap illustration of blood immune cell clusters outlined
by marker expressions

Heatmap of median marker intensities was constructed by hierarchical
clustering using all markers in the panel except CD45, CD206 and live-
dead. Red boxes outline the augmented markers within each cluster.

Blood cluster ID Disease type Expression profile p-value
C4 PSW > STRA CD16*CD14* CD11b* 0.011394
CD38* CD11chish CD86hieh
C12 PSW > LRTI CD15*CD16* CD11b* 0.035844
CD86'% CD11c"w
Cci14 PSW > LRTI CD16"CD14" CD11b* 0.042158
CD38*CD11c* CD86*
C23 PSW > STRA CD15*CD103* CD86* 0.039795
CD11b*
C33 STRA < LRTI CD15*CD16* CD11b* 0.042570
C46 PSW > STRA CD16"°¥ CD11b"v 0.034513
LRTI = STRA CD86"" HLA-DR- 0.011153
CD45RA"
C49 PSW < LRTI CD3*TCRab* CD4* 0.035844
CD28* CD27* CD38*
C54 PSW > LRTI CD15*CD11b* 0.008024
C58 PSW < LRTI CD3*TCRab* CD4* 0.017775
CD28* CD27* CD25*
c62 PSW < STRA CD141hieh CD11chish 0.034513
HLA-DR*
C74 PSW < LRTI CD56*CD161* CD38* 0.035844
cr7 PSW < STRA CD3*TCRab* CD8* 0.034513
CD161*PD1*
Cc83 PSW > LRTI CD16* HLA-DR* 0.005180
PSW > STRA CD11c"°¥ CD45RA* 0.007980
CD38* CD86"
Cc92 PSW > LRTI CD20* HLA-DR* IgD* 0.025518
CD45RA*
ce3 PSW > LRTI CD20* HLA-DR* 0.009888
PSW > STRA CD45RAY 0.009556
C100 STRA > LRTI CD3*TCRab* CD8* 0.024916
CD25*CD27* CD45RA*

Table 5.1. The cell phenotypes and disease types of the
significantly altered clusters in blood unbiased analysis
Peripheral immune cell clusters altered between the paediatric clinical
diagnoses. Populations were established by FlowSOM clustering and
those with p-values below 0.05 are shown.
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5.4.7 Subjective gating of peripheral immune cell clusters identified by

unbiased analysis

As numerous peripheral immune populations were determined by
unsupervised analysis to be differentially expressed between the paediatric
patients, subjective gating was implemented to examine these populations
that may have been overlooked by traditional gating. Several altered
populations with the lowest p-value with the potential of observing a significant

variance were investigated.

The immune populations 46, 83 and 77 were selected in peripheral blood
samples. FlowSOM analysis showed that cluster 46 was exclusively
decreased in STRA compared to PSW (p = 0.034513) and LRTI (p =
0.011153) (Table. 5.1) and expressed the markers CD16, CD11b and CD86

(Fig. 5.7).

Initially, immune cells were gated by removing debris, doublets and dead cells.
This was followed by gating on CD45" CD15- CD3" cells to exclude abundant
cell types that were unrelated to the population of interest (Fig. 5.8). Based on
the heatmap of marker densities, cluster 46 was characterised by gating on
CD16* HLA-DR- CD86" CD45RA- CD11b* cells. Contrary to unbiased
analysis, subjective gating illustrated that cluster 46 was substantially elevated
in STRA blood samples compared to LRTI (Fig. 5.9A), whereas PSWs
possessed a similar distribution to STRA children (Fig. 5.9B). This outcome
may have been influenced by the biased gating boundaries positioned by eye,
the lack of information on the hierarchy of markers and perhaps the limited

exclusion of lineage markers.
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Additionally, cluster 83 which was exclusive increased in PSW blood
compared to STRA and LRTI patients in unsupervised analysis, exhibited a
uniqgue CD16* immune profile. To distinguish from cluster 46, immune cells in
cluster 83 were defined by CD16* HLA-DR* CD45RA* CD38* CD86
expression. Assessment of this population as a percentage of CD45* cells,
showed that the distributions were comparable between PSW and non-
wheezers (Fig. 5.9C, D). However, there were some patients with a
pronounced frequency in the PSW and STRA cohort. Based on the expression

of these proteins, cluster 46 and 83 indicated a monocyte phenotype.

Finally, the circulating immune cell cluster 77 was defined by the expression
of CD8" CD161" and PD1* which suggested a CD8" T cell profile. This
population was initial gated using CD45*, CD3* and TCRaB* expression based
on the heatmap and histogram outline (Fig. 5.7, 5.10A). Whilst unbiased
analysis reported that cluster 77 was increased in STRA blood relative to PSW
(p = 0.034513), supervised gating showed that the proportion of circulating
CD8*CD161" and PD1* cells were similar between STRA and PSW subjects

(Fig. 5.10B).

146



99.9
— -
©
< = ks
o 01985 %
n (1 2
o
FCS-A FCS-A FCS-A
66.5
L]
[m]
(&)
16.4 93.4
0.15 259 63.1
< o |
& 3 z
(=] [m]
o = o
6.22 48.5
CD86 CD45RA
0
o
= 8
Q fa]
(&)
©l 83
93.4
0 0
CD86 CD45RA

Fig 5.8. Gating strategy for peripheral immune cell clusters 83 and
46

Schematic of flow cytometry scatter plots showing immune cell gating
strategy using LRTI sample. All cells were selected using forward and
side scatter. Doublets were removed by gating for single cells using FSC-
A versus FSC-H. Live cells were selected as Live-Dead blue negative
cells. Viable immune cells were defined as CD45 positive.
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A) Schematic of flow cytometry scatter plots showing immune cell gating
strategy using LRTI sample. All cells were selected using forward and
side scatter. Doublets were removed by gating for single cells using FSC-
A versus FSC-H. Live cells were selected as Live-Dead blue negative
cells. Viable immune cells were defined as CD45 positive. B) Frequency
of circulating CD8" PD1* CD161* immune cells in PSW compared to
STRA as a proportion of CD45" cells.

149



5.4.8 Unsupervised analysis of BAL immune cells identified 10 different

populations

Analogous to blood samples, BAL CD45* cells were analysed by high-level
FlowSOM clustering and low-resolution metaclustering algorithms using all
markers on the panel including CD206 for the identification of macrophages.
Live-dead and CD45 markers were eliminated from the analysis to avoid
clustering predetermined features. FlowSOM analysis was conducted using
100 clusters and 10 metaclusters. The number of cell types were first over-
clustered using k =14 which showed that the diversity of the immune cell
populations plateaus at k = 10 (Fig. 5.11A). Thus, BAL CD45" cells were re-

clustered using k = 10 (Fig. 5.11B).
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Fig 5.11. The number of unique metaclusters in BAL paediatric
samples

Elbow plot showing the natural number of metaclusters in BAL using a
maximum of A) fourteen and B) ten clusters (maxK)
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5.4.9 Phenotyping of BAL leukocyte clusters using differential marker

expressions

To phenotype the 10 immune cell types identified in BAL samples by FlowSOM
analysis, a heatmap was generated showcasing the median marker
expressions for each cluster (Fig. 5.12A). The heatmap displayed four distinct
populations (cluster 1, 2, 6, 7) expressing CD206* marker with divergent CD16
and CD14 co-expression. Cluster 3, 4 and 5 were enriched with the proteins
CD20*, CD15*, and CD4* CD69* CD103* sequentially. The remaining
population clusters 8, 9 and 10 defined by the unbiased analysis contained
CD14*, CD8*and CD56" cells respectively. To note, there was some spillover
of CD206 into other clusters such as cluster 5 which encompassed a CD3*
TCRap* CD4* CD69* CD103* cell type. This was attributed to the high AF
signature of CD206" cells, signifying that AF removal is not as effective in BAL

samples.
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Fig 5.12. Heatmap of BAL immune cell metaclusters defined by
marker expressions

Heatmap of median marker intensities was constructed by hierarchical
clustering using all markers in the panel except CD45 and live-dead.
Red boxes outline the augmented markers within each cluster.
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5.4.10 Objective analysis detected four airway immune populations that
were differentially expressed in PSWs compared to non-wheeze

children

To evaluate the differential abundance of BAL immune cell clusters, multiple
comparison analysis was performed between the means of the three disease
groups. Notably, there were no considerably expanded populations in PSW
airways compared to STRA or LRTIs. Whereas one PSW immune cell clusters
designated as C100 was substantially reduced compared to LRTIs (Fig.
5.13A). Additionally, the BAL leukocyte clusters C55, C61 and C85 were

decreased in PSWs relative to STRAs (Fig. 5.13B).

Inversely, impartial analysis of STRA BAL immune cell populations deduced
that C54 was augmented relative to LRTI (Fig. 5.14A), whereas C100 was

notably reduced (Fig. 5.14B).
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Fig 5.13. The proportion of notably different immune cell types in
PSW BAL compared to LRTI and STRAs

Frequency of airway CD45" immune cell clusters that are A) decreased
in PSWs compared to LRTI and B) decreased in PSWs compared to
STRA. Statistical significance was measured by an unpaired non-
parametric Mann-Whitney U Test.
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Fig 5.14. The frequency of altered immune cell populations in
STRA BAL compared to LRTIs

Frequency of airway CD45" immune cell clusters that are A) increased
in STRAs compared to LRTI and B) decreased in STRAs compared to
LRTI controls. Statistical significance was measured by an unpaired
non-parametric Mann-Whitney U Test.
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5.4.11 Phenotyping of BAL leukocyte clusters using differential marker

expressions

To define the airway immune cell types generated by the FlowSOM analysis,
a heatmap of median marker intensities was created (Fig. 5.15). The five
significantly altered BAL cell clusters were characterised by their protein
expression profiles which were outlined in red boxes on the heatmap and

tabulated (Table 5.2).

Of the notable airway populations, cluster 100 was reduced in PSW (p =
0.020513) and STRA (p = 0.028283) compared to LRTIs, indicating a unique
feature. Cluster 100 had a CD3*, TCRaB*, CD8*, CD103*, CD69" immune
profile. In contrast, the three BAL populations that were markedly reduced in
PSWs relative to STRA were designated as cluster 55, 61 and 85. Cluster 55
showed a CD206", CD16*, CD127* phenotype and cluster 61 displayed a
CD206*, CD16*, HLA-DR*, CD69*, CD28" cellular phenotype. Whilst, cluster

85 exhibited CD206", CD16*, HLA-DR*, CD127* expression.

In addition, one immune subset that was elevated in STRA patients compared
to LRTI which was denoted as cluster 54 portrayed a CD206*, CD16*, CD86,

HLA-DR* surface profile.
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Fig 5.15. Heatmap illustration of BAL immune cell clusters outlined by
marker expressions

Heatmap of median marker intensities was constructed by hierarchical
clustering using all markers in the panel except CD45 and live-dead. Red
boxes outline the augmented markers within each cluster.

BAL cluster ID Disease type Expression profile p-value
C54 STRA > LRTI CD206* CD16* CD86* 0.008081
CD11c* HLA-DR* CD69*
C55 PSW < STRA CD206* CD16* CD86* 0.012121
cbi27*
CD206* CD16* CD86*
C61 PSW < STRA CD11c* HLA-DR* CD69* 0.006061
CD28*
C85 PSW < STRA CD206*CD16* CD86*
CD11c* HLA-DR* 0.006061
CD127+
C100 PSW < LRTI CD3*TCRab* CD8* 0.020513
STRA<LRTI CD69* CD103* 0.028283

Table 5.2. The cell phenotypes and disease types of the significantly
altered clusters in BAL unbiased analysis

Airway immune cell clusters altered between the paediatric clinical diagnoses.
Populations were established by FlowSOM clustering and those with p-values
below 0.05 are shown.
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5.4.12 Supervised gating of airway immune cell clusters identified by unbiased

analysis

Similar to the blood analysis, multiple differentially altered BAL cell populations
ascertained by impartial clustering were subjectively gated using conventional flow

cytometry to determine if they are real immune populations.

Given their significantly low p-values, the three airway populations focused on were
cluster 61, 85 and 100. FlowSOM clustering revealed that cluster 100 was distinctly
reduced in the airways of PSW (p = 0.020513) and STRA (p = 0.020513) children
relative to LRTIs. To manually gate these population, the highly expressed markers

illustrated on the heatmap (Fig. 5.15) and table (Table 5.2) were examined.

BAL cluster 100 was defined as CD3* TCRap* CD8" CD69* CD103* cells. To delineate
leukocytes, debris, doublets and dead cells were first removed, followed by gating on
CD45* cells. CD206-negative cells were selected to eliminate the airway
macrophage'#'. To concentrate on cluster 100, CD3* CD15 cells were gated, followed
by TCRap*and CD8" cells. Finally, dual expression of CD69" and CD103* cells were
identified (Fig 5.16). Subjective analysis confirmed that airway CD8* CD69" CD103*
cells as a proportion of CD45" were decreased in PSW and STRA compared to LRTI
(Fig 5.17A, B). However as previously stated, STRA BAL samples are limited to 4

patients which should be taken into consideration in these results.

Moreover, the CD8 population in cluster 100 appeared to express CD161 and PD1
which were measured by gMFI to evaluate the difference between the disease cohorts.
The results showed that there was no significant difference in the gMFI of CD161 and
PD1 on BAL CD8" cells in PSW (Fig 5.17C, D). or STRA (Fig 5.17E, F) compared to

infection controls.
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Next the immune populations in cluster 61 and 85 were gated based on their marker
expressions to compare with the phenotypes obtained by unbiased analysis. As noted
earlier, FlowSOM clustering demonstrate that immune clusters 61 (p = 0.006061) and
85 (p =0.006061) were reduced in PSW relative to STRA patients (Table 5.2). Both
airway populations displayed CD206*, CD16*, HLA-DR*, CD86*, CD11c* surface
proteins but differed by CD127 and CD69 expression which were utilized to
characterise the subsets by manual gating (Fig 5.18). Cluster 61 exhibited CD69*
CD127-phenotype whereas cluster 85 possessed a CD127* CD69 profile. To assess
the distribution of these immune population between the disease types, the gated cells
were assessed as a proportion of CD45" cells. Contrary to impartial clustering, the
data showed that these CD206* subsets were comparable between PSW and STRA
(Fig 5.19A, B). However, these observations are restricted by the number of STRA

BAL samples, as an outlier can influence the results.
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Fig 5.16. Gating strategy for BAL immune cell cluster 100

Schematic of flow cytometry scatter plots showing immune cell gating strategy
using LRTI sample. All cells were selected using forward and side scatter.
Doublets were removed by gating for single cells using FSC-A versus FSC-H.
Live cells were selected as Live-Dead blue negative cells. Viable immune cells
were defined as CD45 positive.

162



Gated BAL cluster 100

A
*
15
+ﬂ [e] 1;0
P ° P=
a a
0 v 107 o
+ 3 +
30 o a
8 ES 5= o 8
+ +
) )
(] o
(6] O
LRTI PSW LRTI STRA
C D
10000 10000
8000-] o
= o
o -
2 5
o (&)
LRTI PSW
E F
10000 10000
8000 o
—_ T8
™ S 5000
Er:n 6000 o =
©
O 4000- -
o 8 04
20004
-5000 . r
LRTI STRA LRTI STRA

Fig 5.17. The proportion of differential immune cell populations in PSW
and STRA BAL compared to LRTIs

Frequency of airway CD45" immune cell clusters that are A) decreased in
PSW and B) decreased in STRAs compared to LRTI controls. Comparisons
of CD8* CD69* CD103* cells gMFI of C) PD1 and D) CD161 in PSW BAL
compared to LRTI and E) PD1 and F) CD161 in STRA compared to LRTI.
Statistical significance was measured by an unpaired non-parametric Mann-
Whitney U Test.
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Fig 5.18. Gating strategy for BAL immune cell clusters 61 and 85
Schematic of flow cytometry scatter plots showing immune cell gating strategy
using STRA sample. All cells were selected using forward and side scatter.
Doublets were removed by gating for single cells using FSC-A versus FSC-H.
Live cells were selected as Live-Dead blue negative cells. Viable immune cells
were defined as CD45 positive.
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Fig 5.19. Comparisons of gated BAL immune cell clusters between PSW
and STRA BAL

Frequency of airway CD206* immune cells that are A) CD69* CD127-and B)
CD69 CD127* between PSW and STRA patients. Statistical significance was
measured by an unpaired non-parametric Mann-Whitney U Test.
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5.5 Discussion

In summary, this chapter highlighted that unbiased clustering can determine distinct
immune clusters between paediatric airways disease cohorts. Unsupervised analysis
demonstrated that PSWs exhibit several unique immune cell phenotypes in their

airways and circulation compared to non-wheezers.

In the periphery for example, the immune cell clusters 46 and 83 which were
significantly increased in PSW and LRTI compared to STRA were defined by CD16*
expression with differential levels of molecules associated with antigen presentation
and co-stimulation'2. However, subjective gating of these subsets revealed that the
population in cluster 46 described as CD16* HLA-DR  CD86* CD45RA" was elevated
in STRA relative to LRTI patients, whereas the proportion of population cluster 83
designated as CD16* HLA-DR* CD86- CD45RA* was comparable between PSW and
non-wheezers. According to published literature, leukocytes that express CD16 but
lack CD14 are described as nonclassical monocytes'®® and the presence of CD45RA
surface expression is associated with activated monocytes, particularly in the blood®*.
Peripheral non-classical monocytes have been reported to monitor the luminal side of
the vascular endothelium during steady state and inflammation to remove dead cells
and debris'3. In COPD for example, patients with severe disease had increased
circulating non-classical monocytes compared to individuals with moderate COPD or

healthy controls#4,

Furthermore, the peripheral immune population designated cluster 77 was
substantially elevated in STRA blood compared to PSW in unbiased analysis and was
manually identified by conventional gating using the markers CD3" TCRap* CD8*

CD161* PD1*. However, subjective gating showed similar frequencies between the
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cohorts. CD8* CD161* T cells with low levels of PD1, a marker of T cell exhaustion,

have been described as highly cytotoxic against infectious microbes?.

Research on CD161* cells in adult asthma have shown that asthmatic patients have
a higher circulating proportion compared to healthy subjects'. Furthermore, another
study examining the frequency T cells subsets with CD161 expression established that
adults with allergic rhinitis had a substantially higher proportion of peripheral CD8*

CD161* T cells'®.

Unbiased analysis of BAL samples uncovered five differential immune populations
between the disease types. The three immune populations with the most significant p-
value were investigated by subjective gating to delineate any distinct difference

between the patient groups.

Both airway population clusters 61 and 85 exhibited CD206*, CD16", HLA-DR?,
CD86*, CD11c" proteins, but differed by CD69 and CD127 expression. Although
automated analysis found these subsets were decreased in PSW airways compared
to STRA children, manual gating did not show any substantial variance. However, as
previously noted these results are restricted by the small number of STRA BAL

samples and can be influenced by an outlier.

CD206 is a cell surface protein that serves as a useful marker for the identification of
macrophages'#” and CD69 which is expressed on macrophages, is a marker of early
activation'#®. During inflammation peripheral monocytes relocate to the airway lumen
to differentiate into macrophages that perform pro-inflammatory responses'® thus,
these population clusters were characterised as macrophages. Moreover, CD127 is
expressed on monocytes and macrophages during inflammation'®. In the BAL fluid

of COVID-19 patients, cells of monocyte and macrophage lineage makeup 64% of
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CD127" cells and were associated with a trademark of human inflammatory conditions

in infected tissue'#°.

Finally, the BAL immune cluster 100 was defined as CD3*, TCRap*, CD8*, CD103",
CD69* cells that were decreased in PSW and STRA compared to LRTIs. This
phenotype was also observed by subjective analysis, thus highlighting that impartial
analysis can elucidate exclusive subsets that might be missed during sequential gating
of two parameters at a time. Furthermore, existing literature have defined this cell
surface phenotype as CD8* TRM T cells'>® which are found in the lung parenchyma
and carry out protective functions against viruses'®'. In RSV condition, the presence
of RSV-specific CD8* TRMS have been correlated with decreased severity and

healthy adults challenged with experimental RSV exhibit reduced viral load'2.

Although, unbiased analysis offers many advantages such as probing large datasets
and accelerating the duration of phenotyping cell types, it does have some limitations.
The flow files used in this unbiased workflow were acquired on the Aurora spectral
cytometer using a 34-colour panel. This 5-laser instrument contains 64 fluorescent
detector channels which generates extensively large flow files due to the multiple
parameters associated with each file. Furthermore, the aurora provides three scatter
channels and an AF channel which are all embedded into the flow files*®4'. This high-
dimensionality coupled with the growing list of patient samples necessitates a large

computer power that can effectively perform the workflow.

Data quality is an essential criterion for performing automated analysis. To ensure flow
files are of high quality, each sample must be manually assessed by gating live, single
CD45" cells. This strategy eliminates artefacts and any samples with residual AF can

be inspected. Although a rigours AF extraction workflow was employed, there was still
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some spillover of AF from CD206* macrophages in the heatmap of BAL clusters. In
addition, FlowSOM clustering is influenced by compensation, AF, event sampling

settings and the clustering markers selected.

Another limitation of unbiased analysis is the reproducibility of clustering algorithms,
especially when working with continuous patient samples which requires updating
datasets and figures. Although the same seed number can be applied, the order of
clusters changes after each run which leads to reassessing and annotating the
heatmap configuration. Due to these variations, multiple attempts may be needed to
ascertain the ideal configurations that provide the most suitable presentations for each
dataset. Moreover, FlowSOM is very sensitive to differences between samples
analysed together and can assign a cluster to a population that is abundant in one or

two patients which was noticeable in the numerous CD206* BAL populations.

5.6 Conclusion

Taken together, this chapter demonstrates that unbiased clustering can discover
distinct immune populations between paediatric airways disease cohorts and
accelerate immune phenotyping. Objective clustering is comparable to subjective
analysis but surpasses in multi-patient studies and provides high quality information

on differential cell frequencies across donors.
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Chapter 6. Final discussion
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6.1 General discussion

Environmental and genetic interactions are driving factors in childhood asthma
development and persistence. It is postulated that these interactions initially take place
in the womb and early life and shape the immune system. Persistent low lung function
trajectory is a pathological feature of asthma which is displayed by age 6 and continues
into adulthood. This poor lung performance is triggered by many factors including viral
infections and allergic sensitization which leads to increased airway smooth muscle
mass that is observed in infants with sever wheeze32. Furthermore, airway smooth
muscle remodelling is associated with airway obstruction and inflammation
characterised by the recruitment of inflammatory cells and secretion of cytokines'®.
Thus, growing evidence indicate that early-life therapeutic interventions could offer the

best opportunity to alter asthma trajectory.

Moreover, it has been established that PSWs are often overprescribed corticosteroid
medication prior to asthma diagnosis'. Given that asthma is distinguished by
numerous immunological sub-phenotypes, better characterisation of immune cell
phenotypes in early-life is required to establish effective therapies. The focus of this
thesis was to phenotype airway and peripheral cell types that are involved in the
inflammatory process of wheeze and atopic asthma. By addressing the research aims,
insight was obtained on differential immune phenotypes between wheeze and non-
wheezers and concepts were outlined for further investigation which are discussed in

this chapter.
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6.2 Spectral cytometry can be used to accurately identify 33
immunological surface markers simultaneously

A novel spectral cytometry technique was developed to study restricted airway and
peripheral samples in children with PSW and STRA. To achieve this, a 34-colour panel
was optimized to examine the phenotypes of lymphocytes, monocytes and
granulocytes and outline the differential distributions between disease groups. In work
described in chapter 3, the data showed that most of the antibody markers were
distinguishable at 1 in 100 dilutions. However, several markers required higher
concentrations including CD69, CD127 and CD141. This outcome was attributed to
the characteristics of the expression density of the protein or the frequency of the cell
type. As CD69 and CD127 are activation markers associated with differentiated
cells*”1%4  naturally their staining index will result in low intensity in the periphery.
Additionally, if there is a low frequency of specific positive cells, titrations will be difficult
to evaluate therefore there is a need for higher concentration of antibody such as

CD141 antibody which is ascribed to DCs"?’

Overall, using subdivided FM-panel (fluorescence-minus) controls as a practical
alternative to 33 single stain FMOs were adequate in setting population gating
boundaries. However, AF extraction was major limitation of this spectral cytometry
approach. Although an extensive AF removal workflow was developed, unmixing of
CD206 and CD16 markers were imperfect as they are expressed on highly
autofluorescent macrophages which appeared to spread across channels in manual
gating and unbiased analysis. While the batch unmixing protocol using a median
unstained control was adequate for this limited study, overtime the sample variance of

large clinical studies will increase inaccuracies. Future work that should be conducted
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to address this would be to combine samples from both disease and healthy patients

for unstained and FM-panel controls.

A notable limitation of the 34-colour panel is the lack of transcription factors (TFs) and
cytokines. Previous studies using conventional flow cytometry have utilized the
expression of GATA-3 TF and the cytokines IL-13 and IL-4 to determine the presence
of inflammatory ILC2s and Th2 cells in asthma pathogenesis®”-'%. In this thesis, ILC2s
were phenotyped by gating a lymphoid population and sequentially removing cell
lineage markers and eventually gating CRTH2* and CD127* cells. However, as ILC1s
share the expression of CD127, research shows that GATA3 is essential for the

development of ILC2s which distinguish them from ILC1s'"4.

Thus, the ILC data presented in this thesis is potentially inaccurate and a better panel
tailored to ILC2s would be more accurate. However, adding intracellular markers to
the panel would present different challenges that would increase the complexity of the
antibody-fluorophore combinations and the spectral unmixing protocol. As intracellular
staining involves additional fixation and permeabilization steps this would further

increase AF signatures’®S.

6.3 Preschool wheeze children have a distinct immune cell profile
compared to non-wheezers

As discussed in chapter 4, the aim of this study was to phenotype the cellular profile

of the lower airway and peripheral immune cells in PSWs compared to age-matched

non-wheeze disease controls. School-aged STRA children were also included to

understand the immunology of paediatric asthma phenotypes compared to early life.

The results showed that PSWs had several different immune phenotypes compared
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to children with LRTI and STRA. Circulating CD4* CD25" CD127- T cells, CD15"
neutrophils and CD14" CD16" classical monocytes were decreased in PSWs
compared to children with LRTIs. Additionally, PSWs displayed reduced airway CD8*
CD25* CD127- T cells and a positive association between serum IgE levels and blood
eosinophils indicating heightened exacerbations. Conversely, STRA children exhibited
decreased peripheral CD4* CD45RA* T cells, CD3* CD4* CD56* NKT cells but
elevated CD4* CD25* CD127- T cells compared to PSWs. The decline in naive CD4*
CD45RA* T cells in STRA blood was also significant compared to LRTls. Ageing was
considered to be a contributing factor to this decrease as the thymus production of
naive T cells culminates in year one of life®. Given that the median age of STRA
children is 5-times and 3-times greater than that of PSW and LRTIs subjects

respectively, the age disparity underscored a major drawback of the study.

Furthermore, another key limiting factor in this study was the small number of BAL
STRA samples. Due to ethical regulations, children with STRA can only undergo
bronchoscopy during steady disease state, thus restricting the number of BAL samples
collected over time. Ultimately a sample size of 4 is inadequate to establish accurate

conclusions.

Interestingly, several PSW patients displayed a pronounced Lin- CRTH2* CD127* ILC
population in their blood which emphasised a potential sub-phenotype. While ILC2s
have been described to be elevated in the blood of PSWs during exacerbations'?3,
their relevance in PSW airways remains an open question. Hence, future work should
investigate ILC2 sub-phenotypes in a greater number of BAL samples from PSW

patients.
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6.4 Automated analysis can detect distinct immune cell clusters
overlooked by manual gating

Unsupervised clustering analysis was implemented to uncover any unique airway or
peripheral sub-phenotypes that may have been missed by conventional two-
dimensional flow analysis. Multiple differentially expressed immune populations were
identified in blood and BAL. To determine if the immune subsets identified by unbiased
analysis were real populations, manual gating was performed using the high and low
expressed markers generated by clustering heatmaps. Three immune cluster
populations from blood and BAL samples with the most significantly low p-values were
examined by flow cytometry. While these immune cell clusters were detectable by
subjective gating, only the BAL population denoted as cluster 100 was significantly
different between the disease groups (%CD45). Cluster 100 was described as CD3",
TCRap*, CD8*, CD103*, CD69" cells that were decreased in PSW and STRA
compared to LRTIs. This confirmed that unsupervised analysis can elucidate exclusive
subsets that might be missed during conventional sequential gating method. This cell
type was related to CD8* TRM T cells'° which exist in the lungs and perform protective

functions against viruses'®.

In chapter 4 which covered cellular phenotyping of immune subsets in blood and BAL
samples, this airway CD8*, CD103*, CD69" T cell subset was examined but no
difference was observed between the cohorts (%CD8). This difference could be that
in chapter 4 the gating strategy was specific to identify all T cell subsets whereby
CD45RA" and CD25" cells were first gated out before focusing on CD103*, CD69* T
cell and may have influenced the remaining proportions. As noted in chapter 5, the

hierarchy of makers used to generate the clusters is unknown in unbiased analysis.
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In addition, automated clustering algorithms are sensitive to high AF expression and
cannot accurately separate the AF spread of problematic markers, such as CD206
and CD16 expressed by macrophages from unrelated population clusters. An
alternative solution to conduct objective analysis on spectral flow data would be to
import flow files containing only a specific population, where each cell type is isolated
using lineage-specific markers such as CD3 and CD15. This approach avoids
analysing macrophages alongside less AF populations, however the immune

populations cannot be compared in the analysis.

6.5 Conclusion

Collectively, the work presented in this thesis has demonstrated that high parameter
immune cell phenotyping can identify unique immunological profiles in PSW children
compared to non-wheeze disease controls and automated analysis can uncover
unique immune cell subsets that were overlooked in standard flow gating. This thesis
provides a basis to further pursue the understanding of the pathophysiology and
immunology of early-life wheeze and the development of school-aged asthma

phenotypes.
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