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Background: Asthma is a complex chronic diseaseunderpinnedby
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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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
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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 MuscleHigh, Reticular Basement
MembraneHigh, and RemodelingLow groups) were identified and
contained numerous microclusters with varying pathological
and clinical features. Mutually exclusive TH2 and TH17 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;nnn:nnn-nnn.)

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

Asthma is a complex chronic disease that causes considerable
morbidity1 and is often suboptimally controlled with current ther-
apies.2 It is characterized by the presence of airway inflammation,
which can be associated with the presence or absence of type 2 in-
flammatory cytokines.3 In addition to inflammation, airway remod-
eling4 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
glandularmass, goblet cell hyperplasia,5 and vascular remodeling.6

The use of endobronchial biopsies to investigate the pathology
of asthmatic airways has greatly improved our understanding of
asthma pathophysiology.4,7 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 both8-10

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 phenotypes11-13 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
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 TDAwill 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 5.1 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.6,14-20

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,21 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 patientswith asthmawere current nonsmokers, with a 10 pack year or less

smoking history, andmet 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 PC20 <_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, n5 30 [mild], GINA 2-3, n5 31 [moderate], and GINA 4-5 [severe],

n 5 81).1 Healthy volunteers in the discovery cohort (n 5 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.

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://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).21

Further details of patient characterization and bronchoscopy in both

cohorts are provided in theMethods section in this article’s Online Repository.
Immunohistochemistry
Discovery cohort. Two-micrometer glycol methacrylate (GMA)

sections were cut and immunostained, as described previously.22 The

followingmouse primary antibodies were used: anti–neutrophil elastase clone

NP57 (0.1 mg/mL; Dako, Ely, United Kingdom), anti–mast cell tryptase clone

AA1 (0.1 mg/mL; Dako), anti–eosinophil major basic protein clone BMK-13

(0.4 mg/mL; Monosan, Uden, The Netherlands), anti-EN4 (5 mg/mL; Mono-

san), anti–a-smooth muscle actin (1A4, 0.7 mg/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 mm) 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 identified16

and measured by using a computer analysis system (Cell F; Olympus,

Hamburg, Germany). The mean of 2 sections at least 10 mm 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 mm2 were considered insufficient to quan-

tify mast cell numbers.7,15 For feature 8, reticular basement membrane

thickness was measured by using the technique reported by Sullivan et al.23

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 (n5 87

asthmatic and 32 healthy volunteers), as previously reported by us.6

Tables of data completeness for pathological features are reported in Tables

E1, 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 areawhen comparedwithGMA,24 all biopsymeasures in paraffinwere

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

FEV1) data acquired after bronchial biopsy sampling. The median follow-up
durationwas 2.73 years (Q1-Q3, 0.77-5.34 years). This populationwas 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. RNAwas isolated fromhomogenized bronchial biopsy spec-

imens, as described previously.10 RNA was amplified (Ambion, Life

Technologies, Grand Island, NY) for Agilent (Santa Clara, Calif) 2-colorWhole

Human Genome 4x44k gene expression microarray analysis. The gene expres-

sion profile of TH2 or TH17 asthma was defined, as previously reported.10,25,26

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 x2/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 highlightedwith asterisks in

Fig E2). Step 2 was defined as TDAwith 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 FEV1

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, TH2 and TH17 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 theMethods 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 topology27-30 with JavaPlex31 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 andB, and
pathological biopsy measurements stratified by GINA treatment

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


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).
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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 (PHACTR1, RPL23AP32, YME1L1, ROBO3, TMC6,
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, TH2 and TH17
gene expression scores10 and a selection of the 11 replicated genes
(see Fig E6: FKBP5,32-34 PHACTR3,35-37 and KRT2438) 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 I and II and of discovery
TDA groups in Fig 6.
Discovery: High-resolution analysis groups 1 to 4
Group 1: Mild-to-Moderate Asthma/HealthyContinuum.

Group 1 (Fig 2) was characterized by patients with asthma
(n 5 41/77) and healthy volunteers (n 5 36/77). Asthmatic pa-
tients within group 1 had a median GINA treatment intensity of

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


TABLE I. Clinical characteristics of the discovery populations stratified by TDA grouping

Mild-to-Moderate

Asthma/HealthyContinuum,

group 1* (n 5 77)

Reticular Basement

MembraneHigh,

group 2 (n 5 60)

Airway Smooth

MuscleHigh,

group 3 (n 5 36)

RemodelingLow,

group 4 (n 5 19) P valuey
Healthy subjects/group 36/77 8/60 6/36 6/19 <.0001�
Age (y), mean 6 SEM 39.49 6 1.65 40.27 6 1.82 44.58 6 2.72 45.53 6 3.01 .1575

Sex (% male) 55.56 58.33 48.48 42.11 .5994�
BMI (kg/m2) 27.25 (8.15) 26.30 (8.30) 27.55 (5.40) 27.09 (7.89) .7850

GINA treatment steps 1.00 (3.00)k{ 4.00 (3.00) 3.00 (3.00) 4.00 (4.00) <.0001

Age of onset (y) 6 SEM* 28.11 6 3.11 22.20 6 2.64 29.41 6 4.42 25.00 6 6.04 .4447

Disease duration (y) 6 SEM* 14.13 6 2.40 19.19 6 1.84 20.70 6 2.72 18.62 6 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 .0205�
Total IgE (kU) 66.45 (129.35)k 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)k{ 1600.00 (1200.00) 1120.00 (1050.00) 900.00 (800.00) .0102

Oral steroids (%) 12.82 23.08 25.00 30.77 .1816�
Sputum eosinophils (%) 0.63 (4.25)k 4.10 (16.75) 3.13 (11.45) 0.50 (2.25) .0005

Blood eosinophils 3 109 0.19 (0.22) 0.25 (0.33) 0.27 (0.28) 0.27 (0.28) .0714

FENO, 50 mL ∙ s21 (ppb) 17.60 (18.00)k 38.95 (35.50){ 17.00 (27.90) 15.00 (10.20)k <.0001

Sputum neutrophils (%) 54.75 (51.76) 61.73 (45.65) 41.10 (51.65) 74.00 (42.35) .1469

FEV1 pre-BD (L) 6 SEM 4.40 6 1.17 2.95 6 0.13 2.64 6 0.17 2.83 6 0.15 .0209

FEV1 pre-BD (%) 6 SEM 90.70 6 3.04 87.64 6 2.82 83.42 6 3.73 92.32 6 3.96 .1221

FEV1 post-BD (L) 6 SEM 4.67 6 1.32 3.18 6 0.11 2.85 6 0.17 3.03 6 0.15 .0894

FEV1 post-BD (%) 6 SEM 94.93 6 2.77 93.98 6 2.82 89.10 6 3.21 91.40 6 4.38 .3063

FEV1/FVC (%) post-BD 6 SEM 78.16 6 1.46 76.56 6 1.35 73.53 6 2.06 75.09 6 3.07 .1300

PC20 methacholine (mg/mL) 15.73 (31.40)k{ 1.00 (7.90) 1.40 (3.40) 3.30 (31.50) .0043

FEV1 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 1 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 6 SEMs are presented as median (IQRs).

�Statistical analysis across all groups. Adjusted P values (P < .05) were denoted as follows: §versus 1; kversus 2; {versus 3; and #versus 4. Adjusted P values were obtained by

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

�x2 test.
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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 PHACTR335-37 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
enrichedmarkedly for patients with high submucosal glands. This
patient populationwere TH17 high and TH2 low at the biopsy gene
expression level and demonstrated a low postbronchodilator
FEV1 percentage and FEV1/forced vital capacity ratio.

Group 2: Reticular Basement MembraneHigh group.

Group 2 was characterized primarily by patients with moderate-
to-severe asthma (n 5 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 TH17 gene expression, epithelial percentage
area, cytokeratin 24 (KRT24) expression,38 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 TH2-high and low TH17 gene expression.

Group 3: Airway Smooth MuscleHigh 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 PC20, 1.4 mg/mL [IQR, 3.4 mg/mL] vs 15.7 mg/mL [IQR,
31.4 mg/mL]; P5 .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



FIG 2. Mild-to-Moderate Asthma/HealthyContinuum 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 TH2 (base of the loop) to TH17 (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 TH2-high canonical gene demonstrated a reciprocal relationship with TH17 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 TH17 tissue

gene expression score and low postbronchodilator FEV1 percentage and FEV1/forced vital capacity (FVC)

ratio.
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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 TH2 and TH17 tissue inflammatory phenotype
(see Fig E9 in this article’s Online Repository at www.
jacionline.org).

Group 4: RemodelingLow 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; P5 .06, compar-
ison across asthmatic patients within TDA groups), despite
having well-controlled eosinophilic inflammation in blood,
sputum, and tissue (Tables I and II). 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-
TH2 and variable high/low TH17 tissue gene expression score,
high tissue DNA hypermethylation marker PHACTR3 gene
expression,35-37 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, TH2 and TH17 gene expression in biopsy tissue was

mutually exclusive across all TDA groups. In addition, the corti-
costeroid sensitivity gene FKBP532-34 demonstrated reciprocal
tissue expression when compared with PHACTR3 across net-
works (Figs 2-5 and see Fig E6).35-37
Discovery: Prebronchodilator FEV1 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.

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 3. Reticular Basement MembraneHigh 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 TH2 and TH17 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 andMC3, respectively). MC2 is characterized

by adult-onset asthma, high tissue neutrophil counts, and a high epithelial percentage area and TH17 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 TH2-high canonical

gene expression with associated low TH17 gene expression and vice versa (white arrows, bottom right

images).
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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 E8, 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 0 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/HealthyContinuum, (2) Reticular Basement
MembraneHigh, (3) Airway Smooth MuscleHigh, and (4)
RemodelingLow.

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.11-13 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/HealthyContinuum)
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 TH17-high asthma with a high

http://www.jacionline.org
http://www.jacionline.org


FIG 4. Airway Smooth MuscleHigh and nestedmicrocluster: group 3 TDA network. The network is character-

ized by patients with a high ASM percentage area (bottom left image) and airway hyperresponsiveness/low

PC20 (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 bywhite 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. TH2/TH17 status was highly variable in patients

with severe asthma within this subgroup (see Fig E9, A and B).
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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,39 epithelial wound repair (eg,
EGFR receptor activation/signaling),40 and epithelial meta-
plasia41 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
TH17 tissue gene expression signature that was mutually exclu-
sive with the TH2 signature, as previously reported,

10 and lamina
propria neutrophilia.

Patients within thismicrocluster 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 TH17 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,35 might
be unresponsive to corticosteroids in this population, rendering
patients corticosteroid resistant or indeed that the gene and its
product cross-talk with TH17 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.42 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 TH2 axis.43

Within TDA group 3 (Airway Smooth MuscleHigh), 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



FIG 5. RemodelingLow 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-TH2, pri-

marily non-TH17 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 TH2 and TH17 gene expression

in tissue.
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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 patients44 and poten-
tially novel therapies aimed at targeting tissue mast cells.45 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.19

Finally, group 4 (RemodelingLow) 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 TH2
low, with variable TH17 gene expression in tissue. These observa-
tions highlight the fact that our understanding of the inflammatory
mechanisms that drive airway pathology beyond the TH2 and
TH17 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 areawhen comparedwithGMA.24 Thereforewe
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 FEV1 decrease and TH2/TH17 gene expres-
sion in tissue warrant further evaluation in studies with larger
cohort sizes to study cluster-specific decrease and specific protein



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.

TABLE II. Pathological features of the discovery population stratified by TDA grouping

Mild-to-Moderate

Asthma/HealthyContinuum,

group 1 (n 5 77)

Reticular Basement

MembraneHigh,

group 2 (n 5 60)

Airway Smooth

MuscleHigh,

group 3 (n 5 36)

RemodelingLow,

group 4 (n 5 19) P value*

Total biopsy area (mm2) 1.62 (1.07) 2.12 (1.46)§ 1.49 (1.27) 1.36 (1.26) .0256

Remodeling parameters

Reticular basement membrane thickness (mm) 6.65 (4.14)�§ 12.83 (3.48)§ 9.65 (3.83) 6.99 (1.64)�§ <.0001

Epithelial area (%) 7.35 (5.98)k 10.47 (10.31)§ 5.83 (4.83) 14.87 (15.78)§ <.0001

ASM area (mm2) 0.24 (0.24)§k 0.16 (0.30)§ 0.51 (0.43) 0.06 (0.08)�§ <.0001

ASM area (%) 13.96 (16.79)§ 9.77 (13.52)§ 28.04 (17.77) 4.60 (6.73)§ <.0001

Glands (%) 0.00 (0.39) 0.00 (0.00) 0.00 (0.31) 0.00 (0.00) .0740

Chalkley count 3.78 (2.00) 4.80 (2.30) 4.00 (2.50) 4.15 (0.70) .0728

Tryptase-positive mast cells in ASM (cells/mm2) 2.59 (6.12) 4.05 (7.26) 6.20 (8.19) 0.00 (6.25) .0475

Lamina propria cells/mm2

Tryptase-positive mast cells 15.84 (15.96) 12.20 (17.66) 18.99 (28.00) 12.21 (14.93) .1482

Major basic protein–positive eosinophils 6.81 (18.52) 9.75 (10.64) 9.87 (17.78) 7.04 (15.58) .6008

Neutrophil elastase–positive neutrophils 9.55 (11.71) 9.04 (13.21) 14.21 (17.12) 8.05 (18.01) .1977

Tissue gene expression

TH2 gene expression score{ 20.33 (1.03) 20.29 (1.96) 21.20 (0.46) 21.17 (1.03) .0635

TH17 gene expression score{ 20.063 (0.95) 20.316 (1.04) 0.587 (4.23) 0.097 (2.21) .2184

FKBP51 gene expression{ 0.20 (0.52) 0.28 (0.41) 0.52 (0.31) 0.38 (0.32) .4473

All values not presented as means 6 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: �versus 1; �versus 2; §versus 3; and kversus 4. Adjusted P values were obtained by using

Bonferroni correction. All tests are Kruskal-Wallis tests.

{Tissue gene expression analyses were only available in a subgroup of patients (see Fig E1).
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rather than gene expression markers of inflammatory disease,
such as IL-17 and IL-22, in patients with TH17 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

d TDA identified 4 pathological phenotypes (Mild-Moder-
ate Asthma/HealthyContinuum, Reticular Basement Mem-
braneHigh, Airway Smooth MuscleHigh, and
RemodelingLow) of patients with asthma/healthy volun-
teers, with numerous nested microclusters derived from
bronchial biopsy specimens.

d Reciprocal TH2 and TH17 gene expression was demon-
strated (1) across pathological phenotypes, (2) across the
spectrum of asthma severity, and (3) in healthy
volunteers.

d Our methodology provides new insight into pathological
heterogeneity in asthmatic patients and is applicable to
other complex chronic diseases.
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