Airway pathological heterogeneity in asthma:
Visualization of disease microclusters using

topological data analysis

Salman Siddiqui, MRCP, PhD,? Aarti Shikotra, BSc, PhD,? Matthew Richardson, BSc, PhD,? Emma Doran, PhD,?
David Choy, BSc,” Alex Bell, MMath,*< Cary D. Austin, MD, PhD,® Jeffrey Eastham-Anderson, MS,”
Beverley Hargadon, RGN,? Joseph R. Arron, MD, PhD,? Andrew Wardlaw, FRCP, PhD,?

Christopher E. Brightling, FRCP, PhD,? Liam G. Heaney, FRCP,

United Kingdom, and South San Francisco, Calif

MD,¢ and Peter Bradding, FRCP, DM? Leicester and Belfast,

GRAPHICAL ABSTRACT
[1] DISCOVERY COHORT: IDENTIFY

@ KEY PATHOLOGY ATTRIBUTES

Nine immuno-pathology
attributes

Epithelial
Area

.7 Muscle Area

é ) Data "

i L = reducti Four attribute j. RBM
3 » cé; ) dataset 7 eeeeeeenttt thickness
g : > (input to TDA) }* .

i e B o B > MBP+
n . eosinophils

Airway Smooth

'WORK OVERLAY OF OTHER TRAITS
TATION FOR REGIONS OF INTEREST

[2] TOPOLOGICAL
DATA ANALYSIS
(TDA)

R

patients linked to k nearest neighbours
A
—

<, fopeit

links treated as springs and motion computed

.
‘,)

compressed representation of similarity clustering in overlapping intervals post motion

[4] REPLICATION OF TOPLOGIES IN AN
INDEPENDENT SEVERE ASTHMA COHORT
i Adjust for Tissue .~ Compare topologies N
{ Shrinkage in / ( in discovery and )
\\ Paraffin \\,{ replication cohorts/
~ LS i

« N

( VIETORIS-RIPS
\_ filtration method

Background: Asthma is a complex chronic disease underpinned by
pathological changes within the airway wall. How variations in
structural airway pathology and cellular inflammation contribute
to the expression and severity of asthma are poorly understood.
Objectives: Therefore we evaluated pathological heterogeneity
using topological data analysis (TDA) with the aim of visualizing
disease clusters and microclusters.
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Methods: A discovery population of 202 adult patients (142
asthmatic patients and 60 healthy subjects) and an external
replication population (59 patients with severe asthma) were
evaluated. Pathology and gene expression were examined in
bronchial biopsy samples. TDA was applied by using
pathological variables alone to create pathology-driven visual
networks.
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Results: In the discovery cohort TDA identified 4 groups/
networks with multiple microclusters/regions of interest that
were masked by group-level statistics. Specifically, TDA group 1
consisted of a high proportion of healthy subjects, with a
microcluster representing a topological continuum connecting
healthy subjects to patients with mild-to-moderate asthma.
Three additional TDA groups with moderate-to-severe asthma
(Airway Smooth Muscle!®", Reticular Basement
Membrane™#", and Remodeling"®" groups) were identified and
contained numerous microclusters with varying pathological
and clinical features. Mutually exclusive Ty2 and Tyx17 tissue
gene expression signatures were identified in all pathological
groups. Discovery and external replication applied to the severe
asthma subgroup identified only highly similar “pathological
data shapes” through analyses of persistent homology.
Conclusions: We have identified and replicated novel
pathological phenotypes of asthma using TDA. Our
methodology is applicable to other complex chronic diseases. (J
Allergy Clin Immunol 2018;mm:mEN-NENE,)

Key words: Severe asthma, remodeling, airway inflammation, topo-
logical data analysis, phenotyping

Asthma is a complex chronic disease that causes considerable
morbidity' and is often suboptimally controlled with current ther-
apies.” It is characterized by the presence of airway inflammation,
which can be associated with the presence or absence of type 2 in-
flammatory cytokines.” In addition to inflammation, airway remod-
eling” is a common feature of asthma and encompasses a variety of
structural changes, including reticular basement membrane thick-
ening, increased airway smooth muscle (ASM) mass, increased
glandular mass, goblet cell hyperplasia,” and vascular remodeling.’

The use of endobronchial biopsies to investigate the pathology
of asthmatic airways has greatly improved our understanding of
asthma pathophysiologyfl’7 However, studies to date describing
airway pathology in asthmatic patients have been limited by (1)
relatively small sample sizes, (2) variability in the pathological
features described, and (3) variability in the techniques used. In
particular, there has been no comprehensive evaluation of airway
pathology in asthma using a single set of analytical features with a
view to identifying pathological subtypes of asthma. Such a study
is important because emerging asthma therapies can target spe-
cific features of remodeling, cellular inflammation, or both®'°
and their associated molecular pathways.

We hypothesized that (1) patients with asthma comprise distinct
pathological phenotypes and (2) the phenotypes observed in
asthma could be replicated by using mathematical techniques
suitable for replication of high-dimensional topologies. We used
unbiased statistical approaches combining data topology and
visualization using topological data analysis (TDA) to generate
pathological phenotypes'''® of patients with asthma across the
spectrum of treatment intensity and healthy age-matched subjects.
An independent severe asthma external replication cohort was used
to evaluate topology replication. Specifically, we selected TDA as
an analytic tool because of the ability to interrogate complex data in
high-dimensional (>3 dimensions) space and create visualizations
(networks) of the data. Unlike classical approaches, such as some
forms of cluster analysis, TDA does not require any a priori spec-
ification of the number of clusters and has the added advantage of
enhanced visualization of putative phenotypes and microscopic
clusters identified as connected nodes of individual patients sharing

J ALLERGY CLIN IMMUNOL
mmm 2018

Abbreviations used
ASM: Airway smooth muscle
BOBCAT: Biomarkers in Corticosteroid-refractory Asthma
GINA: Global Initiative for Asthma
GMA: Glycol methacrylate
IQR: Interquartile range
TDA: Topological data analysis

similar pathological attributes. Additionally, with classical clus-
tering methods, data points that can be naturally connected can
be broken apart, but TDA preserves natural connections and re-
flects the “gradual” separation of points in a real data set. If
well-separated groups exist within a data set, then TDA will iden-
tify these groups but not at the expense of introducing artificial sep-
aration between data points.

METHODS

Patient populations

We evaluated 2 independent populations (see Fig E1 in this article’s Online
Repository at www.jacionline.org): (1) a discovery population (discovery
cohort) of asthmatic patients across the spectrum of asthma treatment intensity
and age-matched healthy volunteers and (2) an independent replication popula-
tion (replication cohort) of patients with severe asthma at Global Initiative for
Asthma (GINA) treatment steps 4 and 5." The replication cohort was evaluated
and compared with the GINA step 4 and 5 population in the discovery cohort.

Discovery cohort. Two hundred two patients (142 asthmatic
patients and 60 healthy volunteers) were recruited prospectively at Glenfield
Hospital, Leicester, United Kingdom, and Queen’s University, Belfast, United
Kingdom. Some pathological features presented here have been reported
previously from subcohorts of patients.® '

Replication cohort. Bronchial biopsy specimens were evaluated in
59 patients from the multicenter Bronchoscopic Exploratory Research Study
of Biomarkers in Corticosteroid-refractory Asthma (BOBCAT) study,”’ a
3-visit observational study of patients with uncontrolled severe asthma taking
high-dose inhaled or oral corticosteroids (GINA treatment steps 4-5).

Asthmatic/healthy volunteers: definition

All patients with asthma were current nonsmokers, with a 10 pack year or less
smoking history, and met the following diagnostic criteria: an expert physician’s
diagnosis of asthma with objective evidence (defined as >1 of the following:
peak flow variation >20% over a 2-week period, bronchodilator reversibility
>12% and 200 mL, or airway hyperresponsiveness [methacholine PC,, <8 mg/
mL]). Asthma treatment intensity was used as a marker of disease severity and
defined according to GINA treatment steps with the following severity strata
(GINA 1, n = 30 [mild], GINA 2-3, n = 31 [moderate], and GINA 4-5 [severe],
n = 81).! Healthy volunteers in the discovery cohort (n = 60) were identified
from local advertising and had no prior history of respiratory disease.

Ethical approvals

All studies were approved by locally relevant ethics committees and
institutional review boards. A detailed statement on ethical approvals in
provided in the Methods section in this article’s Online Repository at www.

jacionline.org.

Patient characterization

Discovery cohort. Patients underwent extensive evaluation at
baseline, including a full medical history and lung function testing with
bronchial challenge using methacholine where appropriate and sputum
inflammometry. Tables of data completeness for clinical metadata are reported
in Table E1 in this article’s Online Repository at www.jacionline.org.
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Replication cohort. Characterization of patients in the BOBCAT
cohort has been described previously, and results have been compared with
those in the discovery severe asthma cohort (GINA treatment steps 4-5).”"

Further details of patient characterization and bronchoscopy in both
cohorts are provided in the Methods section in this article’s Online Repository.

Immunohistochemistry

Discovery cohort. Two-micrometer glycol methacrylate (GMA)
sections were cut and immunostained, as described previously.’” The
following mouse primary antibodies were used: anti—neutrophil elastase clone
NP57 (0.1 pg/mL; Dako, Ely, United Kingdom), anti—mast cell tryptase clone
AAL1 (0.1 pg/mL; Dako), anti—eosinophil major basic protein clone BMK-13
(0.4 pg/mL; Monosan, Uden, The Netherlands), anti-EN4 (5 wg/mL; Mono-
san), anti—a-smooth muscle actin (1A4, 0.7 pg/mL; Dako), and appropriate
isotype controls (Dako).

Replication cohort. Tissues were fixed with 10% formalin and
embedded in paraffin wax before cutting. Tissue sections (5 pwm) were
immunostained for a specific eosinophil marker (eosinophil major basic
protein) by using the alkaline phosphatase technique. Immunoreactivity was
detected with Fast Red and visualized under light microscopy.

Assessment of pathology using
immunohistochemical staining

Discovery cohort. The following 9 previously validated patholog-
ical features were evaluated in the discovery cohort (see Fig E2 in this article’s
Online Repository at www.jacionline.org). For features 1 to 3, percentages of
epithelial, smooth muscle, and glandular areas in sections were identified'®
and measured by using a computer analysis system (Cell F; Olympus,
Hamburg, Germany). The mean of 2 sections at least 10 wm apart was taken
for each analysis. For features 4 to 7, numbers of positively stained nucleated
eosinophils, neutrophils, and mast cells in the lamina propria and mast cells
within the ASM bundle areas were counted and expressed per square milli-
meter. ASM areas of less than 0.1 mm?* were considered insufficient to quan-
tify mast cell numbers.””'” For feature 8, reticular basement membrane
thickness was measured by using the technique reported by Sullivan et al.>*
In addition, for feature 9, the mean Chalkley count, a validated unbiased mea-
sure of vascular size and density, was evaluated in a subset of patients (n = 87
asthmatic and 32 healthy volunteers), as previously reported by us.’

Tables of data completeness for pathological features are reported in Tables
El, B-D.

All pathological data were assessed by observers blinded to the identity of
the patient. A single blinded observer, A.S. at Leicester, performed cross-
counts in a random selection of asthmatic and healthy cases between F.S. and
S.S. at Leicester (within-center repeatability) and E.D. at Belfast (between-
center repeatability). Good to excellent between- and within-center repeat-
ability was observed for all of the pathological features (intraclass correlation
coefficient > 0.75). Further details relating to intraobserver/interobserver
repeatability of pathology measurements are provided in the Methods and
Table E2 in this article’s Online Repository at www.jacionline.org.

Replication cohort. J.E. and C.A. (Genentech) performed immu-
nohistochemistry analysis with the help of J.R., who identified regions of
interest for analysis and quantification. Because of the known effect of paraffin
embedding, causing tissue shrinkage by approximately 30% in length and
50% in area when compared with GMA,** all biopsy measures in paraffin were
normalized to account for this effect. We assumed that tissue shrinkage was
isotropic and uniform within biopsy specimens. Further details on normaliza-
tion for paraffin-embedded tissue shrinkage are provided in the Methods sec-
tion in this article’s Online Repository.

Lung function decrease cohort

Discovery cohort. A subgroup of asthmatic patients (67/142; see Fig
E1) in the discovery cohort had longitudinal lung function (prebronchodilator
FEV,) data acquired after bronchial biopsy sampling. The median follow-up
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duration was 2.73 years (Q1-Q3, 0.77-5.34 years). This population was used to
evaluate the effect of remodeling phenotype on lung function decrease over
time, although this substudy was not powered to detect interaction of TDA
clusters and time.

Biopsy gene expression cohort

Discovery and replication cohorts. For a subset of biopsy
specimens (see Fig E1), gene expression data were available from bronchial bi-
opsy homogenates. RNA was isolated from homogenized bronchial biopsy spec-
imens, as described previously.'” RNA was amplified (Ambion, Life
Technologies, Grand Island, NY) for Agilent (Santa Clara, Calif) 2-color Whole
Human Genome 4x44k gene expression microarray analysis. The gene expres-
sion profile of T2 or Ty17 asthma was defined, as previously reported.'**>-
Additional analyses of genome-wide expression were performed in the severe
asthma fraction (GINA treatment steps 4-5) of both cohorts and are outlined
in the Methods section in this article’s Online Repository.

Statistical analysis

Basic summary statistical analysis was performed with R 3.3.1 software (R
Development Core Team) and SAS software (version 9.4; SAS Institute, Cary,
NC). Parametric and nonparametric data are presented as means (SEMs) and
medians (interquartile ranges [IQRs]), respectively, unless otherwise stated.

For comparison of multiple groups characterized by parametric and
nonparametric variables, 1-way ANOVA or the Kruskal-Wallis test was
used, and x*/Fisher exact tests were used for proportions.

A 3-step statistical process was used and incorporated to generate data on
pathological phenotypes in asthmatic patients. Step 1 was defined as factor
analysis to reduce the dimensionality of 9 pathological features (leading to
identification of 4 canonical pathological features highlighted with asterisks in
Fig E2). Step 2 was defined as TDA with the input function derived from path-
ological factor analysis (described methodologically in Fig E3 in this article’s
Online Repository at www.jacionline.org). Step 3 was defined as mapping of
variables not used to generate TDA networks to the networks, such as FEV,
decrease (by using linear mixed effects models; see Table E3 in this article’s
Online Repository at www.jacionline.org) and biopsy gene expression
(eg, Ty2 and Ty17 gene expression scores).

Microclusters were defined as regions within networks of patients (nodes)
that were similar (connected by lines) and to avoid overinterpretation of the
data represented visible substructures within networks, such as loops, tails,
and large regions within networks separated by significant distances. Micro-
clusters were used to understand within-network pathological heterogeneity
within the discovery cohort.

Further details of these analyses are provided in the Methods section in this
article’s Online Repository.

Investigation of topological similarity in the
discovery and replication severe asthma cohorts

An investigation of the topological equivalence of the severe asthma
fraction (GINA treatment steps 4-5) within the discovery and replication data
set was undertaken by using a specific analysis of persistence homology that
evaluates the similarity between data shapes generated by using high-
dimensional topology”’* with JavaPlex’' in MATLAB R2016b.

Further details are provided in the Methods section and Fig E4 in this arti-
cle’s Online Repository at www.jacionline.org.

RESULTS
Discovery cohort: Airway pathology and asthma
severity

Clinical characteristics of the study population stratified by
GINA treatment intensity are presented in Tables E4, A and B, and
pathological biopsy measurements stratified by GINA treatment
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FIG 1. Discovery TDA pathology networks annotated by GINA treatment intensity. TDA networks were
generated by using airway pathology markers in the discovery population of asthmatic and healthy
volunteers. Networks have been colored by GINA treatment intensity (bottom right-hand color key) with
GINA step 0 assigned to healthy volunteers to allow discrimination of asthmatic patients and nonasthmatic
subjects, as well as asthma severity, both within and between networks. Four pathological traits derived af-
ter data reduction, as annotated in the right-hand photomicrograph inset (see Fig E2), were used to generate
pathologically driven TDA networks. There are 4 overall groups of interest, with 1 additional set of cases
who do not fall into any grouping. Patients with severe asthma fall primarily within groups 2 to 4. Healthy
volunteers and patients with mild asthma (GINA steps 1-2) appear to be located primarily in group 1. The
white dotted loop within group 1 identifies a group of patients who are healthy/have mild-to-moderate
asthma without significant airway hyperresponsiveness and with no history of exacerbations that appear
to represent a continuum between health and asthma. Additional healthy volunteers appear to be occasion-
ally located within asthmatic networks (groups 2-4; white arrows) and in some cases are not associated with

a core grouping (orange circle).

intensity are shown in Tables E5 and E6 (90th percentile analysis)
and Fig E5 in this article’s Online Repository at www.jacionline.
org.

Biopsy gene expression analysis and asthma
treatment intensity

A total of 11 differentially expressed genes demonstrating
increased (FKBP5, KRT24, SLC25A16, and PHACTR3) or
reduced (PHACTRI, RPL23AP32, YMEILI, ROBO3, TMCb6,
and IGLJ3) expression between patients with severe asthma and
healthy control subjects (after accounting for false discovery)
were replicated in the BOBCAT severe asthma cohort (see Fig
E6 and Table E7 in this article’s Online Repository at www.
jacionline.org). Based on these observations, Ty2 and Tyl7
gene expression scores'” and a selection of the 11 replicated genes
(see Fig E6: FKBP5*** PHACTR3,”7" and KRT24™") were
used to subsequently annotate TDA networks and colocalize
gene expression with various remodeling and clinical features.

Discovery cohort: Identification of pathological
subtypes/phenotypes of asthma by using TDA

Fig E3 demonstrates a conceptual and mathematical overview
outlining the process used by TDA to generate pathological net-
works. Fig 1 demonstrates TDA networks of airway pathology
generated in a 4-dimensional data space. The networks have

been annotated by using GINA treatment intensity scores, with
GINA step 0 assigned to healthy volunteers. The images represent
2-dimensional networks of airway pathology in asthmatic pa-
tients and healthy volunteers. Each network is a series of nodes
(round circle) that represent small clusters of patients who share
similar pathology and are connected by lines to other nodes in a
network.

A total of 190 of 202 patients were identified within 4 discrete
TDA groups (Fig 1 and Table I). However, 10 of 202 did not
demonstrate any clear grouping by using TDA (Fig 1).

Healthy volunteers (Fig 1, white arrows and white boundary
nodes) appeared to be primarily located in the group 1 network
and within nodes that did not form any particular TDA grouping.
In contrast, topological groups 2 to 4 were primarily composed of
patients with moderate-to-severe asthma, although healthy volun-
teers were present within these groups (white arrows, Table I).
Higher-resolution images of the TDA groups are reported in
Figs 2-5 with summaries for both clinical and immunopathologic
data in the groups presented in Tables [ and II and of discovery
TDA groups in Fig 6.

Discovery: High-resolution analysis groups 1 to 4
Group 1: Mild-to-Moderate Asthma/HealthyC°e tinuum,
Group 1 (Fig 2) was characterized by patients with asthma
(n = 41/77) and healthy volunteers (n = 36/77). Asthmatic pa-
tients within group 1 had a median GINA treatment intensity of
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TABLE I. Clinical characteristics of the discovery populations stratified by TDA grouping

Mild-to-Moderate

Reticular Basement

Airway Smooth

Asthma/Healthy®entinuum, Membrane'io", Muscle'ieh, Remodeling"°",

group 1* (n = 77) group 2 (n = 60) group 3 (n = 36) group 4 (n = 19) P valuet
Healthy subjects/group 36/77 8/60 6/36 6/19 <.0001;
Age (y), mean = SEM 39.49 * 1.65 40.27 = 1.82 44.58 = 2.72 45.53 = 3.01 1575
Sex (% male) 55.56 58.33 48.48 42.11 59941
BMI (kg/m?) 27.25 (8.15) 26.30 (8.30) 27.55 (5.40) 27.09 (7.89) 7850
GINA treatment steps 1.00 (3.00)|| 9 4.00 (3.00) 3.00 (3.00) 4.00 (4.00) <.0001
Age of onset (y) = SEM* 28.11 £ 3.11 22.20 * 2.64 2941 = 4.42 25.00 £ 6.04 4447
Disease duration (y) = SEM* 14.13 = 2.40 19.19 = 1.84 20.70 = 2.72 18.62 * 4.73 .0747
Atopic status (%) 55.56 77.36 64.52 70.00 0186
Positive Aspergillus species skin test (%) 6.12 17.31 27.78 20.00 L0205
Total IgE (kU) 66.45 (129.35)| 182.50 (262.90) 185.00 (425.00) 128.00 (210.20) 0077
Smoking (pack years) 0.00 (0.00) 0.00 (1.00) 0.00 (5.00) 0.00 (1.00) .5969
Annual exacerbation frequency* 0.00 (2.00) 1.00 (4.00) 1.50 (2.00) 2.00 (1.00) .0575
BDP equivalent ICS dose/24 h* 500.00 (1000.00)|q 1600.00 (1200.00) 1120.00 (1050.00) 900.00 (800.00) 0102
Oral steroids (%) 12.82 23.08 25.00 30.77 18161
Sputum eosinophils (%) 0.63 (4.25)| 4.10 (16.75) 3.13 (11.45) 0.50 (2.25) .0005
Blood eosinophils X 10° 0.19 (0.22) 0.25 (0.33) 0.27 (0.28) 0.27 (0.28) .0714
FENO, 50 mL - s~ ' (ppb) 17.60 (18.00)|| 38.95 (35.50)9 17.00 (27.90) 15.00 (10.20)|| <.0001
Sputum neutrophils (%) 54.75 (51.76) 61.73 (45.65) 41.10 (51.65) 74.00 (42.35) .1469
FEV, pre-BD (L) = SEM 440 = 1.17 295 £ 0.13 2.64 £ 0.17 2.83 £ 0.15 .0209
FEV, pre-BD (%) = SEM 90.70 = 3.04 87.64 = 2.82 83.42 = 373 92.32 * 3.96 1221
FEV, post-BD (L) = SEM 4.67 = 1.32 3.18 £ 0.11 2.85 £ 0.17 3.03 £ 0.15 .0894
FEV, post-BD (%) = SEM 94.93 = 2.77 93.98 + 2.82 89.10 = 3.21 91.40 = 4.38 .3063
FEV,/FVC (%) post-BD = SEM 78.16 = 1.46 76.56 = 1.35 73.53 = 2.06 75.09 = 3.07 .1300
PC,, methacholine (mg/mL) 15.73 (31.40)||q 1.00 (7.90) 1.40 (3.40) 3.30 (31.50) .0043
FEV; BDR (%) 1.00 (6.00) 3.00 (8.00) 2.59 (10.71) 5.00 (7.37) 4931

Values in boldface indicate statistical significance.

BD, Bronchodilator; BDP, beclomethasone dipropionate; BDR, bronchodilator responsiveness; FEno, fractional exhaled nitric oxide; FVC, forced vital capacity; ICS, inhaled

corticosteroid.

*Group | patients include asthmatic and healthy volunteers and as a consequence between-group comparisons for asthma traits, only apply to the asthma population within group 1
(with the exception of GINA treatment step, which was set at 0 for healthy volunteers). All values not presented as means * SEMs are presented as median (IQRs).
tStatistical analysis across all groups. Adjusted P values (P <.05) were denoted as follows: §versus 1; [|versus 2; qversus 3; and #versus 4. Adjusted P values were obtained by

using Bonferroni correction. All tests are Kruskal-Wallis, unless indicated otherwise.
Ix° test.

3 (Q1-Q3, 1-4), with 19 of 41 asthmatic patients demonstrating
mild (GINA treatment step 1-2) disease. This population
comprised the loop population and comprised a continuum with
the healthy volunteers in group 1. The loop population did not
have significant asthmatic-range airway hyperresponsiveness
and did not experience any asthma exacerbations in the previous
calendar year. Gene expression overlay identified low tissue
expression of the DNA methylation gene PHACTR3* " in the
loop population. In contrast, GINA step 4 to 5 asthmatic patients
within group 1 either occupied the apex of the loop population
or were a distinct population toward the right-hand side of the
group 1 network.

Interestingly, a small microcluster within group 1 (MC1) was
enriched markedly for patients with high submucosal glands. This
patient population were Tyy17 high and T2 low at the biopsy gene
expression level and demonstrated a low postbronchodilator
FEV, percentage and FEV/forced vital capacity ratio.

Group 2: Reticular Basement Membrane''9" group.
Group 2 was characterized primarily by patients with moderate-
to-severe asthma (n = 52/60), with 23% of patients receiving
maintenance oral steroids. Pathologically, subjects in group 2 had
reticular basement membrane thickening, with the topology
demonstrating 2 nested subgroups with high and low epithelial
percentage areas within the upper and lower poles of the network,

respectively (Fig 3). Two microclusters (Fig 3) within the topo-
logical data space of group 2 were identified. Microcluster 2 con-
sisted of patients with primarily adult-onset severe asthma who
had high tissue Tyl7 gene expression, epithelial percentage
area, cytokeratin 24 (KRT24) expression,3 8 and tissue neutrophil
counts. In contrast, microcluster 3 consisted of patients with
early-onset moderate-to-severe asthma who demonstrated high
sputum and tissue eosinophil counts with evidence of intermedi-
ate Ty2-high and low Ty17 gene expression.

Group 3: Airway Smooth Muscle''9" group. Group 3
was primarily characterized by patients with moderate-to-severe
asthma, with 25% of patients receiving maintenance oral
corticosteroids. The most striking feature of group 3 was high
airway percentage smooth muscle area and absolute area, with
few other pathological features of structural remodeling. Overall,
group 3 patients had significantly higher levels of airway hyper-
responsiveness when compared with group 1 (median methacho-
line PCy, 1.4 mg/mL [IQR, 3.4 mg/mL] vs 15.7 mg/mL [IQR,
31.4 mg/mL]; P =.0043; Table I). Group 3 subjects also demon-
strated the lowest numeric prebronchodilator and postbronchodi-
lator lung function of all the TDA groups. A microcluster of
patients within the group 3 topology (microcluster 4) demon-
strated the highest levels of mast cells in the lamina propria
(and smooth muscle) and had concurrent tissue eosinophilia and
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FIG 2. Mild-to-Moderate Asthma/Healthy®°"i""“™ TDA network. Higher-magnification image of the group 1
TDA network (top left image). Color annotation keys are provided on the right-hand side of each corre-
sponding TDA image. Gray nodes within the network indicate missing data. BASE and APEX refer to the
bottom and top of the loop structure (white dotted outline). It can be seen that asthmatic patients from
group 1 within the loop structure overall have low exacerbation frequency and low-grade airway hyperres-
ponsiveness, with a gradual transition from T2 (base of the loop) to Ty17 (apex of the loop) tissue gene
expression as corticosteroid exposure increases. The DNA hypermethylation marker of the PHACTR3
gene was found to have low levels of expression in patients with mild asthma and healthy volunteers
(top right image). The Ty2-high canonical gene demonstrated a reciprocal relationship with Ty17 gene
expression (bottom right images) within tissue, suggesting that these phenotypes are mutually exclusive
(white arrows). The dotted orange box (bottom right) indicates a microcluster (MC1) characterized by
high submucosal percentage glands (this feature was not seen in any other TDA groups), a high Ty17 tissue
gene expression score and low postbronchodilator FEV, percentage and FEV./forced vital capacity (FVC)

ratio.

basement membrane remodeling with associated poor lung func-
tion and high exacerbations (Fig 4). Data from the severe asthma
discovery and replication cohorts indicated that this population
had a variable T2 and Tyl7 tissue inflammatory phenotype
(see Fig E9 in this article’s Online Repository at www.
jacionline.org).

Group 4: Remodeling"®" group. Group 4 was primarily
characterized by patients with moderate-to-severe asthma
(GINA step 4-5: 10/19), although 6 of 19 patients were healthy
volunteers without a diagnosis of asthma. Asthmatic patients
within this group had the highest numeric exacerbation fre-
quency (median, 2 [IQR, 1.0] exacerbations/y; P = .06, compar-
ison across asthmatic patients within TDA groups), despite
having well-controlled eosinophilic inflammation in blood,
sputum, and tissue (Tables I and IT). Overall, group 4 had few fea-
tures of airway remodeling.

However, a microcluster of patients was identified within this
network, demonstrating a high epithelial percentage area, a non-
Ty2 and variable high/low Tyl7 tissue gene expression score,
high tissue DNA hypermethylation marker PHACTR3 gene

expression,”” >’ and a high frequency of exacerbations. This

group appeared to be enriched markedly for sputum neutrophilia
(Fig 5).

Our observations of microclusters in all 4 discovery pathology
phenotypes were masked group level statistics (Tables I and II)
and are summarized in Fig 6.

Reciprocal tissue gene expression patterns

Overall, Ty2 and Ty17 gene expression in biopsy tissue was
mutually exclusive across all TDA groups. In addition, the corti-
costeroid sensitivity gene FKBP5'> " demonstrated reciprocal
tissue expression when compared with PHACTR3 across net-
works (Figs 2-5 and see Fig E6).7’

Discovery: Prebronchodilator FEV, change analysis

Median decrease slopes in milliliters per year were centered at
zero, with wide Q1-Q3 ranges across the TDA groups; see Table
E3, B, and Fig E7 in this article’s Online Repository at www.
jacionline.org.
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FEno (50 /min)

TDA network. Higher-magnification image of the group 2 TDA

network. The network is broadly divided into an upper pole and lower pole (correspondingly above and
below the dotted diagonal line). Color annotations for fraction of exhaled nitric oxide (FEno), Sputum
eosinophil values (as a percentage), and biopsy T2 and Ty17 gene expression scores are provided on
the right-hand side of each corresponding TDA image. Gray nodes indicate missing data. It can be seen
that basement membrane thickening is present in both the upper and lower poles of the network; however,
the epithelial area is high in the upper pole and low in the lower pole. Arrows delineate regions of interest
that are subsequently identified as microclusters 2 and 3 (MC2 and MC3, respectively). MC2 is characterized
by adult-onset asthma, high tissue neutrophil counts, and a high epithelial percentage area and T417 gene
expression score. MC3 is characterized by early-onset atopic refractory eosinophilic asthma, with high tis-
sue and sputum eosinophil counts, a suppressed fraction of exhaled nitric oxide value, and intermediate
Th2 gene expression score. In keeping with previous reports, we identified pockets of Ty2-high canonical
gene expression with associated low Ty17 gene expression and vice versa (white arrows, bottom right

images).

Replication of airway pathology phenotypes:
Comparison of patients with severe asthma in the
discovery and replication cohorts

Patients in the discovery and replication cohorts with severe
asthma were matched for age and sex but differed with respect to
the proportion receiving oral steroids (GINA step 5), bronchodi-
lator responsiveness, and baseline spirometry (see Table ES, A-C,
in this article’s Online Repository at www.jacionline.org).

The results of computing persistent homology for the discovery
and replication data sets are shown in barcode plots in Fig E8 in
this article’s Online Repository at www.jacionline.org. Both the
discovery and replication populations demonstrated highly
similar level O and level 1 homologies indicative of homology
replication after accounting for 30% tissue shrinkage because of
paraffin embedding. In contrast, simple visual inspection of net-
works (see Fig E9) using TDA did not identify topological
similarities.

DISCUSSION
We have used novel methods to explore and visualize airway
pathological heterogeneity in asthma and health. Specifically,

high-dimensional pathological objects and networks were gener-
ated by using TDA and identified 3 pathological phenotypes
corresponding to visualized disease networks: (1) Mild-to-
Moderate Asthma/Healthy ™™™ (2) Reticular Basement
Membrane™e",  (3) Airway Smooth Muscle™®", and (4)
Remodeling™*".

We selected TDA as an analytical tool because of the ability to
interrogate complex data in high-dimensional space based on the
field of topology/shape analysis of data, machine learning, and
data visualization."'""? Unlike classical approaches, such as clus-
ter analysis, this tool does not require any a priori specification of
the number of clusters and has the added advantage of enhanced
visualization of putative phenotypes.

TDA group 1 (Mild-to-Moderate Asthma/Healthy“°"i™™)
comprised both patients without asthma and those with mild
asthma, forming a distinct topological loop in the data space
with a smooth transition of airway hyperresponsiveness from
the nonresponsive range to low-grade hyperresponsiveness, few
features of airway remodeling, and no exacerbations in the previ-
ous calendar year, which is indicative of a low risk phenotype.
Nested within this pathological group, we identified a small mi-
crocluster of patients with Ty17-high asthma with a high
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FIG 4. Airway Smooth Muscle"®" and nested microcluster: group 3 TDA network. The network is character-
ized by patients with a high ASM percentage area (bottom left image) and airway hyperresponsiveness/low
PC,o (top right image) and demonstrated the lowest spirometric lung function (bottom right image). Pa-
tients with high tissue eosinophil and mast cell counts within both the ASM and lamina propria (LP) and
basement membrane thickness are colocated to a region of the network on the right-hand side of the dotted
line. Microcluster 4 (MC4; delineated by white arrows) of these patients is enriched for mast cells and eosin-
ophils in the LP and appear to have low post bronchodilator lung function and a high annual exacerbation
frequency. An adjacent collection of nodes, as well as selection of nodes within MC4, also demonstrated
enrichment for mast cells in the ASM. We speculate that the group 3 overall population might be most
amenable to therapies that potentially target the ASM in asthmatic patients (eg, bronchial thermoplasty),
with those patients on the right of the dotted line being potentially amenable to both therapies that target
airways smooth muscle and selectively target mast cells. T42/T17 status was highly variable in patients

with severe asthma within this subgroup (see Fig E9, A and B).

percentage of submucosal glands and the lowest postbronchodila-
tor lung function within the group 1 TDA network.

Similarly, in the moderate-to-severe asthma—predominant
TDA groups (groups 2-4), we observed heterogeneity of pheno-
types within networks, and the emergence of potentially biolog-
ically relevant microclusters of disease was evident.

Exemplars of observed microphenotypes generated by our
analyses included 2 microclusters within TDA group 2 (Reticular
Basement MembraneHigh). The overall demonstration of
increased reticular basement membrane thickness and variable
epithelial area in group 2 might suggest that research evaluating
extracellular matrix pathways,3 ? epithelial wound repair (eg,
EGFR receptor activation/signaling),”’ and epithelial meta-
plasia®’ might shed a deeper insight into disease mechanisms in
this group specially. The microcluster within group 2 was en-
riched for patients with late-onset disease and demonstrated
marked airway hyperresponsiveness and tissue expression of a
Ty17 tissue gene expression signature that was mutually exclu-
sive with the Ty2 signature, as previously reported,'” and lamina
propria neutrophilia.

Patients within this microcluster were taking high levels of both
inhaled and, in many cases, oral corticosteroids, which have been
proposed as a possible reason for the emergence of a Tyy17 gene

signature and neutrophilic disease. However, against this hypoth-
esis was the observed low level of tissue PHACTR3 gene expres-
sion, which we observed consistently as being upregulated in
patients taking high levels of corticosteroids. It is possible that
this gene, which is associated with epigenetic modification
(through DNA methylation) in patients with lung cancer,”” might
be unresponsive to corticosteroids in this population, rendering
patients corticosteroid resistant or indeed that the gene and its
product cross-talk with Ty17 inflammatory pathways, an asser-
tion that would require in vitro evaluation. Nonetheless, we spec-
ulate that therapeutic strategies targeting IL-17 might be most
fruitful in this microcluster.*” In contrast, the demonstration of
an additional microcluster within the group 2 TDA network
with severe early-onset atopic disease an persistent tissue and
sputum eosinophilia despite high levels of corticosteroid expo-
sure (GINA step 4-5, high tissue PHACTR3 expression) might
suggest a population that would benefit most from therapeutic ap-
proaches targeting the Ty2 axis.™

Within TDA group 3 (Airway Smooth Muscle™#"), we identi-
fied a microcluster with a high percentage ASM mass and
increased numbers of tryptase-positive mast cells within both
the ASM and lamina propria. This group had marked airway hy-
perresponsiveness and was enriched for patients with
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and nested microcluster: group 4 TDA network. Color annotations for pathological

and clinical features are provided on the right-hand side of each corresponding TDA image. Overall, this
group exhibited high treatment use and exacerbation frequency. However, microcluster 5 (MC5; white
dotted outline) was identified within this network with a high epithelial percentage area and a non-Ty2, pri-
marily non-Ty17 tissue gene expression profile. Clinically, this subgroup demonstrated a high annual exac-
erbation frequency, high sputum percentage neutrophil count with a variable tissue neutrophil count, and
concurrent blood eosinophilia in the absence of sputum eosinophilia. Gene expression of the DNA hyper-
methylation marker of the PHACTR3 gene was enriched markedly in this subpopulation (in contrast to TDA
network 1). White arrows represent regions within the network of reciprocal T42 and Ty17 gene expression

in tissue.

exacerbations and lower lung function. Therefore it is possible
that this group might be more amenable to existing therapeutic
strategies targeting the ASM in asthmatic patients”" and poten-
tially novel therapies aimed at targeting tissue mast cells.* In
support of this hypothesis, a recent report has identified signifi-
cant attenuations in ASM mass in patients with a high baseline
ASM mass undergoing thermoplasty.'”

Finally, group 4 (Remodeling™*") appeared to have frequent
exacerbations in the absence of eosinophilic inflammation in tis-
sue, sputum, and blood and group-level features of remodeling.
However, we identified a microcluster enriched for increased
epithelial area and sputum neutrophilia that appeared to be Ty2
low, with variable Ty 17 gene expression in tissue. These observa-
tions highlight the fact that our understanding of the inflammatory
mechanisms that drive airway pathology beyond the Ty2 and
Tyx17 axes in asthmatic patients remain poorly understood.

A common criticism of phenotyping studies is the lack of
replication of clusters identified within external populations. We
attempted to evaluate this concept using an independent replication

cohort of patients from the BOBCAT severe asthma study,
comparing them with patients matched for asthma severity and
treatment in the discovery cohort. It is well recognized that paraffin
embedding promotes tissue shrinkage by approximately 30% in
length and 50% in area when compared with GMA .** Therefore we
normalized paraffin-embedded biopsy data from BOBCAT by us-
ing correction factors that assumed isotropic tissue shrinkage to
allow for direct comparisons with GMA in the discovery severe
asthma cohort. Our results are one of the first of their kind that
demonstrate excellent replication of data topology in independent
severe asthma cohorts and highlight the importance of using appro-
priate mathematic methods for topology replication.

Our study has a number of limitations. First, all of our
observations with respect to pathology are cross-sectional. Sec-
ond, we did not capture the full complement of remodeling
features in biopsy tissue (eg, goblet cell hyperplasia). Third,
substudies evaluating FEV | decrease and Ty2/Ty17 gene expres-
sion in tissue warrant further evaluation in studies with larger
cohort sizes to study cluster-specific decrease and specific protein
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TABLE Il. Pathological features of the discovery population stratified by TDA grouping

Mild-to-Moderat_e 1 1
Asthma/Healthy€ertinuum, Membrane'io", Muscleio", Remodeling"°",
group 1 (n = 77)

Reticular Basement Airway Smooth

group 2 (n = 60) group 3 (n = 36) group 4 (n=19) P value*

Total biopsy area (mm?)
Remodeling parameters
Reticular basement membrane thickness (pm)
Epithelial area (%)
ASM area (mm?)
ASM area (%)
Glands (%)
Chalkley count
Tryptase-positive mast cells in ASM (cells/mm?)
Lamina propria cells/mm?
Tryptase-positive mast cells
Major basic protein—positive eosinophils
Neutrophil elastase—positive neutrophils
Tissue gene expression
TyH2 gene expression score€|
Ty17 gene expression score€
FKBP51 gene expression

1.62 (1.07)

6.65 (4.14)1§
7.35 (5.98)|
0.24 (0.24)3]
13.96 (16.79)§
0.00 (0.39)
3.78 (2.00)
2.59 (6.12)

15.84 (15.96)
6.81 (18.52)
9.55 (11.71)

—0.33 (1.03)
—0.063 (0.95)
0.20 (0.52)

2.12 (1.46)§ 1.49 (1.27) 1.36 (1.26) 0256
12.83 (3.48)8§ 9.65 (3.83) 6.99 (1.64)}§ <.0001
10.47 (10.31)§ 5.83 (4.83) 14.87 (15.78)8§ <.0001

0.16 (0.30)8§ 0.51 (0.43) 0.06 (0.08)1§ <.0001

9.77 (13.52)8§ 28.04 (17.77) 4.60 (6.73)8 <.0001

0.00 (0.00) 0.00 (0.31) 0.00 (0.00) .0740

4.80 (2.30) 4.00 (2.50) 4.15 (0.70) 0728

4.05 (7.26) 6.20 (8.19) 0.00 (6.25) 0475
12.20 (17.66) 18.99 (28.00) 12.21 (14.93) 1482

9.75 (10.64) 9.87 (17.78) 7.04 (15.58) .6008

9.04 (13.21) 14.21 (17.12) 8.05 (18.01) 1977
—0.29 (1.96) —1.20 (0.46) —1.17 (1.03) 0635

—0.316 (1.04) 0.587 (4.23) 0.097 (2.21) 2184

0.28 (0.41) 0.52 (0.31) 0.38 (0.32) 4473

All values not presented as means = SEMs are presented as median (IQRs). Values in boldface indicate statistical significance.
*Statistical analysis across all groups. Adjusted P values (P <.05) are denoted as follows: fversus 1; {versus 2; §versus 3; and ||versus 4. Adjusted P values were obtained by using

Bonferroni correction. All tests are Kruskal-Wallis tests.

qTissue gene expression analyses were only available in a subgroup of patients (see Fig E1).
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FIG 6. Discovery cohort, TDA cluster, and microcluster summary. A descriptive visual summary of the core
pathological endotypes and microclusters identified in the discovery asthma and healthy volunteer
population is shown. Group number refers to the TDA groups identified in Fig 1 with the corresponding per-
centage identifying the total proportion of the discovery population within a particular group. Five micro-
clusters referred to in Figs 2-5 and denoted as MC1 to MC5 are summarized in the black dotted lines
within their respective group/TDA network.

rather than gene expression markers of inflammatory disease,
such as IL-17 and IL-22, in patients with Ty17 asthma.

Finally, treatment effects might have contributed to TDA group
assignment, but in mitigation against this, TDA networks were

not generated by using GINA scores as an input function, and
TDA groups showed clear differences in GINA treatment steps
both within and between networks. Additionally, because of
potential oversampling of patients with GINA steps 3 to 5 asthma
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compared with steroid-naive/low-dose inhaled steroid taking
GINA step 1 to 2 asthma, future studies should compare
pathological heterogeneity in both primary and secondary care
asthma cohorts. Finally, although we were able to replicate broad
topological structures in severe asthma, the replication of micro-
clusters will require novel analytic methods and should form the
basis of future research in this area.

In summary, we have used TDA to identify and visualize
pathological disease clusters of asthma. Using this approach, we
identified numerous microclusters (masked by group-level anal-
ysis) of disease that warrant further mechanistic evaluation and
replicated pathology phenotypes by using appropriate mathe-
matic methods in an independent population with severe asthma.

We thank Ayasdi (Menlo Park, Calif) and Dr Devi Ramanan for access to
the Ayasdi software and SDK platforms for data analysis and Professors
Alexander Gorban (Leicester, Mathematics) and Professor Gunnar Carlsson
(Stanford, Mathematics) for their critique of the manuscript. We also thank
Fiona Symon for pathology counts performed within the Leicester cohort and
Ana Robles for pathology regions of interest identification within the
BOBCAT cohort.

Key messages

e TDA identified 4 pathological phenotypes (Mild-Moder-

ate Asthma/Healthy©°"i"™"“™ Reticular Basement Mem-
High
9

brane Airway Smooth Muscle#h, and

Remodeling™®") of patients with asthma/healthy volun-
teers, with numerous nested microclusters derived from
bronchial biopsy specimens.

Reciprocal Ty2 and Tyl7 gene expression was demon-
strated (1) across pathological phenotypes, (2) across the
spectrum of asthma severity, and (3) in healthy
volunteers.

Our methodology provides new insight into pathological
heterogeneity in asthmatic patients and is applicable to
other complex chronic diseases.
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METHODS
[1] PATIENT COHORTS

1.1 Patient characterisation within the discovery and replication cohorts is summarised in
supplementary Figure E1. The discovery population consisted of 142 patients with adult
asthma as annotated in the figure (orange €ellipse), alongside the number of patients at each
GINA treatment step. As the cohort were derived from patients attending both Leicester and
Belfast severe asthma cohorts, central quality control and assurance measures were taken to
ensure measurement standardisation across cohorts. Additionally 60 aged matched controls
without asthmawere included in the discovery cohort. The replication cohort was derived
from the BOBCAT study (E2), with 59 patients with severe asthma derived from this cohort.
Bronchial mucosal biopsies were embedded in GMA in the discovery cohort and paraffin in
the replication cohort. The text box identifies additional phenotyping data acquired in the
respective cohorts. Thisincluded whole biopsy gene expression analysis performed using two
colour Whole Human Genome (WHG) 4x44k gene expression microarray analysis, in subsets
of asthmaticsin both cohorts and healthy volunteers in the discovery cohort, lung function
decline datain a subset of asthma patientsin the discovery cohort only, and clinical meta data
in both cohorts (tables of % completeness of this data are provided in the supplementary

tablesE1 a-d).

[2] PATIENT CHARACTERISATION AND CLINICAL PHENOTYPING

2.1 Clinical definitions of asthmain the Discovery and BOBCAT-Replication cohorts

Discovery Cohort: All patients with asthma were current non-smokers, with a<10 pack year
smoking history, and met the following diagnostic criteria (i) an expert physician diagnosis of
asthmawith (ii) objective evidence (defined as one or more of peak flow variation of = 20%
over atwo week period, bronchodilator reversibility of = 12% and 200 ml or AHR

[ methacholine PCy < 8mg/ml]). Asthmatreatment intensity was utilised as a marker of
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disease severity and was defined according to the Global Initiative for Asthma (GINA)
treatment steps with the following severity strata (GINA 1 n=30 [mild], GINA 2-3 n=31
[moderate], GINA 4-5 [severe] n=81). All patients with asthma had been free of an
exacerbation and had been on stable asthma treatment for at least 6 weeks prior to study
entry. Healthy volunteers (n=60) were identified from local advertising. They were selected
on the basis of the following criteria (i) an absence of any historical diagnosis or symptoms of
respiratory disease, (ii) current non-smokers with a smoking history of <10 pack years and
(iii) normal airway physiology (methacholine PCy, =16 mg/ml and normal pre-bronchodilator

Spirometry).

Replication Cohort: BOBCAT was a multicenter study conducted in the United States,
Canada, and the United Kingdom to collect matched airway and blood samplesin patients
with moderate-to severe asthma. Inclusion criteriarequired a diagnosis of moderate-to-severe
asthma (confirmed by an FEV 1 between 40% and 80% of predicted value, aswell as
evidence within the past 5 years of >12% reversibility of airway obstruction with a short-
acting bronchodilator or methacholine sensitivity [PC20] <8 mg/mL) that was uncontrolled
(as defined by at least 2 exacerbations in the prior year or a score of >1.50 on the ACQE3
while receiving a stable dose regimen [>6 weeks] of a high-dose ICS [>1000 ug fluticasone
or equivalent per day]) with or without along-acting [3-agonist. Permitted concomitant

medi cations al so included leukotriene receptor antagonists and oral corticosteroids [E1].

2.2 Allergy Testing

Discovery Cohort: Atopic status was assessed using skin prick testing to the common
airborne allergens cat, dog, house dust mite, tree pollen, and Aspergillus Fumigatus (Alk-

Abello, Denmark) and total IgE testing. Sensitisation was defined as a positive skin prick test
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with aweal of =3mm. Patients had withheld taking anti-histamines for a minimum of 72

hours prior to testing.

2.3 Sputum Induction

Discovery Cohort: Sputum induction was performed using previously described methods
[E2]. Prior to testing, patients inhaled 200 ug of salbutamol. Patients were asked to blow
their nose and rinse their mouth with water. Sputum induction was undertaken using normal
saline given viaan ultrasonic nebulizer, followed by successive concentrations of saline from

3% up to 5% to aid expectoration. The expectorate was processed within 2 hours.

2.4 Pulmonary function testing

Discovery and Replication cohorts: All patients had standard spirometry (Vitalograph Ltd,
Maids Moreton, UK) according to American Thoracic Society/European Respiratory Society
guidelines [E3] with reversibility after 15 minutes using 200 ug of inhaled salbutamol viaa

spacer.

Discovery Cohort: A sub-cohort of asthmatics [43 patients from Leicester and 8 patients from
Belfast] had serial pre bronchodilator FEV 1 available. This population were utilised to
evauate the effect of remodelling cluster membership upon lung function decline. Pre
bronchodilator FEV; was chosen a priori as bronchodilator responsive remodel ling features

such as ASM mass were input parameters in the cluster models.

2. 5 Bronchoscopy

Discovery and Replication cohorts: Subjects underwent bronchoscopy conducted according
to British Thoracic Society guidelines [E4]. Bronchial mucosal biopsy specimens were taken

from the right middle lobe and lower |obe carinae, fixed in acetone, and embedded in GMA,



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

as described previously [E5]. A subset of biopsies[21 healthy controls and 51 asthmatic
subjects] were aso placed immediately in RNA preservative (RNAlater, Ambion, Austin,

TX) and submitted for microarray anaysis.

[3] ETHICAL APPROVAL STATEMENT

Discovery cohort: The studies through which patients were recruited were approved by the
local Research Ethics Committee for both institutions (Leicester: Leicestershire,
Northamptonshire, & Rutland Research Ethics Committee reference 04/Q2502/74; Belfast:
Office of Research and Ethics Committee of Northern Ireland reference 06/NIR02/114;
Northampton Research Ethics Committee 05/Q2502/8; Leicester Research Ethics
Committee, reference Number 4977). Written informed consent was gained from all
participants prior to their involvement. Replication cohort: For the BOBCAT study the
research protocol was approved by relevant institutional review boards, and informed consent

was obtained from all subjects before enrolment [E1].

[4] DATA COMPLETENESS SUMMARY

Full details of percentage missing data in the discovery cohort for (i) clinical meta data and
(i) pathology features according to GINA treatment intensity stratain TablesE1 a-b and
according to topological data analysis (TDA) grouping TablesE1 c-d. Importantly input
variables utilised for both factor and cluster analyses were derived from complete data (=

90% completeness) with imputation of median values utilised for missing data.

[5] CROSS COUNTING OF PATHOLOGY FEATURES

DISCOVERY COHORT: All pathological datawere assessed by observers blinded to the
identity of the patient. The population of patients identified for cross counts included both

asthmatic and healthy subjects. A single blinded observer AS at Leicester performed cross
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counts in arandom selection of asthmatics and healthy cases to evaluate within and between

centre repeatability.

Repeatability was assessed using two way analysis of variance and intra class correlation
coefficient. Table E2 reports the results of this analysis and demonstrates good to excellent

repeatability (ICC of averaged measures > 0.75) for al of the pathology features.

[6] CORRECTION FOR TISSUE SHRINKAGE IN PARAFFIN EMBEDDED

BIOPSIES: REPLICATION COHORT

Due to the known effect of paraffin embedding causing tissue shrinkage by approximately
30% in length and 50% in area when compared to GMA [E6], al biopsy measures in paraffin
were normalised to account for this effect. Table E3a demonstrates the impact of not
correcting for tissue shrinkage, in comparison to corrected data which is presented in

Table E3b. We assumed that tissue shrinkage was isotropic and uniform within biopsies. The
reticular basement membrane thickness was measured using the technique reported by Jeffrey
et al [E7] and corrected for tissue shrinkage of 30% by multiplying values by 1.3. Lamina
propria eosinophils counts were expressed per tissue unit area, as cells per square millimeter
squared of the lamina propria. A correction factor of x 2.04 (1/[1-0.3]%) was applied to
normalise for tissue shrinkage. The epithelial area was expressed as a percentage of the total
biopsy area. No correction for shrinkage was applied as it was assumed that isotropic
shrinkage of both epithelial and area and total biopsy area would cancel out. The airway
smooth muscle area was measured in mm? and expressed per unit length of the basement
membrane (mm?mm). Normalisation for shrinkage was therefore applied by using the
correction factor of x 1.57 ([1-0.3]%/1.3]). Tissue analysis was performed blind to the clinical

databy JE and CA. The inter-observer variation was less than 5%.
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[7] FEV,; DECLINE MODELLING (DISCOVERY COHORT)

Pre bronchodilator FEV , decline modelling was performed using PROC GLIMMIX in SAS
V9.4 using linear mixed effects models and the restricted maximum likelihood method as
previously reported [ES8]. Linear mixed model was fitted to evaluate patient specific lung
function change tragjectories. Fixed effects in the models included: Age, Height, Sex, Time,
Random effects in the model were: intercept, and, time, for each patient (Table E3a).

Average changein FEV, over 1 year for each patient was determined as = 8, + y;

Where g, is the fixed effect for time and y,; is the random effect for time for patient I.

The algebraic expression for the decline model was:

Pre BD FEV = B, + f;Age + B,He. ht + B3Sex + [, Time + +y; + ¢

[8] GENE EXPRESSION ANALY SES DISCOVERY/REPLICATION COHORTS
Gene expression analysis was performed using R 3.3.1. A gene expression profile of Th2 and
Th17 cytokine activity was defined as previoudly reported [E9-E11] in all subjects that had
available data. Additionally a “discovery and replication approach’ was applied to the gene
expression data as follows: (i) A subset of patients from the Discovery cohort that had
undergone gene expression profiling were selected comprising healthy controls and patients
having moderate to severe asthma GINA treatment step 3-5 (the asthma group). Where there
were multiple probes associated with a single gene the probe with the greatest IQR was
chosen, this was accomplished using the genefilter library in R. The Mann-Whitney test was
applied for all genesin the subset to test for adifferencein log ratio values between the

asthma group and the healthy controls. The resulting p-values were then adjusted using FDR
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(False Discovery Rate). The FDR adjusted p-values were then ranked and the top 20
differentially expressed genes in the severe asthma fraction of the discovery cohort were
identified. (ii) The top 20 genes were carried forward for the same analysis within the
BOBCAT Replication cohort (GINA 4-5), utilising the same population of healthy controls
from the discovery cohort. The p-values were again adjusted using FDR. A p vaue of < 0.05
following adjustment at each stage for multiple discovery was utilised to determine

significant association.

[6] ANALYTICAL METHODS FOR TOPOLOGICAL NETWORK DERIVATION

To generate data on pathological phenotypes in asthma a three-step statistical process was
employed and encorporated (i) factor analysis to reduce the dimensionality of nine
pathological features, (ii) topological data analysis with the input function derived from
pathological factor analysis (The analytical process of TDA isdepicted in Figure E3) and
(iii) mapping of variables not utilised to generate TDA networks to the networks e.g. FEV;

decline, biopsy gene expression.

STEP 1: Firstly, factor analysis was utilised for dimension reduction of the nine core
pathological features. Four pathology features were selected on this basis [reticular basement
membrane thickness, log,, (epithelia area%+1), log,, (ASM% areat1), and log;,

(eosinophils/mm? lamina propria+1)].

STEP 2: The four features were then utilised as inputs into Topological Data Anaysis (TDA)

[E12-4], but were not log,, transformed in the TDA. TDA provides a powerful way of
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visualising complex data by using a combination of unsupervised machine learning and data
visualisation. TDA was performed with the Ayasdi CORE software (Ayasdi, Palo Alto,
Cdlifornia). This approach represents a high dimensional data set as a structured three-
dimensional network in which each *“node’” comprises subjects similar to each other in
multiple dimensions. Lines or “‘edges’’ are drawn between nodes that contain shared data
points. Statistical tests can then be performed on groups or features that emerge from the
inherent structure of the data set. TDA was performed using the Ayasdi software and SDK
(Ayasdi, Palo Alto, California).

Three inputs were used: a distance metric, one or more filter functions, and two resolution
parameters (“‘resolution’” and “‘percent overlap’’ or “‘gain’’). A network of nodes with edges
between them was created by using a force-directed algorithm. The nodes represent bins or
““micro clusters’’ of data points, and 2 nodes are connected if their corresponding collections
of data points have a point in common. Norm correlation was used as a distance metric, norm
correlation is the Pearson correlation coefficient applied to the normalised variables, i.e.,
variables are transformed to follow a standard normal distribution. Two filter functions:
neighbourhood lens 1 and neighbourhood lens 2 were applied, theses lenses allow the
embedding of high dimensional datainto atwo dimensiona space by embedding aK nearest
neighbours graph. Resolution and gain settings were sel ected where the network structure

permits identification of subgroups.

STEP 3: Finally, in the third step, variables not utilised to generate the pathological clusters
in TDA including clinical meta data were summarised in each TDA group by linkage to the

group number.
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Micro clusters were defined as regions within networks of patients (nodes) that were similar
(connected by lines) and to avoid over interpretation of the data represented visible sub-
structures within networks e.g. loops, tails and large regions within networks separated by
significant distances. Microclusters were utilised to understand within network pathol ogical

heterogeneity within the discovery cohort.

A detailed descriptive mathematical narrative of figure E3isprovided below.

E3A: Geometric association and motivation from a data matrix of real numbers.

(i) Data analysistypically ‘nvolves atable of numbers, with attributes (columns) a; and
object vectors (rows) v;. The ‘data matrix’ is the corresponding subset of R *™, for n objects
having m attributes. In this study, m = 4 and n = 100. (ii) The data items may be perceived
as points in some geometric space. Up to 3 dimensions may be easily visualized at atime.
Distance in this space may be associated with the notion of similarity (i.e. if points are close,
then they are similar). (iii) Pointsin space may be considered to have some shape to them; it
isour desire to extract an object resembling this shape, and examine its properties. The
illustration suggests some continuous figure, composed of two possibly distinct sections.

E3B: Simple demonstration of ‘mapper’ algorithm to achieve the aforementioned goal.

(i) Consider a set of points Sin the plane, bearing the shape inferred in (A). A metric function

d:S xS = R, may encode similarity for aset of objects S. In this demonstratioh, S is a

subset of the plane (S © R?) and d is the Euclidean metric ( d(v,, v,)= /|v1 — v2]% ). Let
f:R?* - R assign each point to its x-coordinate. (ii) Theimage f(S) is a subset of the real
line, which may be partitioned into overlapping intervals for the purpose of evaluating these
points with respect to their similarity (or closeness) in the x-direction. (iii) Cluster analysisis
applied to the pre-images of these overlapping intervals (i.e. the sets of points in space that
map to those intervals). Note that some clusters have points in common, e.g. C; and C, have
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non-empty intersection (C;NC, # @), these clusters both contain the brown point. (iv) The
product of this processisasimplicial complex, or smply acomplex, that is a collection of
objects called ssimplexes. The 0-dimesnional simplexes (termed 0-simplexes) are associated
to the identified clusters. The 1-simplexes indicate clusters that have non-empty intersection
(sharing at least one point in common), essentially indicating similarity of the x-coordinate.
(v) A geometric visualization of this complex may be obtained in infinitely many ways (non-
unique). Pseudo-physical simulation may be applied to achieve a desirable picture (easy to
see the points and relationships). The O-simplexes are initialized at time t, as agrid of points,
and aforce function is defined from the 1-simplexes. Timeis then progressed to some final
state (time t5), concluding the visualization process (adding lines between the points for the
1-ssimplexes). This resulting visualization captures the idea that there are two entities present.
Varying the number of intervals (resolution), and their degree of overlap (gain), will produce
results of varying granularity (e.g. may capture the continuous relationship between the two

entities).

E3C: Metric and lenses used in this study.

(i) The norm correlation metric determines the similarity of two vectors based on their
component wise correlation, post normalization to zero mean with unit variance (z-score).
Given vectors v; , v;, we caculate distance between them as d (v, vj) = 1 — r(9, 7)), where
r is the Pearson product-moment correlation coefficient and © is v post normalization. The
illustration demonstrates calculation of the norm correlation for two 4 dimensional vectors
that have strong positive correlation (hence d =~ 0). (ii) The neighbourhood lenses project a
vector onto its x and y values of an embedded k-nearest neighbour graph. The illustration
demonstrates 3-nearest neighbours applied to a set of points, followed by a physical
simulation (replacing connections with “springs’) leading to the embedded graph. This may
then be covered by a grid of overlapping intervals, as discussed in B, to determine a complex
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for visualization. N.B. here the image space is a subset of R, with overlapping polygons,

rather than intervals on aline.

In this study, we applied the mapper algorithm, using norm correlation metric and the

neighbourhood lenses, to a data set using 4 pathological features.

[9] VIETORIS-RIPSFILTRATION AND TOPOLOGICAL SHAPE REPLICATION

To determine whether the pathological objects created in the discovery and replication severe
asthma cohorts were “‘similar’, we utilised a technique to identify data shape similarity in high
dimensional simplices called the Vietoris-Rips filtration technique. This method was utilised
as simple two dimensional visual comparisons of networks may be misleading when

comparing four dimensional pathological networks.

Figure E4 illustrates some of the essential ideas behind persistent homology. An example
data set is shown in the top left plot in Figure E4b, the data points appear to lieon acircle
with unit radius, the sample size n=20. The data set is a sample from an underlying
population, persistent homology enables us to make some statements about the shape of the
underlying population. Shapes can be described by a set of fundamental properties; connected
components, loops and voids. For example, a circle can be described as a set of connected
components along with aloop (or 1 dimensional hole) see Figure E4a, a sphere can be
described as a set of connected components along with avoid (or 2 dimensional hole). We
can regard the data set shown in the top left of Figure E4b, as n=20 connected components,
if we centreacircleof radius € on each point in the data set and let ¢ increasefrom0to 1
Figure OS E1 c-e the number of connected components decreases, at ¢ = 0 we have 20

connected componentsat € = 1 we have one connected component, as we vary & connected
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components emerge and then disappear or are born and then die. As ¢ increases we begin to
see the loop forming, the loop emergesat ¢ = 0 .9anddiesat ¢ = 1, at e = 1 dl pointsare
connected into asingle point, so thereis no loop or hole present. As ¢ is increased over a
range of values ‘real” features in the data set will persist. If &, is the value of ¢ when a
featureisborn and g, is the value of ¢ when afeature dies, then ¢; — &, will belarge for
persistent features and small for transient features, transient features are likely to be noise. If
we connect a subset of points that have overlapping or intersecting circles we form a network
of points, these networks or groups of connected points can be described using simplices, a
single point isa 0 dimensional simplex, two connected points (astraight line) isa 1
dimensiona simplex, atriangleisa?2 dimensional simplex. In Figure E4f examples of
simplicesare shown for ¢ = 0.06 and = 0.11 . If all subsets of pointsin the data set with
intersecting circles and a common intersection are connected we obtain a set of smplices
known asasimplicia complex, the particular simplicial complex that isformed in this caseis
known as the Cech complex. As we vary & from 0to 1 asin our example we get a sequence
of Cech complexes, this sequence of complexesis called afiltration. The Cech complex can
be quite computationally expensive to generate, the Vietoris-Rips complex isan
approximation of the Cech complex, the Vietoris-Rips complex is constructed by joining
simplices formed by considering only pairwise connections, this differs from the Cech
complex where asimplex isincluded in the simplicial complex if the pointsin the simplex
have a common intersection see Figure OS E1f. Informally we could say that with the Cech

complex more computations are needed to achieve the same degree of connectedness as obtained in

the Vietoris-Rips complex.

The sequence of Vietoris-Rips complexes obtained is known as the Vietoris-Rips filtration.
The barcode plot for the example data set discussed above is shown in Figur e E4g, barcode

plots provide atopological summary, the endpoints of a bar represent the birth and death
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times of the feature, hence long bars represent more persistent features, short bars represent
noise. Earlier we said that shapes can be described by a set of fundamental properties;
connected components, loops and voids, these praperties can be mathematically described by
homology groups, H,, isthe kth homology group. H, describes connected components, H,
describes loops (1 dimensional holes), H, describes voids (2 dimensional holes) and H,,
describes k dimensional holes. Connected components, loops and voids can also be described
by Betti numbers, the Betti number g, counts the number of k dimensional holes, g, isthe
rank of H,. We seethat 8, counts the number of connected components, , the number of
loops and 3, the number of voids. The barcode plotsin Figure E4g shows the birth and death

of features as afunction of £ for the homology groups H, , H; and H, .

Persistent homology for the discovery severe asthma fraction and the replication (BOBCAT)
datawas computed using JavaPlex [E15] in MATLAB R2016b. Data sets comprising the four
pathol ogy features, reticular basement membrane thickness, epithelial area %, ASM% area,
and eosinophils/mm? lamina propriain the discovery severe asthma fraction and replication

cohort were examined. Vietoris-Rips filtration was used throughout.
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RESULTS

[1] ANALYSISOF PATHOLOGICAL FEATURESIN THE DISCOVERY COHORT
ACCORDING TO GINA TREATMENT INTENSITY STRATA

Table E4 a-b report clinical and pathological (Tables E5 and Figure E5) featuresin the

discovery population stratified by GINA treatment step.

Table E6 reports the 90™ percentile point of the pathology features within the health
population. The percentage of patientsin each GINA treatment intensity stratum with values

above the 90™ percentile point is presented as a comparator.

We identified that the pathological features were distributed differently according to asthma
GINA treatment intensity/severity strata. Specifically, all asthma severity strata had evidence
of asignificant tissue eosinophilia. In contrast neutrophilic tissue inflammation was not a
feature at a group level in any of the asthma strata and was only observed above the 90"
percentile healthy population value in 13.3% with GINA 1 asthma, 21.4 % with GINA 2-3

asthma and 18.3% in GINA 4-5 asthma; p= 0.43.

Mast cell infiltration of the smooth muscle was significantly increased in GINA 1[4.17 (3.07-
11.47) cells/mm? and GINA 2-3[5.77 (1.87-17.43) cells/mm?] strata but not in the GINA
4-5 strata[4.01 (0-9.0 cells) /mm?]. In addition mast cells'mm? of the lamina propria were not

significantly increased in asthma when compared to healthy volunteers.

RBM thickness was significantly increased in al asthma strata compared to healthy
volunteers (p=<0.0001). 34.5 % of GINA 1, 32.2% GINA 2-3 and 59.2% of GINA 4-5
patients had a basement membrane thickness above the 90" percentile point in healthy

volunteers (p<0.0001).
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The Chakley count (a marker of vascular remodelling) was significantly increased in mild
GINA 1 (4.65[3.16-5.67]; n=12/30) and severe GINA 4-5 asthma (5.00 [4.00-6.00];

n=55/81) compared to the healthy control group (3.40 [2.76-.3.95]; n= 32/60), p<0.0001.

In contrast we failed to observe significant differencesin epithelial percentage area, glandular
percentage area or percentage airway smooth muscle area between the GINA strata and
healthy volunteers. However when expressed as a percentage above the 90™ percentile
healthy value, the absol ute smooth muscle areain mm? was increased in asthmain 16%

GINA 1, 32.1% GINA 2-3 and 36.4% GINA 4-5; p=0.003.

[2] GENE EXPRESSION

A total of eleven differentially expressed genes between severe asthma and healthy controls,
(after accounting for false discovery), were replicated in the BOBCAT severe asthma cohort

and are outlined in Supplementary Table E7 and Figure E6.

[3] FEV,; DECLINE

Age and height were found to be statistically significant predictors of pre bronchodilator
FEV 1. However it can be seen that age and height adjusted FEV ; decline was not significant
when considering time as fixed effect and random effect (decline model 1) Supplementary
tables E3a-b. Additionally the decline slopes centred at O mls/year for all the TDA clusters
had wide confidence intervals and we were not powered to assess cluster* decline

interactions. Supplementary Figure E7.

[4] INVESTIGATION OF TOPOLOGICAL SIMILARITY: DISCOVERY AND
REPLICATION SEVERE ASTHMA COHORTS

Clinical and pathological characteristics of the discovery and replication severe asthma

(GINA 4-5) populations are presented in tables E8a-b.
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Patients in the discovery and replication cohorts with severe asthma were matched for age
and sex (Supplementary Tables E8 a-b). A significantly higher proportion of patients were
receiving oral corticosteroids in the discovery cohort when compared to the replication
cohort. The two cohorts were well matched for the degree of eosinophilic airway
inflammation in blood and sputum, and for FeNO. In contrast the replication cohort had
significantly poorer lung function and greater bronchodilator reversibility when compared to
the discovery cohort. Tissue Th2 and Th17 gene expression cores were similar in both
discovery and replication cohorts. However expression of the steroid exposure gene FKBP5,
was significantly higher in the replication cohort when compared to the discovery cohort,
indicative possibly indicative of significant batch effects rendering absolute numerical

comparison of gene expression between the two cohorts difficult.

The results of computing persistent homology for the discovery and replication data sets are
shown in Barcode plots Figure E8. The plots for discovery and replication populations are
very similar in their dimension 0 homology but different in their dimension 1 homology. Two
of the four input variable into TDA, eosinophils/mm? lamina propria and epithelial area %
were transformed as they did not exhibit anormal distribution, using logso (epithelial area
%-+1) and logso (€osinophils/mm? lamina propria+1) transformation. Following both
correction for 30% tissue shrinkage in paraffin and data transformation, both discovery and
replication populations demonstrated highly similar level 0 and level 1 homologies indicative

of homology replication.

However Visual inspection of networks (Supplementary Figure E9a-b) utilising TDA
applied to the four pathological variablesin the discovery cohort (GINA 4-5 only) generated
asingle network with four overlapping groups of patients with ahigh ASM% area, high
epithelial % area, high lamina propria eosinophils and high reticular basement membrane

thickness respectively.
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Th2 and Th17 gene expression were mutually exclusive within both the discovery and

replication networks

Thusin summary, there was a close similarity of the TDA networks between discovery and
replication cohorts with respect to data shape and persistent homology after correcting for
paraffin embedding related tissue shrinkage and data that were non-normally distributed
(Figure EB). In contrast visual inspection of networks did not aid decision making with

respect to phenotype replication (Supplementary Figure E9 a-b).
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SUPPLEMENTARY TABLES

Table Ela: Percentage missing clinic data stratified by GINA treatment strata.

Healthy Patientswith | Patientswith | Patientswith
control mild asthma | moderate severe asthma
subjects (GINA 1) asthma (GINA 4-5)
(GINA 2-3)
Total numbers 60 30 32 80
Age (yrs) 0.00 0.00 0.00 0.00
Sex (M/F) 0.00 10.00 0.00 0.00
GINA treatment steps N/A 0.00 0.00 0.00
Age onset mean N/A 16.67 6.25 2.50
Disease duration mean N/A 16.67 6.25 1.25
Atopic status (%) 30.00 16.67 125 175
Annual exacerbation N/A 63.33 21.87 18.75
frequency
Skin tests positivity (%) | 100.00 63.33 28.12 22.22
Aspergillus skin test 48.33 50.00 28.12 21.25
positivity (%)
IgE median (IQR) 46.67 20.00 21.88 13.75
Smoking (pys) 20.00 16.67 3.12 1.25
BMI (kg/m?) 65.00 43.33 25.00 28.75
FEV, Pre BD (L) 81.67 16.67 0.00 0.00
FEV: PreBD % 28.33 16.67 0.00 0.00
FEV1Post BD (L) 43.33 10.00 9.37 16.25
FEV1 Post BD (%) 40.00 10.00 9.37 16.25
FEV1/FVC % Post BD 40.00 10.00 9.37 16.25
BDP equivaent ICS N/A 20.00 6.25 3.75
dose/24 hours
Oral Steroids (%) N/A 13.33 0.00 0.00
Sputum eosinophils (%) | 60.00 16.67 21.87 27.50
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Blood eosinophilsx10° | 56.67 3.33 9.37 5.00
Sputum neutrophils (%) | 56.67 16.67 25.00 27.50
PCz Methacholine 20.00 10.00 9.37 28.75
(mg/ml)

FEV, BDR % 35.00 6.67 9.37 17.50
FEno 50 miss™ (ppb) 38.33 13.33 18.75 27.50
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Table E1b: Percentage missing pathology data stratified by GINA treatment stratain

the discovery cohort.

Healthy Patientswith | Patientswith | Patients with
control mild asthma | moderate severe asthma
subjects (GINA 1) asthma (GINA 4-5)
(GINA 2-3)

total numbers 60 30 32 80

Remodelling parameters

® reticular basement 15.00 6.67 6.25 7.70

membrane thickness

® epithelial percentage 23.33 0.00 6.25 3.75

airway smooth muscle 21.67 16.67 6.25 5.00

area

® airway smooth muscle | 25.00 0.00 6.25 5.00

percentage

Glands percentage 25.00 0.00 6.25 5.00

Chalkey count 46.67 60.00 37.50 31.25

Smooth muscle

cellmm2

Tryptase+ mast cellsin 45.00 40.00 37.50 35.00

the airway smooth

muscle

Laminapropriacells

/mm?

Tryptaset+ mast cells 15.00 3.33 6.25 12.50

® major basic protein+ 11.67 3.33 12.50 7.50

eosinophils

neutrophil elastase+ 11.67 0.00 6.25 12.50

neutrophils

® Highlighted in blue are the input variable derived from factor analyses to generate the

reported TDA groups
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530

531 Table Elc: Percentage missing pathology data stratified by TDA groupingin the
532  discovery cohort.

Group 1 Group 2 Group 3 | Group 4
[n=77] [n=60] [n=36] [n=19]

Age (yrs.) 0.00 0.00 0.00 0.00
Sex (M:F) 6.49 0.00 8.33 0.00
BMI (kg/m’) 42.86 31.67 38.89 47.37
GINA treatment steps”” | 0.00 0.00 0.00 0.00
Ageof onset (years) $ N/A 15.00 25.00 31.58
Disease duration (years) $ | N/A 15.00 25.00 31.58
Atopic status (%) 12.99 11.67 13.89 47.37
Aspergillus skin test 36.36
positive (%)

13.33 22.22 31.58
Tota IgE (KU) 32.47 16.67 25.00 26.32
Smoking (pys) 15.58 1.67 16.67 0.00
Annual exacerbation N/A 26.67 55.56 42.11
frequency $
BDP equivaent ICS 53.25 15.00 22.22 36.84
dose/24 hours
Oral Steroids (%) 49.35 13.33 22.22 31.58
Sputum eosinophils (%) 45.45 21.67 22.22 4211
Blood eosinophils x10° 20.78 3.33 25.00 5.26




FEno 50 miss? (ppb) 23.38 26.67 25.00 31.58

Sputum neutrophils (%) 42.86 23.33 22.22 42.11
FEV, Pre BD(L) 14.29 1.67 22.22 0.00

FEV, PreBD % 15.58 1.67 22.22 0.00

FEV,Post BD (L) 23.38 16.67 16.67 31.58
FEV, Post BD (%) 23.38 13.33 13.89 31.58
FEV./FVC % Post BD 23.38 15.00 19.44 31.58
PCx 14.29 18.33 19.44 31.58

Methacholine (mg/ml)

FEV,: BDR % 15.58 15.00 13.89 42.11

533  $: Not applicableto TDA group 1 as this group primarily consisted of alarge number of
534  healthy volunteers, in whom these parameters would not be acquired. *: GINA treatment
535  step was set to 0 in healthy volunteers.

536
537
538
539
540
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547

548
549

550

E1d: Percentage missing pathology data stratified by TDA Group in the discovery

cohort.
Group 1 Group 2 Group 3 | Group 4
[n=77] [n=60] [n=36] [n=19]
Remodéelling parameters
® Reticular basement membrane 15.58 0.00 5.26
thickness (um) 167
® Epithelial area (%) 15.58 0.00 0.00 5.26
Airway smooth muscle area (mm®) 22.08 0.00 0.00 5.26
® Airway smooth muscle area 20.78 0.00 0.00 5.26
percentage (%)
Glands percentage 18.18 0.00 0.00 5.26
Chalkey count 48.05 28.33 47.22 26.32
Smooth muscle cells/mm?
Tryptaset mast cells in the airway 51.95 36.67 5.56 63.16
smooth muscle
Lamina propria cells/mm?
Tryptase” mast cells 12.99 8.33 2.78 5.26
® Major basic protein” eosinophils 14.29 1.67 0.00 5.26
Neutrophil elastase” neutrophils 10.39 6.67 0.00 10.53

® Highlighted in blue are the input variable derived from factor analyses to generate the

reported TDA groups
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553

554

555

Table E2: Between observer intra-class correlation coefficients (1CC) for the pathology
featuresin the discovery cohort

Pathology Feature

Intraclass correation
coefficient

Intraclass correation
coefficient

(single measures) (average measur es)
Reticular basement 0.75 0.86
membrane thickness
Number sampled (n=13)
Epithelial % Area 0.60 0.75
Number sampled (n=13)
Mean Chalkley Count 0.98 0.99
Number sampled (n=13)
% Airway Smooth Muscle | 0.62 0.77
Area
Number sampled (n=13)
% Glands 1 1
Number sampled (n=13)
Laminapropria 0.97 0.99
eosinophils/mm?
Number sampled (n=15)
Laminapropria 0.97 0.98
neutr ophils/mm?
Number sampled (n=15)
Lamina propria mast 0.99 0.99
cellsmm?
Number sampled (n=16)
Mast cellsmm? airway 0.80 0.89

smooth muscle

Number sampled (n=16)
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557

558

559

560

561

562

563

564

565

566

Table E3a; Linear mixed models of Pre Bronchodilator FEV; decline

Model | Fixed Random AlC BIC
1 AgeHeight,Sex,Time Intercept, Time | 830.80 838.12
2 Age Height,Sex,Time Intercept 865.35 870.24
AIC - Aikake information criteria, BIC — Bayesian information criteria
Table E3b: Linear mixed model output for model 1in Table 3a

Estimate | Standard t Value| p-value | 95% CI 95% CI

Error L ower Upper

I nter cept -3.9048 1.5246| -2.56| 0.0123 -6.9387 -0.8708
Time -0.01346 0.008467| -1.59| 0.1163 -0.03035 0.003425
Age -0.02153 0.005004| -4.30| <.0001 -0.03135 -0.01171
Height 0.04447 0.008700 511| <.0001 0.02739 0.06155
Sex[Female] | 0.04141 0.1730f 0.24| 0.8109 -0.2983 0.3811
Sex[Male] 0
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567 TableE4a: Clinical characteristics of the discovery population stratified by GINA
568 treatment intensity.
Heathy Patients Patients with | Patients with
control with mild moderate severe asthma
subjects asthma asthma (GINA 4-5) luet
(GINA1) | (GINA 2-3) pvalue
[n=60] [n=30] [n=32] [n=80]
Age (years), mean £ 40.50 +
SEM 36.03+1.91 | 2.82 41.72+2.97 | 45.62* +1.33 0.0016
Sex (M/F) 29/26 13/14 15/17 46/35 0.8054°
28.10
BMI (kg/m?) 24.10 (4.7) | 28.1(7.45)* | 27.0 (4.8) (8.5)* 0.0075
Age onset (years) 26.48 £
mean + SEM N/A 455 2757+£992 | 25.04 £ 2.14 0.8327
Disease duration 14.89 +
(years) + SEM N/A 2.69 13.62+2.40 | 20.52 + 1.62 0.0386
Atopic status (%) 38.1 76.1 84.6 69.7 0.0002°
Annual exacerbation
frequency N/A 0(0) 0(0.5) 2(4) <0.0001
Aspergillus
Fumigatus skin test
positive (%) 0 20 14.3 20.6 0.7290°
95.70 201.0
Total IgE (KU) 32.30 (95.6) | (183.17) (204.5)* 194.0 (400.1)* 0.0007
Smoking (pack
years) 0(0) 0(0) 0(2.5) 0(2 0.0905
FEV,PreBD (L) s+
SEM 531+17 3.03+£021 |297+0.17 |2.64+0.08 0.0877
FEV1PreBD % + 93.09+
SEM 97.09+4.4 | 3.09 91.92+4.46 | 81.69+ 2.13* 0.0021
FEV1 Post BD (L) +
SEM 6.07+£278 |32+020 |3.20+015 |282+0.09 0.0887
FEV, Post BD % *
SEM 98.46 +4.32 | 97.95+2.91 | 98.40+ 2.45 | 86.36* + 2.19 0.0022
FEV1/FVC Post BD 76.78
+ SEM 82.98+15 | +2.08* 77.13+£1.60 | 72.22 + 1.30* <0.0001
5.89 (11.5)
FEV: BDR % 01 * 4.88 (6.06)* | 2.65(10.29)* 0.0003
PCo Methacholine
(mg/ml) 32(0) 0.58 (2.82)* | 1.50 (3.19)* | 0.80(2.19)* 0.3661

569

570
571
572

All values not presented as mean £ SEM are presented as median (IQR). BMI = Body Mass
Index. BD =Bronchodilator, BDR = Bronchodilator Reversibility. T Statistical analysis across

all groups unless otherwise stated. *p < 0.05 compared with healthy control subjects. 8
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573
574

575

576

577

Moderate compared with severe asthma. Adjusted p-values obtained using Bonferonni
correction All tests are Kruskal-Wallis unless indicated otherwise. $=Chi-Squared test.

Table E4b: Treatment and Inflammatory profile of the discovery population stratified

by GINA treatment intensity

Patients Patients with Patients with
with mild severe asthma
Healthy moderate
asthma (GINA 4-5)
control (GINA 1) asthma p valuet
subjects (GINA 2-3)
[N=30] [n=32] [n=80]
BDP equivaent ICS
dose/24 hours ¥ N/A 0(0) 775 (450)° 1600 (1000) <0.0001
Oral steroids (%) N/A 0 0 37 <0.0001°
Sputum eosinophils
(%) 0.25(0.75) | 2.4(5.25)* | 3.8 (14)* 4.0 (15.81)* <0.0001
Blood eosinophils
x10° 0.11(0.12) | 0.28(0.28)* | 0.24 (0.24)* | 0.29 (0.42)* <0.0001
Sputum neutrophils | 54.28 47.10
(%) (55.09) 54.00 (58) | (53.67) 59.00 (46.29) 0.6409
FEno 50 miss™ 19.15 27.95
(ppb) 14 (16.5) (27.25) (23.55)* 29.25 (30.93)* 0.0001

578

579

580

581

582

583

584

585

586

587

T Statistical analysis across all groups unless otherwise stated. *p < 0.05 compared with
healthy control subjects. ¥ Ratio for Budesonide Turbuhaler calculated as 1.5. § Moderate
compared with severe asthma. Adjusted p-values obtained using Bonferonni correction.
All tests are Kruskal-Wallis unless indicated otherwise. $=Chi-Squared test.
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588 Table E5: Pathological featuresof the discovery population stratified by GINA
589 treatment intensity
Healthy Patients Patientswith | Patients with p valuet
control with mild moderate severe asthma
subjects asthma asthma (GINA 4-5)
(GINA1) | (GINA 2-3)
Total numbers 60 30 32 80
Total biopsy area | 1.52 (1.02) 152(1.64) |168(1.4 1.83(1.54) 0.22
(mm?)
Reticular 6.86 (3.58) 9.3(5.53)* |9.32(4.8)* 11.41 (4.45)* | <0.0001
basement
membrane
thickness (um)
Epithelial 7.53 (5.57) 6.64 (9.15) | 5.87(8.79) 10.00 (11.46) | 0.1344
percentage area
Airway smooth 0.14 (0.24) 0.16 (0.29) | 0.18(0.34) 0.24 (0.44) 0.0677
muscle area
(mm?)
Airway smooth 11.50 (15.61) | 12.82 14.38 (20.51) | 14.82(19.7) 0.7068
muscle % area (22.47)
Glands % 0(0) 0(0.28) 0(0) 0(0) 0.6577
Mean Chalkley 34(1.19 4.65 (2.57) * | 4.15(1.43) 5(2)* <0.0001
Count
Smooth muscle
cells/mn?’
Tryptase” mast 1.64 (6.19) 417 (8.4)* | 5.77 (13.65)* | 4.01(8.09) 0.011
cells
Lamina propria
cells /mn?
Tryptase” mast 14.93 (15.31) | 19.02 19.26 (24.34) | 11.64 (15.04) | 0.117
cells (18.67)
Major Basic 2.78 (10.90) | 14.22 11.69 (16.66)* | 10.98 <0.0001

Protein®
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eosinophils (21.9)* (20.23)*

Neutrophil 8.82(17.35) |9.54(18.52) | 10.03(14.78) | 10.65(14.76) | 0.6380
Elastase”

neutrophils

Th2 gene 0.21 (0.38) 0.91(242) |-0.77(2.07) |-0.88(1.19) 0.0208
eXpression score

Thl7 gene -0.066(0.57) |-0.73(0.49) |-0.001(0.99) |-0.27(2.00) |0.2639
expression score

FKBP51 gene 0.0286(0.19) | 0.0133(0.27) | 0.440(0.18)" 0.395(0.44)" < 0.0001

expression score

590

591
592
593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608
609

All values presented as median (IQR). T Statistical analysis across al groups unless otherwise
stated. *p < 0.05 compared with healthy control subjects. Adjusted p-values obtained using
Bonferroni correction All tests are Kruskal-Wallis unless indicated otherwise.

Table E6: 90" percentile point analysis of pathology features stratified by GINA
treatment intensity
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610

611

th

Remodelling 90 GINA 1 GINA 2-3 GINA 4-5 | Chi-square
parameters Percentile Asthma Asthma Asthma test”

V‘:';er: n %>90" | %>090" | 9%>g0"

\H/ : thy percentile percentile percentile

olunteers point point point

Reticular basement 10.81 34.48 30.00 59.21 <0.0001
membrane thickness
(Hm)
Epithelial area (%) 18.21 13.33 14.28 19.23 0.4246
Airway smooth 0.3857 16 29.03 36.36 0.0037
muscle area (mm?)
Airway smooth 35.34 12 12.90 9.09 0.8912
muscle percentage
(%)
Submucosal glands 1.762 10 3.22 11.69 0.5924
(%)
Mean Chalkey count | 4.440 66.67 37.50 40.74 <0.0001
(units)
Airway smooth
muscle cells/mm?
Tryptase+ mast cells | 7.236 33.33 44.44 33.96 0.0282
in the airway smooth
muscle
Lamina propriacells
/mm?
Tryptase+ mast cells | 34.68 6.90 25.00 9.86 0.1128
Major basic protein+ | 18.54 44.83 25.00 34.67 0.0018
eosinophils
Neutrophil elastase+ | 27.81 13.33 24.14 18.31 0.3087

neutrophils

N Comparison of proportion across all four groups (healthy controls set at 10%)
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613

Table E7: Replicated Biopsy Gene Expression Markersin Severe Asthma

Gene

Genomic
L ocation

'Entrez Genel *Gene Card summary/ *
PubM ed asthma sear ch results

RPL23AP32

Chr:2p

Ribosomal Protein
L 23a Pseudogene
32

?RPL23AP32 (Ribosomal Protein L23a
Pseudogene 32) is a Pseudogene, and is
affiliated with the IncRNA class. ®No relevant
published papers related to asthma.

YMEI1L1

Chr:10p

YME1 Like 1
ATPase

1 The protein encoded by this gene is the human
ortholog of yeast mitochondrial AAA
metalloprotease, Y melp. It islocalized in the
mitochondria and can functionally complement
aymel disruptant yeast strain. It is proposed
that this gene plays arolein mitochondrial
protein metabolism and could be involved in
mitochondrial pathologies. *No relevant
published papers related to asthma.

PHACTRS

Chr: 20q

Phosphatase And
Actin Regulator 3

! This gene encodes a member of the
phosphatase and actin regulator protein family.
The encoded protein is associated with the
nuclear scaffold in proliferating cells, and binds
to actin and the catalytic subunit of protein
phosphatase-1, suggesting that it functions as a
regulatory subunit of protein phosphatase-1. ®
No relevant published papers related to asthma.

ROBO3

Chr:11q

Roundabout
Guidance Receptor
3

This geneis a member of the Roundabout
(ROBO) gene family that controls neurite
outgrowth, growth cone guidance, and axon
fasciculation. ROBO proteins are a subfamily
of the immunoglobulin transmembrane receptor
superfamily. SLIT proteins 1-3, afamily of
secreted chemorepellants, are ligands for
ROBO proteins and SLIT/ROBO interactions
regulate myogenesis, leukocyte migration,
kidney morphogenesis, angiogenesis, and
vasculogenesis in addition to neurogenesis. *No
relevant published papers related to asthma.

SLC25A16

Chr:10q

Solute Carrier
Family 25 Member
16

1 This gene encodes a protein that contains three
tandemly repeated mitochondrial carrier protein
domains. The encoded proteinislocalized in
the inner membrane and facilitates the rapid
transport and exchange of molecul es between
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the cytosol and the mitochondrial matrix space.
%This gene has a possible role in Graves
disease. SLC25A16 (Solute Carrier Family 25
Member 16) is a Protein Coding gene. Diseases
associated with SLC25A16 include Graves
Disease and Subclavian Artery Aneurysm.
Among itsrelated pathways are Metabolism of
water-soluble vitamins and cofactors. *No
relevant published papers related to asthma.

KRT24 Chr:17q Cytokeratin-24 ! This gene encodes a member of the type |
(acidic) keratin family, which belongsto the
superfamily of intermediate filament (IF)
proteins. Keratins are heteropolymeric
structural proteins which form the intermediate
filament. These filaments, along with actin
microfilaments and microtubules, compose the
cytoskeleton of epithelial cells. *No relevant
published papers related to asthma.
TMC6 Chr:17q Transmembrane 2TMC6 (Transmembrane Channel Like 6) isa
Channel Like 6 Protein Coding gene. Diseases associated with
TMC6 include Epidermodysplasia
Verruciformis and Superficial Mycosis. ®No
relevant published papers related to asthma.
PKD1P6 Chr:16p Polycystin 1, 2PKD1P6 (Polycystin 1, Transient Receptor
Transient Receptor |Potential Channel Interacting Pseudogene 6) isa
Potential Channel Pseudogene. Diseases associated with PKD1P6
Interacting include Polycystic Kidney Disease. *No relevant
Pseudogene 6 published papers related to asthma.

FKBP5 Chr:6p FK506 Binding 2FKBP5 (FK506 Binding Protein 5) isa Protein

Protein 5

Coding gene. Diseases associated with FKBP5
include Mgjor Depressive Disorder And
Accelerated Response To Antidepressant Drug
Treatment and Post-Traumatic Stress Disorder.
Among itsrelated pathways are Glucocorticoid
receptor regulatory network and TNF-
alpha/NF-kB Signalling Pathway.

FKBP5L, is up-regulated in the airways of
allergen-challenged asthmatic subjects taking
inhaled budesonide when compared to placebo
7 Increased bronchial epithelial gene
expression of FKB506 binding protein
(FKBP5), correlated with Actinobacteria
(16sRNA) in the airway epithelium 2.
Increased bronchial biopsy gene expressionin
the UBIOPRED severe asthma cohort when
compared to healthy controls .

36



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628
629

630

IGLJ3 Chr: 22q Immunoglobulin 2|1GLJ3 (Immunoglobulin Lambda Joining 3) is
Lambda Joining 3 aProtein Coding gene. *No relevant published
papers related to asthma.
PHACTR1 Chr:20q Phosphatase And ! The protein encoded by this gene is a member

Actin Regulator 1

of the phosphatase and actin regulator family of
proteins. Thisfamily member can bind actin
and regulate the reorganization of the actin
cytoskeleton. It playsarole in tubule formation
and in endothelial cell survival. Polymorphisms
in this gene are associated with susceptibility to
myocardial infarction, coronary artery disease
and cervical artery dissection. *No relevant
published papers related to asthma.

Table E8a: Pathological Characteristics of the Severe Asthma Fraction: Discovery and
Replication (uncorrected for tissue shrinkagein paraffin)

Replication

Discovery
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631
632
633
634
635

636

637

638

639

640

641
642

N=64 N=80
Remodelling parameters
Reticular basement membrane 8.87[3.11] 11.405[4.37] <0.0001
thickness (um)
Epithelial area (%) 8.5[10.3] 10[11.13] 0.979
Airway smooth muscle area 0.02935[0.0192] 0.24233[0.433] N/AN
(Replication: mm%mm,
Discovery: % total biopsy area)
Lamina propria cells/mm?
Major basic protein” eosinophils | 22.47[34.3] 10.885[19.23] 0.005817
Th2 gene expression score -0.07 [3.00] -0.876 [1.31] N/A$S
Th17 gene expression score 0.08[2.09] -0.27 [2.06] N/A$S
FKBP51 gene expression 1.658[2.20] 0.40[0.47] N/A$S

All values are presented as median (IQR). t Statistical analysis between Severe Asthma
Fraction Discovery and Replication. ™ N/A as the two measurements of airway smooth
muscle mass cannot be directly compared as they are expressed differently in both cohorts. .
$$ Direct comparison is not possible between cohorts due to the possibility of batch effects

which were not corrected for in the statistical analysis.

Table E8b: Pathological Characteristics of the Severe Asthma Fraction: Discovery and
Replication (Corrected for paraffin embedding)

Replication

N=64

Discovery

p value

Remodelling parameters
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643

644
645
646
647
648

649

650

651

652

653

654

655

Reticular basement 11.45(3.8) 11.52 (4.37) 0.5528
membrane thickness (um)

Logso Epithelial area (%) | 1.05(0.45) 0.95(0.42) 0.2986
Airway smooth muscle 0.02935(0.0192) 0.24233(0.433) N/A $
area

Replication (mm?/mm),
Discovery: % total biopsy
area

Laminapropria
cells/mm?

Logio Major basic protein® | 1.08(0.68) 1.07(0.67) 0.6217
eosinophils

All values are presented as median (IQR). T Statistical analysis between Severe Asthma
Fraction Discovery and Replication. All tests are Kruskal-Wallis. § Due to paraffin embedding
apply test using length and area corrected variables. $ Direct comparisons are not possible
due to the airway smooth muscle area being expressed as a function of basement membrane
length in the replication cohort and total biopsy areain the discovery cohort.

Table E8c: Clinical Characteristics of the Severe Asthma Fraction: Discovery and

Replication

Replication Discovery
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656
657
658

659

660

661

662

663
664
665
666

N=64 N=80

Age (yrs.), mean = SEM 47.21+1.4 45.53+1.35 0.479
Sex (% Male) 41.8% 60% 0.073°
GINA treatment steps 4[n=53],5[n=11] 4[n=47],5[n=33] 0.003°
Number on Oral Steroids 11/64 33/80 0.0019°
Blood eosinophils x10° 0.235[0.28] 0.29[0.39] 0.091
Sputum eosinophils (%) 5.7[14.875] 4[15.063] 0.821
FEno 50 miss™ (ppb) 25.5[18.38] 29.25[29.83] 0.416
Sputum neutrophils (%) 51[31.1] 59[44.11] 0.304
FEV, PreBD % + SEM 60.16+1.35 81.69+£2.13 <0.0001
FEV.BDR % 14.93[14.93] 2.65[9.59] <0.0001

All values not presented as mean + SEM are presented as median (IQR). T Statistical analysis
between Severe Asthma Fraction Discovery and Replication. All tests are Kruskal-Wallis,

except ¢=Two proportion Z-test and $=Chi Squared Test.

SUPPLEMENTARY FIGURE LEGENDS

FigureE1

Schematic outlining the discovery and replication population cohorts. The discovery

population consisted of 142 patients with adult asthma as annotated in the figure (orange
ellipse), alongside the number of patients at each GINA treatment step. As the cohort were
derived from patients attending both Leicester and Belfast severe asthma cohorts, central
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690
691
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693

694
695

696
697

698

699
700

701
702

703
704
705
706

quality control and assurance measures were taken to ensure measurement standardisation
across cohorts (see supplementary material). Additionally 60 aged matched controls
without asthmawere included in the discovery cohort. The replication cohort was derived
from the BOBCAT study (20), with 59 patients with severe asthma derived from this cohort.
Bronchia mucosal biopsies were embedded in GMA in the discovery cohort and paraffin in
the replication cohort. The text box identifies additional phenotyping data acquired in the
respective cohorts. This included whole biopsy gene expression analysis performed using two
colour Whole Human Genome (WHG) 4x44k gene expression microarray analysis, in subsets
of asthmaticsin both cohorts and healthy volunteers in the discovery cohort, lung function
decline datain a subset of asthma patientsin the discovery cohort only, and clinical meta data
in both cohorts (tables of % completeness of this data are provided in the supplementary
tablesE1 a-d).

FigureE2

Photomicrographs of the nine pathological features evaluated in the discovery cohort across
GINA treatment steps. Percentage (a) epithelium, (b) smooth muscle and (c) glandular areas
of the total biopsy area, (d) RBM thickness (black arrow) (e) EN4+ immunostained vessels.
Numbers of positively stained nucleated (f) MBP+ eosinophils, (g) NE+ neutrophils and (h)
tryptaset mast cellsin the lamina propriaand (i) tryptaset mast cells within the ASM bundle
areas were counted and expressed per mm?. Pathology features (i) % airway epithelial area,
(ii) % airway smooth muscle area, (iii) eosinophils/mm? of the lamina propriaand (iv) RBM
thickness were used as input parameters into subsequent topological data anaysis after data
reduction using factor analysis.

* Represents variables that were selected post factor analysis as input functions for
topological data analysis.

FigureE3

Applying mapper agorithm (Ayasdi) to a set of continuous data. See narrative description in
the online supplemental text for further details.

E3A: Geometric association and motivation from a data matrix of real numbers.
E3B: Simple demonstration of ‘mapper’ algorithm to achieve the aforementioned goal.

E3C: Metric and lenses used in this study.

In this study, we applied the mapper algorithm, using norm correlation metric and the
neighbourhood lenses, to a data set using 4 pathological features.

FigureE4

Fundamental ideas behind persistent homol ogy, shapes can be characterised using certain
properties, connected components, loops and voids. Figure E4a: acircle can be described by
a set of connected components and aloop. Figure E4b-e: For the example data set by
varying the radius €, we observe the birth and death of topological features such as connected
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737
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743

744

745

746

components, loops and voids. Figure EA4f: [llustrates the construction of simplices by
connecting points that are a distance of d < € apart. The Vietoris-Rips complex is constructed
by joining simplices formed by considering only pairwise connections. Figure E4g: barcode
plot for the example data set E1b-e above. The barcode plots provide atopological summary
of the data, the endpoints of a bar represent the birth and death times of the feature, hence
long bars represent more persistent features, short bars represent noise. For the exemplar data
from acircle with unit radius, long bars represent persistent features short bars transient
features that can be regarded as topol ogical noise. The barcode shows that the sample datais
characterised by a single connected component and a loop.

Figure E5

Analysis of pathology features in asthmatic bronchial biopsies according to GINA treatment
intensity strata[Mild (GINA 1), Moderate (GINA 2-3), Severe (GINA 45)]. It can be seen
that patients with high levels of corticosteroid exposure (GINA 4/5) continue to have
basement membrane and vascular remodelling and demonstrate a refractory eosinophilic
tissue phenotype. * Indicate intergroup comparisons with ap value of < 0.05.

Figure E6

Gene expression data in the discovery and replication cohorts using two colour Whole
Human Genome (WHG) 4x44k gene expression microarray analysis. For consistency,
patients with GINA3-5 treatment steps asthma were evaluated in the discovery cohort (as the
replication cohort comprised entirely of GINA 4 (primarily) and GINA 5 patients).

All probes were ranked for association in order of p value, with corresponding log ratio of
expression. The top 20 genes (based upon p value of association) were ‘pulled through’ into
the replication cohort (BOBCAT) where amore limited analysis of differential expression
against discovery heathy volunteers was under taken for these selected probes only —
correcting for 20 comparisons. The figure demonstrates a heat map of expression

(log ratio values) of the 11/20 replicated genes that reached significance after correction for
multiple comparisons in the replication cohort. Individual columns represent individual
patients, rows represent the 11 genes which are annotated.

** |dentifies three genes selected based upon a priori knowledge (FKBP5 a potential marker
of adherence and corticosteroid exposure), potential mechanistic relevance to phenotype
(KRT24) and potential role in epigenetic modification following treatment with steroids in
asthma (PHACTR-3) for further annotation in subsequent topological data analysis
networks.

FigureE7
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A subgroup of asthmatic patients (87/142) in the discovery population had longitudinal lung
function (pre bronchodilator FEV ;) data acquired following bronchia biopsy sampling.
Median (Q1-Q3) follow up duration was 2.73[5.34-0.77] years. A linear mixed model was
fitted to evaluete patient specific lung function change trajectories. Fixed effects in the model
were: Age, Height, Sex and Time. Random effects in the model were: Intercept and Time for
each patient. Average changein FEV, over 1 year for each patient was determined as =

B¢ + yriwhere B, 1s the fixed effect for time and y,; is the random effect for time for patient i.
It can be seen that overall the median decline slapes in mls/year centre at zero but with wide
quartile 1: quartile 3 ranges across TDA groups.

Figure E8

Barcode graphs for discovery and replication, the endpoints of a bar represent the birth and
death times of the feature, hence long bars represent more persistent features, short bars
represent noise. The black bars represent connected components, the red bars loops, the x-
axisislabelled time, this reflects the birth and death of features as the spatial resolution is
increased over time. Increasing similarly of the discovery (a, ¢) and replication cohorts (b, d)
can be seen after correction for tissue shrinkage in paraffin in the replication cohort and log10
normalisation of non-normally distributed pathology features (c vs d). After this series of
corrections the two popul ations appear to have highly similar level 0 which can be seen
visualy when inspecting the filtration profile of level 0 homologies and for level 1
homologies is annotated with the red bounded shapes. Further details on the theory of
barcode graphs can be found in supplementary Figure E4 and in the supplementary
material.

Figure E9

TDA networks generated using the neighbourhood 1 and 2 lens and norm correlation metric
in the discovery population of severe GINA treatment step 4/5 asthmatics only (E9a) and
replication population (E9b). 4 pathological input parameters [ASM % area, reticular
basement membrane thickness, epithelial area, ASM% area, and eosinophils/mm? lamina
propria- left to right] derived from factor analysis of the 9 pathological features were utilised
to generate the TDA networks. The networks were created after correcting the replication
datafor tissue shrinkage and log;o+1 transformation of two of the pathology parameters due
to anon-normal distribution. In both network regions of high ASM mass, lamina propria
eosinophils, basement membrane thickening and epithelial area can be seen. However these
regions appear to visually overlap differently in discovery and replication networks. This
highlights the challenges of “visual two dimensional replication’ of multi-dimensional
pathological networks. In both the discovery and replication networks, Th2 and Th12 gene
expression appear to show areciprocal relationship, indicating that thisrelationship is
conserved in severe asthma and a repeatable observation.
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