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Short running title

Highly variable disease, ACOS should be defined in a longitudinal way.
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Abstract

Background: Asthma-chronic obstructive pulmonary disease (COPD) overlap syndrome

(ACOS), which has received much attention, has not been unanimously defined.

Objective: In this study, we tried to demonstrate that longitudinally defined ACOS is more

useful in the real-world than blending patients with asthma and COPD.
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Methods: The study patients had undergone two consecutive pulmonary function tests
measured at least 3 months apart (n = 1,889). We selected the patients who had positive
bronchodilator response or methacholine provocation tests (n = 959). Next, we defined
ACOS as a patient with a persistent airflow obstruction [forced expiratory volume in 1 sec
(FEV1)/forced vital capacity < 0.7] that was identified twice consecutively by an interval of

at least 3 months (n = 228).

Results: The proportions of patients who were older, male, and smokers were significantly
higher, and baseline lung function was lower in patients with ACOS. In the longitudinal
analysis, the mean change in lung function was high, and a greater decline in FEV1 was
observed in patients with ACOS. In addition, we compared ACOS and severe asthma, and we
also performed a cluster analysis and compared the results with our definition of ACOS.
According to our definition, ACOS is an independent subtype with distinctive characteristics.
Finally, a genome-wide association study (GWAS) was performed to identify genetic
variations associated with ACOS, but no significant single nucleotide polymorphisms were

identified.

Conclusion: Our findings suggest that ACOS should be defined longitudinally and
considered as an independent subgroup distinguished by inherited environmental factors

rather than as a genetically distinct independent group.

Introduction

Asthma is a heterogeneous disease characterized by chronic airway inflammation. * Asthma-
chronic obstructive pulmonary disease (COPD) overlap syndrome (ACOS), which is
characterized by a persistent airflow limitation with several features usually associated with
asthma and COPD, has received much attention.? However, there is no general agreement on
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the definition of ACOS, and the precise prevalence of the disease varies highly depending on
physicians’ opinions, but has been reported to be between 15 and 55%. *° Many studies on
ACOS have been conducted, but most clinical studies have analyzed ACOS according to a
particular study definition within patients with asthma or COPD. "** Therefore, when ACOS
has been defined in a COPD study, the features associated with typical asthma, such as
eosinophilia and history of atopy, have been stressed. *° In contrast, when a study has been
performed in patients with asthma, a persistent airway obstruction and a history of smoking
were highlighted in the definition of ACOS. *! In this way, the characteristics of ACOS

emphasized in each study appear to vary according to the study group.

The definition of ACOS in most studies is only a cross-sectional definition, so it does
not accurately reflect the characteristics of ACOS because asthma and COPD are highly
variable chronic diseases. Some longitudinal analyses have been performed. ***** The aim of
this study was to emphasize the concept that a longitudinal trend in a fixed airway obstruction
should be included in the definition of ACOS because the most important feature emphasized
in previous ACOS studies was a “persistent airway obstruction”. "4 However, severe
asthma may also be confused with ACOS because patients with severe asthma have features
of a fixed airway obstruction due to airway remodeling. Therefore, we classified severe
asthma and compared it with ACOS. Moreover, we analyzed the clinical characteristics of
ACOS and conducted cross-sectional as well as longitudinal analyses over 1 and 3 years. In
addition, we performed a cluster analysis and compared patients with ACOS using a
longitudinal definition. We then performed a genome-wide association study (GWAS) to
identify the factors that explained the genetic background and the pathogenesis of ACOS,

defining it as an independent group. In this study, we tried to prove that longitudinally
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defined ACOS is a distinct group, and we identified a concrete, real-world definition of

ACQOS that blended patients with asthma and COPD.

Methods
Study patients and measurements

We studied the clinical data of 3,299 patients with asthma who were registered in the Cohort
for Reality and Evolution of Adult Asthma in Korea (COREA) from 23 referral centers. 1
Medical records between May 2005 and September 2015 were retrospectively reviewed. This
study was approved by the Institutional Review Board of Asan Medical Center (2015-0435).

Additional details are provided in the online supplements.

Definition of ACOS and severe asthma

A total of 1,889 patients with results from two consecutive pulmonary function tests at least 3
months apart were included. Among them, 959 patients satisfied either of the following
criteria according to the Global Initiative for Asthma (GINA) guidelines: 2 (1) positive
response to bronchodilator (forced expiratory volume in 1 sec [FEV1] > 200 mL and > 12%
increase from baseline), or (2) positive methacholine or mannitol provocation test. To reflect
a persistent airway obstruction, we defined the overlapping group with a continuous airflow
obstruction as follows: pre-bronchodilator FEV1/forced vital capacity (FVC) ratio < 0.7 at
baseline and continuing for at least 3-months of follow-up despite appropriate therapy.
Patients who did not meet this condition were classified as the “only” asthma group. A
flowchart summarizing the definition of ACOS is shown in Figure 1. Severe asthma was

defined as patients treated with the medication corresponding to GINA steps 4 and 5 (n =
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198) among those patients previously defined as having “only”” asthma (n = 731), and severe

asthma was compared with ACOS as defined above.

Longitudinal assessment

A longitudinal lung function analysis was performed for 1 and 3 years as follows: (Method 1)
the mean absolute values for the changes in the FEV1, FVC, and the FEV1/FVC (which were
measured over 3-month intervals) were analyzed for 1 and 3 years; (Method 2) the personal
best of FEV1, FVC, and FEV1/FVC were defined as MAX and the personal worst were
defined as MIN, and the difference between MAX and MIN [(MAX) — (MIN)] was analyzed
for 1- and 3-year periods; (Method 3) the longitudinal declines of FEV1, FVC, and

FEV1/FVC were analyzed using a linear mixed model.

An exacerbation of asthma was defined as the presence of one or more of the following
during the previous year: (1) emergency room visit; (2) unexpected outpatient visits; (3)
inpatient or intensive care unit treatment; or (4) use of systemic corticosteroids. We also
analyzed the exacerbation rate per year, and the changes in Asthma Control Test (ACT)
scores were analyzed using a linear mixed model. Mean inhaled corticosteroid (ICS) dose

was also analyzed.

Genome-wide association study

Genotype data were produced using the Korean Chip (K-CHIP) available through the K-
CHIP consortium (http://kogo.or.kr). K-CHIP was designed by the Center for Genome

Science, Korea National Institute of Health, Korea (4845-301, 3000-3031). Data from the
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Severance Hospital Health Examination Center in Korea was used as the control group (N =
5,915). Among the 1,433 patients with genetic information in the COREA cohort, 77 patients
were defined as having ACOS and the remaining patients were classified as having asthma
(N = 1,356). We compared normal subjects and those with asthma, patients with ACOS and
normal subjects, and finally patients with asthma and those with ACOS. Additional details,

including quality control are described in the online supplements.

Cluster and statistical analyses

The ACOS and “only” asthma patients were combined (n = 959), and a hierarchical cluster
analysis was performed using Ward’s method. The hierarchical cluster analysis using Ward’s
method generated a dendrogram to estimate the number of likely clusters within the
population. This estimate was pre-specified in a k-means cluster analysis that was used as the
principal clustering technique. *"° The parameters for the cluster analysis were selected
based on defined criteria used in previous studies. **?° Seven variables, including age, asthma
onset age, smoking status, atopy, FEV1, FEV1/FVC, and serum blood eosinophil count were
used to characterize the asthma clusters. The positive response to a bronchodilator parameter
was excluded because all patients had to meet bronchodilator response-positive or
methacholine provocation test-positive conditions before distinguishing ACOS from “only”

asthma.

All statistical analyses were performed with R software (R Project for Statistical
Computing, Vienna, Austria; www.r-project.org). The results are presented as mean + SD for
continuous variables and as counts of events (%) for categorical variables. The baseline

characteristics of the ACOS and “only” asthma groups were compared using t-tests for
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continuous variables and the ¥ or Freeman—Halton exact tests for categorical variables. We

analyzed and compared the exacerbation rate per year by negative binomial regression.
Longitudinal analysis of lung function decline was performed by using a linear mixed model.
Analysis of variance was used to compare groups in the cluster analysis. When data values
for FEV1, FVC, and FEV1/FVC in the pulmonary function test results were missing, the

most recent values were imputed. A p-value < 0.05 was considered significant.

Results
Clinical characteristics of ACOS

According to the definition, we diagnosed 23.8% (n = 228) of 959 asthma patients with
ACOS. The remaining 76.2% (n = 731) of asthmatics were classified as having “only”
asthma (Figure 1). We conducted a cross-sectional analysis by utilizing information at the
time of enrollment and compared the clinical characteristics of each group. The mean age of
the ACOS group was significantly higher than that of the “only” asthma group (57.56 £ 13.27
vs. 46.19 + 15.75 years, p < 0.001). The percentage of males was higher in the ACOS group
(62.7 vs. 37.1%, p < 0.001), and the percentage of current or ex-smokers was also higher in
the ACOS group (63.5 vs. 42.6%, p < 0.001). However, no significant differences were
observed between the groups in terms of body mass index (BMI) or family history. The
proportion of atopic patients (positive skin prick test) was higher in the “only” asthma group
(Table 1), and the results of the skin prick test are summarized in Supplement E1. No
significant differences in serum levels of total Ig E, white blood cell (WBC) counts, C-
reactive protein (CRP) level, or blood eosinophil count were observed between the groups in

this analysis. The results of the induced sputum cell count also did not reveal any significant
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differences between the groups. The average symptom onset age and the asthma diagnosis
age in the ACOS group were higher than in the “only” asthma group. Furthermore, the time
after the asthma diagnosis was longer for the ACOS group than the “only”” asthma group
(Table 1). The mean value for the variables in the pulmonary function tests were significantly
different between the two groups; the ACOS group had lower pre-bronchodilator FEV1
(63.17 £19.42 vs. 84.64 £ 18.41%, p < 0.001), pre-bronchodilator FVC (82.37 £ 19.59 vs.
90.47 = 17.99%, p < 0.001), and pre-bronchodilator FEV1/FVC ratio (0.59 £ 0.09 vs. 0.77
0.09, p <0.001). Patients in the ACOS group also had lower post-bronchodilator FEV1
(71.02 £ 19.02 vs. 87.72 £ 19.53%, p < 0.001) and a post-bronchodilator FEV1/FVC ratio
(0.61£0.10 vs. 0.79 £ 0.09, p < 0.001). The ACOS patients showed more changes in FEV1
than patients with “only” asthma (22.87 + 24.58 vs. 9.89 + 12.68%, p < 0.001). Patients with
ACOS more frequently presented with positive and very positive bronchodilator test results
(69.3 vs. 36.1%, 25.5 vs. 11.7%, p < 0.001). The positive rate on the methacholine
provocation test was slightly higher in the “only” asthma group, but this difference was not
significant (88.8 vs. 68.9%, p = 0.318). However, PCy, was significantly lower in the ACOS

group (3.61 +5.10 vs. 6.07 £ 6.03 mg/mL, p < 0.001) (Table 1).

Longitudinal analysis

According to Method 1, the longitudinal assessment of the average change in FEV1, FVC,
and FEV1/FVC over 1 and 3 years is reported in Table 2. The average change in FEV1
measured at 3-month intervals tended to be greater in the ACOS group than in the “only”
asthma group (7.19 £ 5.07 vs. 6.36 + 4.26%, p = 0.09). We also obtained a similar result in
terms of the average change in FVC (7.97 + 6.46 vs. 6.08 £ 4.90%, p = 0.002). The average
change in FEV1 over 3 years was 4.82 = 2.64% in the “only” asthma group and 5.76 * 3.46%
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in the ACOS group (p = 0.045). The average change in FVC over 3 years was also higher in
the ACOS group (6.13 + 3.90 vs. 4.69 * 3.29%, p = 0.005). Similar results were obtained
when analyzing the change in lung function using Method 2. The mean (MAX — MIN) FEV1
value was 15.92 + 11.29% in the “only” asthma group and 18.17 + 12.57% in the ACOS
group over 1 year. The mean (MAX — MIN) FVC value was also significantly higher in the
ACOS group over 1 year (19.19 £ 13.91 vs. 15.98 + 11.64%, p = 0.018). These changes were
not significantly different over a 3 year period; however, the differences were still high in the
ACQOS group. In the results using Method 3, FEV1, FVC, and FEV1/FVC decreased more
sharply in the ACOS group, but the differences were not statistically significant. The degree
of FEV1 reduction tended to be higher in the ACOS group over 1 year (0.44[0.18-0.70], p =
0.08) and 3 years (0.17[0.07-0.27] p = 0.08). The degree of FVC reduction was significantly
higher in the ACOS group over 1 year (0.83[0.56-1.10], p < 0.001) and tended to be higher
over 3 years (0.17[0.07-0.27], p = 0.10). The medical history of acute exacerbation rate
during 1 year was significantly different between the two groups, with the ACOS group
showing a higher rate of exacerbation (2.38 £ 1.91 vs. 1.61 + 2.74, p < 0.001). Long-term
follow-up for 3 years showed that the frequency of exacerbation in both groups was also
different, albeit not statistically significant. No significant differences were observed in the

change in the ACT score after 1 and 3 years (Table 2).

The average dose of ICS used for a year tended to be higher in the ACOS group than the

“only” asthma group, but the difference was not significant (Supplement E2).
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Comparison of severe asthma and ACOS

We compared the clinical characteristics of severe asthma with those of ACOS. A total of
198 asthmatic patients were defined as having severe asthma, accounting for 27.1% of the
“only” patients with asthma. As in the previous analysis, patients with ACOS and severe
asthma were compared, and the results are shown in Table 3. Similar to the results of our
previous analysis, patients with ACOS had a significantly higher mean age (57.56 + 13.27 vs.
43.76 + 15.24 years, p < 0.001), and a higher percentage of males (62.7 vs. 39.4%, p < 0.001)
and smokers (63.5 vs. 47%, p < 0.001). The proportions of patients with a family history of
allergic disease and a positive skin prick test were higher among those with severe asthma.
The blood test and sputum analysis results were not significantly different between the two
groups. Patients with ACOS had a longer duration of symptoms, and patients with ACOS
were diagnosed with asthma at an older age than those with severe asthma. Additionally,
patients with ACOS had lower baseline lung function and more airway obstructions than
patients with severe asthma. In contrast, bronchial reversibility and hypersensitivity were
significantly higher in the ACOS group (Table 3). The change in pulmonary function was
significantly higher in the patients with ACOS than in those with severe asthma. The change
in the ACT score was not significantly different at 1 and 3 years. However, acute
exacerbation was found to be higher in patients with ACOS than in patients with severe
asthma at 3 years (32.7 vs. 10.5%, p = 0.03). The average consumption of ICS over 1 and 3

years was significantly higher in the severe asthma group (Supplement E3).
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Cluster analysis

We performed a cluster analysis using seven variables. Among the 959 patients, 481
(50.16%) were finally analyzed excluding the missing values. The cluster plot and
dendrogram are shown in the supplement (Supplement E4). The patients were divided into
three groups for the cluster analysis. In particular, group 3 showed similar clinical features to
those of patients with ACOS, as analyzed previously, but differed in character from the other
two groups. Additionally, 63% of the patients in group 3 were eligible for ACOS, as defined
previously (Supplement E4). The group 3 patients were older, with a higher percentage of
males, and more smokers. In addition, a low FEV1 and an obstructive pattern (FEV1/FVC <
0.7) were observed in this group. The group 3 patients showed more changes in FEV1 and
more frequently presented with positive and very positive bronchodilator tests (Table 4). We
presumed that group 1 patients showed characteristics of early onset atopic asthma and that

group 2 patients showed characteristics of female obese asthma.

Genome-wide association study

The genetic variations associated with asthma were determined by comparing the genomes of
patients with asthma (N = 1,356) with those of normal subjects (N = 5,915). Although no
individual SNPs reached a genome-wide significance level after a Bonferroni correction, the
top signals were identified as susceptibility markers for asthma alone (Figure 2A and

Supplement E5). No significant SNPs were identified in the analysis of patients with ACOS,

nor were the top 10 SNPs similar to those previously analyzed for the “only” asthma group

(Figure 2B and Supplement E6). The asthma alone and ACOS groups were then compared
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and analyzed. No significant SNPs were found between the two groups (Figure 2C and

Supplement E7).

Discussion

In this study, we emphasized that ACOS should be defined longitudinally. We devised
this study to determine a real-world definition of ACOS that applies to patients with features
of both asthma and COPD. Many of the existing ACOS definitions are complex, and many of
the diagnostic criteria are difficult to use in practice. Therefore, a simplified definition
involving the longitudinal concept may be appropriate. In this study, ACOS was defined
using a step-wise approach with longterm observations. We defined ACOS using the results
of continuous pulmonary function tests, namely a longitudinal concept, so that it is easy to

apply in practice.

The results of the analysis conducted with our definition were in close agreement with
those of many previous studies. The prevalence of ACOS was 23.8% of patients with
obstructive airway disease in this study, and this result is consistent with that of previous
studies in which the prevalence of ACOS was approximately 20% of patients with
obstructive airway disease. **?*# The clinical features observed in this study were also
similar to those of previous studies, including old age, male sex, increased duration of
asthma, history of smoking, and low baseline FEV1. **??* |n this study, ACOS showed
significant airway hyper-reactivity, as shown previously.’*?*% Additionally, longitudinal
analyses were performed for 1 and 3 years, during which patients with “only” asthma and
ACOS showed different characteristics. The results of the longitudinal analyses revealed that

pulmonary function decreased more in patients with ACOS after 1 and 3 years, and that
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changes in FEV1 fluctuated more widely during the observation period. In addition, patients
in the ACOS group tended to experience acute exacerbations more frequently than those in
the “only” asthma group. Although not statistically significant, the patients with ACOS
tended to have more variation in the symptom score (ACT). In addition, the mean ICS dose

was higher among patients with ACOS than those with “only” asthma.

To prove that our longitudinal definition is reasonable, we also performed a cluster
analysis in a non-arbitrary and unsupervised manner because we defined ACOS arbitrarily.
The parameters for the cluster analysis were selected based on the previous consensus
definition. % We then compared the ACOS group according to the longitudinal definition
of this study with the cluster subgroup considered to be ACOS. The results showed that there
was a cluster subtype considered to represent ACOS, and the 63% of cluster 3 patients was
fairly consistent with patients with ACOS who were defined according to the definition of
this study. In other words, it was confirmed that ACOS could be classified into one stable and

independent subgroup, indicating that our definition is reasonable.

According to our definition, ACOS is a subgroup with a strong emphasis on the concept
of a fixed airway obstruction, and severe asthma has similar characteristics because it exhibits
a fixed airway obstruction due to airway remodeling. However, the characteristics of ACOS
were also distinguished from severe asthma in this study; patients with ACOS were more
likely to be older, with more severe airway hyper-responsiveness and bronchial variability. In

addition, acute exacerbations occurred more frequently in patients with ACOS.

It is clear that the diagnosis of ACOS should be based on objective indicators, such as
biomarkers, but the pathophysiological features are poorly understood and few biomarker
studies of patients with ACOS have been published. >?®Therefore, it has been difficult to
achieve a consensus on the ACOS definition to date.
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Too few gene-relaed studies have been published to explain the pathophysiology of
ACOS. % In particualr, this is the first and only ACOS GWAS study in Korea. In our
analysis, significant genes associated with ACOS were not identified as expected, suggesting
that ACOS is a disease entity mainly caused by environmental affects and aging. >
Although there are many reports of asthma-related GWAS results, most of these associations

were to specific asthma subtypes. The results of the GWAS analysis were likely not

significant because we did not divide the sample sets by subtypes of heterogeneous asthma.

This study had some limitations. First, this was a retrospective study. As the most
appropriate design for a longitudinal analysis is a prospective study, further studies should be
conducted in these areas to support our results. Second, some values were missing in the data.
For this reason, some variables only showed tendencies and yielded statistically insignificant
results. In addition, the analysis was only conducted in an asthma cohort, so there was a
limitation obtaining clinical information associated with COPD. Third, we only analyzed the
ACT score as a disease control assessment of ACOS. The ACT score is an assessment tool
for asthma, and may not be suitable as an evaluation system for patients with ACOS
combined with COPD characteristics. Appropriate standards to evaluate the quality of life of
patients with ACOS must be developed. Fourth, there was no smoking history in the
definition of ACOS. Thus, patients with COPD characteristics may not have been included.
However, this is why we did not include smoking history in the definition of ACOS. That is,
the longitudinal definition in our study emphasized a fixed airway obstruction. If a patient
shows a continuous history of FEV1/FVC < 0.7 and an additional smoking history of more
than 10 PYs, the case is more suitable as typical COPD than ACOS. Fifth, we defined a fixed
airway obstruction as a continuous pre-bronchodilator FEV1/FVC < 0.7. In general, post-

bronchodilator FEV1/FVC is commonly used as a surrogate marker for a fixed airway
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obstruction. However, most patients with stable asthma have negative bronchodilator
reversibility, and there was no significant difference between post-bronchodilator FEV1 and
pre-bronchodilator FEV1. In addition, in the real-world, the majority of patients with asthma
do not perform the bronchodilator response in a stable condition; thus, there are insufficient
data. Finally, the number of samples used in the GWAS analysis was small and no replication

was performed.

Asthma is typically characterized by early onset, a good response to ICS, eosinophilic
inflammation involving type 2 helper T (Th2) lymphocytes, and an association with other
allergic diseases. In contrast, COPD is characterized by late onset, a poor response to ICS,
neutrophilic inflammation involving CD8 lymphocytes, and an association with smoking. 32
Clinicians can easily distinguish between “only”” asthma and “only” COPD patients because
of their different pathophysiologies.** However, a considerable number of patients have
features of both diseases, which is called ACOS. Many studies conducted in patients with
COPD emphasized the characteristics of asthma, and other studies conducted in patients with

asthma, highlighted the characteristics of COPD. #3127 As a result, it is difficult to define

ACOS.

Nevertheless, this is the first ACOS-related study using a large-scale multicenter cohort in
Korea, and it is the first new study to apply a longitudinal definition of ACOS. In addition,

this study has strengths, as various analyses were conducted to support this definition.

In conclusion, longitudinal follow-up results are important to determine a real-world
definition of ACOS. In this study, we established a definition that distinguished ACOS
usefully in practice by a relatively simple method. We define ACOS after observing patients
for a long period, and ACOS showed the characteristics of a persistent airway obstruction and
fluctuating lung function. Distinguishing ACOS in patients may be important because they
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often have more severe, frequent exacerbations and a poorer prognosis than typical patients

with asthma; thus, clinicians should be more aware of ACOS.
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Table 1. Baseline characteristics of the study patients

“Only” asthma ACOS p-value
Patients, n 731 228
Age, years 46.19+15.75(n=  57.56£13.27 (n=228) <0.001
731)
Age at diagnosis, years 42.30£16.90(n=  50.67£16.37 (n=201) <0.001
651)
Age at symptom onset, 38.76 £17.22 (n=  46.50+18.17 (n=226) <0.001
years 723)
Males 271/731 (37.1%) 143/228 (62.7%) <0.001
BMI, kg/m? 23.99+£355(n= 24.12 + 3.11 (n = 227) 0.610
725)
Smoking history
Never/ Ex/ Current 57.5%/ 28.3%/ 14.3%  36.6%/ 49.8%/ 13.7% <0.001
(n=722) (n=227)
Pack-years 4.63+£10.3(n=653) 19.66 +25.45(n=212) <0.001
Family history 339/731 (46.4%) 94/228 (41.2%) 0.173
Atopy test positive 285/491 (58.0%) 46/124 (37.1%) <0.001
Blood total IgE, 1U/mL 389.09£617.78 (n=  367.73+£548.46 (n = 0.729
381) 127)

Blood eosinophil, count 383.29 £400.66 (n=  343.93+383.27 (n= 0.222
627) 200)

Blood WBC, x10° /uL 7.16+2.16 (n=627) 7.47+2.31(n=204) 0.075

CRP, mg/dL 042+151(n=353) 0.51+1.82(n=137) 0.606

Sputum eosinophil, % 13.52+16.94 (n = 15.15 £ 21.30 (n = 55) 0.611
150)

Sputum neutrophil, % 28.64 +28.95 (n = 24.37 £ 24.58 (n = 56) 0.326
155)

Duration of asthma, months  47.81 + 76.44 (n = 75.08 £ 100.36 (n = <0.001
651) 201)

Symptom duration, months  89.69 + 114.89 (n = 133.25 + 160.66 (n = <0.001
723) 226)

Pre-bronchodilator FEV1, 84.64+1841(n= 63.17+1942(n=222) <0.001

% 711)

Pre-bronchodilator FEV1, 242+084 (n=711) 1.70£0.70 (n=222) <0.001

L

Pre-bronchodilator FVC, 90.47+17.99 (n=  82.37+19.59(n=222) <0.001

% 711)

Pre-bronchodilator FVC,L 3.15+1.00 (n=711) 2.88%1.02 (n=192) <0.001

Pre-bronchodilator 0.77+0.09 (n=711) 0.59£0.09 (n=222) <0.001

FEV1/FVC

Post-bronchodilator FEV1, 87.72+1953(n= 71.02+19.02(n=153) <0.001

% 366)

Post-bronchodilator FEV1, 2.54+0.84(n=370) 1.97+0.72 (n=153) <0.001

L

Post-bronchodilator FVC, 89.38+17.29(n=  88.80 £ 15.56 (n = 153) 0.721

%

366)
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Post-bronchodilator FVC, 3.20+£094 (n=369) 3.20%0.94 (n=153) 0.984
L

Post-bronchodilator 0.79+£0.09 (n=366) 0.61+0.10 (n=153) <0.001

FEV1/FVC

Change of FEV1, % 9.89+12.68 (n= 22.87 +24.58 (n=153) <0.001

368)

Change of FEV1 volume, 188.89 + 237.05(n=  317.97 £216.51 (n= <0.001

mL 368) 153)

Positive bronchodilator test 133/368 (36.1%) 106/153 (69.3%) <0.001

Very positive 43/368 (11.7%) 39/153 (25.5%) <0.001

bronchodilator test

Positive in MBPT 649/731 (88.8%) 157/228 (68.9%) 0.318
PCy, mg/mL 6.07+£6.03(n=624) 3.61+5.10 (n = 149) <0.001

Data are mean + standard error or n/N (%). BMI: body mass index; family history: asthma,
allergic rhinitis, urticaria, atopic dermatitis, drug allergy; WBC: whole blood count; CRP: C-
reactive protein. Change of FEV1, %: [(change of volume FEV1)/(baseline volume of
FEV1)] x 100; positive bronchodilator test: fulfilled the condition FEV1 > 200 mL and >
12% increase from baseline; very positive bronchodilator test: fulfilled the ACOS diagnostic
criteria of the Spanish consensus (FEV1 > 400 mL and > 15% increase from baseline);
MBPT: methacholine provocation test.
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Table 2. Longitudinal analysis over 1 and 3 years

“Only” asthma ACOS p-value
Method 1
Mean + SD AFEV1 over 1-year, 6.36 +4.26 (n=345) 7.19+£5.07 (n= 0.09
% 135)
Mean + SD AFEV1 over 3-years, 4.82+2.64(n=149) 5.76+3.46(n= 0.045
% 70)
Mean £ SD AFVC over 1-year,% 6.08+£4.90(n=345) 7.97+6.46(n= 0.002
135)
Mean + SD AFVC over 3-years, 469+£329(n=149) 6.13+3.90(n= 0.005
% 70)
Mean £+ SD AFEV1 over 1-year, 175.82 +129.27 (n=  208.55 + 165.91 0.040
ml 349) (n=136)
Mean + SD AFEV1 over 3-years, 133.36 £91.88 (n=  158.10 £ 105.9 (n 0.095
ml 151) =70)
Mean + SD AFVC over 1-year, ml 172.89+133.31(n=  261.53 + 181.53 <0.001
349) (n=135)
Mean + SD AFVC over 3-years, 128.65 +84.12 (n 195.33 + 100.61 <0.001
ml =151) (n=70)
Mean + SD A(FEV1/FVC) over 1- 0.04+£0.02(n=349) 0.04+0.03(n= 0.004
year 136)
Mean + SD A(FEV1/FVC) over 3- 0.03+£0.01 (n=151) 0.03+0.02 (n= 0.005
years 70)
Method 2
Mean + SD {(MAX)-(MIN)}FEV1 1592+11.29(n= 18.17+1257 (n= 0.058
over 1-year, % 345) 135)
Mean + SD {(MAX)-(MIN)}FEV1 2225+1158(n= 23.85+11.29 (n= 0.336
over 3-years, % 149) 70)
Mean + SD {(MAX)-(MIN)}FVC 1598+ 11.64(n= 19.19+1391 (n= 0.018
over 1-year, % 345) 135)
Mean + SD {(MAX)-(MIN)}FVC 22.60+13.64(n= 26.19%+1581(n= 0.086
over 3-years, % 149) 70)
Mean + SD {(MAX)-(MIN)}FEV1 449.48 + 364.64 (n=  518.90 + 419.99 0.092
over 1-year, ml 349) (n=136)
Mean £ SD {(MAX)-(MIN)}FEV1 616.69 £415.65(n=  649.86 + 372.18 0.569
over 3-years, mi 151) (n=70)
Mean + SD {(MAX)-(MIN)}FVC  441.95+357.38 (n=  636.18 + 434.69 <0.001
over 1-year, ml 349) (n=136)
Mean £ SD {(MAX)-(MIN)}FVC  605.36 £412.98 (n=  817.29 + 410.45 <0.001
over 3-years, ml 151) (n=70)
Method 3 B Standard error p-value
Lung function decline FEV1 over 0.44 0.26 0.080
1-year, %
Lung function decline FEV1 over 0.17 0.10 0.082
3-year, %
Lung function decline FVC over 0.83 0.27 <0.001

1-year, %
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Lung function decline FVC over 0.17 0.10 0.100
3-year, %

Lung function decline FEV1/FVC -0.001 0.01 0.840
over 1-year, %

Lung function decline FEV1/FVC 0.001 0.0 0.190
over 3-year, %

ACT score

Change of ACT score over 1-year -0.029 0.08 0.730
Change of ACT score over 3-year 0.004 0.03 0.88
Exacerbation rate “Only” Asthma ACOS

Acute exacerbation rate over 1- 1.61 £2.74 (N=62) 2.38+1.91 <0.001
year (N=21)

Acute exacerbation rate over 3- 0.73 £ 0.59 (N=42) 0.65+0.79 0.070
year (N=11)

Data are presented as mean + SE, n/N (%).
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Table 3. Comparison of baseline demographic and clinical characteristics between
patients with ACOS and severe asthma

Severe asthma ACOS p-value
Patients, n 198 228
Age, years 43.76 £15.24 (n = 57.56 £ 13.27 (n = <0.001
198) 228)
Age at diagnosis, years 39.27+16.24(n=  50.67 £16.37 (n = <0.001
174) 201)
Age at symptom onset, 36.28 £ 16.65 (n = 46.50 £ 18.17 (n = <0.001
years 197) 226)
Males 78/198 (39.4%) 143/228 (62.7%) <0.001
BMI, kg/m? 2420+355(n= 2412 +3.11 (n= 0.81
196) 227)
Smoking history
Never/ Ex/ Current 53.1%/ 28.6%/ 36.6%/ 49.8%/ <0.001
18.4% (n = 196) 13.7% (n = 227)
Pack-years 555+11.15(n= 19.66 £ 25.45 (n = <0.001
176) 212)
Family history 108/198 (54.5%) 94/228 (41.2%) 0.01
Atopy test positive 75/119 (63%) 46/124 (37.1%) <0.001
Blood total IgE, 1U/mL 399.27 £ 585.51 (n 367.73 £ 548.46 (n 0.66
=118) =127)
Blood eosinophil, count 358.67 +337.83(n  343.93 £383.27 (n 0.70
= 165) = 200)
Blood WBC, x10° /uL 737217 (n= 747+231(n= 0.66
165) 204)
CRP, mg/dL 0.33£0.52 (n=95) 051+£182(n= 0.28
137)
Sputum eosinophil, % 815+9.80(n=24) 1515+21.30(n= 0.05
55)
Sputum neutrophil, % 3298+ 3381 (n= 24.37+2458 (n= 0.25
26) 56)
Duration of asthma, 58.17+£82.13 (n= 75.08 £ 100.36 (n = <0.001
months 174) 201)
Symptom duration, 89.20 £107.17 (n=  133.25 £ 160.66 (n <0.001
months 197) = 226)
Pre-bronchodilator 8424+1742(n=  63.17+£19.42(n= <0.001
FEV1, % 192) 222)
Pre-bronchodilator 251+087 (n= 1.70£0.70 (n= <0.001
FEV1, L 192) 222)
Pre-bronchodilator FVC, 87.38%+17.27 (h= 82.37+£1959 (n= 0.01
% 192) 222)
Pre-bronchodilator FVC, 320107 (n= 2.88+1.02(n= 0.002
L 192) 192)
Pre-bronchodilator 0.79+0.09 (n= 0.59+0.09 (n= <0.001
FEV1/FVC 192) 222)
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Post-bronchodilator 87.37 £16.17 (n= 71.02+19.02 (n= <0.001

FEV1, % 128) 153)

Post-bronchodilator 2.65+0.88 (n= 1.97+0.72 (n= <0.001

FEV1, L 192) 153)

Post-bronchodilator 87.34+14.98 (n= 88.80 + 15.56 (n = 0.42

FVC, % 128) 153)

Post-bronchodilator 3.28+103(n= 320094 (n= 0.507

FVC, L 192) 153)

Post-bronchodilator 0.81+0.08 (n= 0.61+0.10(n= <0.001

FEV1/FVC 130) 153)

Change of FEV1, % 9.89+13.15(n= 22.87+£24.58 (n= <0.001
131) 153)

Change of FEV1 volume, 189.62 +245.28 (n  317.97 £ 216.51 (n <0.001

mL =131) = 153)

Positive bronchodilator 46/131 (35.1%) 106/153 (69.3%) <0.001

test

Very positive 15/131 (11.5%) 39/153 (25.5%) <0.001

bronchodilator test

Positive in MBPT 176/198 (88.9%) 157/228 (68.9%) 0.318

PCy0, mg/mL 6.03+6.35(n= 3.61+510(n= <0.001

172) 149)

Data are mean + standard error, n/N (%). BMI: body mass index; family history: asthma,
allergic rhinitis, urticaria, atopic dermatitis, drug allergy; WBC: whole blood count; CRP: C-
reactive protein; Change of FEV1, %: [(change of volume FEV1)/(baseline volume of
FEV1)] x 100; positive bronchodilator test: fulfilled the condition FEV1 > 200 mL and >
12% increase from baseline; very positive bronchodilator test: fulfilled the ACOS diagnostic
criteria of the Spanish consensus (FEV1 > 400 mL and > 15% increase from baseline);
MBPT: methacholine provocation test
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Table 4. Comparison of the clinical characteristics between the cluster subgroups

Group 1 Group 2 Group 3 p-
value
Patients, n 202 182 97
Age, years 31.27+9.16 (n= 56.57+£871(n= 5353+12.7(n= <0.001
202) 182) 97)
Age at diagnosis, 26.44+£10.61(n 53.39+£9.71(n= 4843+1451(n <0.001
years =202) 182) =97)
Age at symptom 24.33+£1056(n 46.67£1545(n 43.31+£16.6(n= <0.001
onset, years =202) =182) 97)
Males 101/202 (50%) 55/182 (30.2%) 64/97 (66%) <0.001
BMI, kg/m? 2341+356(n= 2447+32(n= 2335+267(n= <0.001
199) 181) 96)
Smoking history
Never/ Ex/ Current 49%/ 26.7%/ 65.9%/ 30.2%/ 26.8%/ 59.8%/  <0.001
24.3% (n = 202) 3.9% (n =182) 13.4% (n = 97)
Pack-years 397+£874(n= 529+2261(n= 18.15+21.6(n= <0.001
181) 164) 91)
Family history 112/202 (55.4%) 94/182 (39%) 44/97 (45.4%) 0.01
Atopy test positive 164/202 (81.2%)  52/182 (28.6%) 52/97 (30.9%)  <0.001
Blood total IgE, 513.15+£743.32 2649%3475(n 471.12+607.2(n 0.01
IU/mL (n=123) = 96) =55)
Blood eosinophil, 41421 £359.89  286.51 £238.06 555.1+668.3(n <0.001
count (n=202) (n=182) =97)
Blood WBC, x10°/uL  7.31+2.08(n=  7.02+224(n= 7.7£263(n= 0.05
202) 182) 97)
CRP, mg/dL 038+132(n= 035x077(n= 049+£091(n= 0.68
116) 102) 64)
Sputum eosinophil, 1491+199(n= 17.44+2296(n 14.72+174(n= 0.84
% 31) =33) 25)
Sputum neutrophil, 3541+£2957(n 2435+£26.52(n 2953+3169(n 0.29
% =35) =34) = 25)
Duration of asthma, 57.95+£99.97 (n 38.09+67.76 (n 61.11+91.7(n= 0.04
months =202) =182) 97)
Symptom duration, 83.36 £102.7 (n 118.7+164.54(n 121.3+15155(n 0.02
months =202) =182) = 96)
Pre-bronchodilator 86.81+141(n= 86.21+1536(n 50.96+14.02(n <0.001
FEV1, % 202) =182) =97)
Pre-bronchodilator 3.05+£0.75(n= 2.08 £0.56 (n= 1.49+050(n= <0.001
FEV1, L 202) 182) 97)
Pre-bronchodilator 9498 +1583(n 93.39+16.84(n 7254+16.99(n <0.001
FVC, % =202) =182) =97)
Pre-bronchodilator 387+£097(n= 2.82+0.77 (n= 2.67+0.82(n= <0.001
FVC, L 202) 182) 97)
Pre-bronchodilator 0.79+£0.09(n= 0.74+£0.07(n= 0.56+£0.09 (n= <0.001
FEV1/FVC 202) 182) 97)
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Post-bronchodilator
FEV1, %
Post-bronchodilator
FEV1, L
Post-bronchodilator
FVC, %
Post-bronchodilator
FVC, L
Post-bronchodilator
FEV1/FVC

Change of FEV1, %

Change of FEV1
volume, mL
Positive
bronchodilator test
Very positive
bronchodilator test
Positive in MBPT
PCy, mg/mL

89.64 + 14.06 (n
=93)
3.12+0.81 (n=
94)

90.86 + 13.4 (n =
93)
3.79+0.93 (n=
93)

0.82 £0.08 (n =
93)

9.45 +10.7 (n =
94)

238.4 + 256.9 (n
= 94)
37/94 (39.4%)

18/94 (19.1%)
185/202 (91.6%)

5.46 +6.14 (n =
173)

93.28 + 15.28 (n
= 68)
2.31+0.58 (n=
69)

95.46 + 15.95 (n
= 68)
2.97+0.73 (n=
69)

0.78 £0.07 (n=
69)
8.5+ 9.9 (n = 69)

161.74 + 165.32
(n = 69)
19/69 (27.5%)

6/69 (8.7%)
173/182 (95.1%)

7.03+6.47 (n =
165)

58.93 + 16.13 (n
= 69)
1.82 +0.56 (n =
71)

79.92 + 17.14 (n
= 69)
3.11+0.82 (n=
71)
0.59+0.1(n=
71)

2953 £22.7 (n =
71)

386.6 + 250.24 (n
=71)
59/71 (83.1%)

23/71 (32.4%)
49/97 (50.5%)

2.9+3.95(n=
47)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Data are mean + standard error and n/N (%). BMI: body mass index; family history: asthma,
allergic rhinitis, urticaria, atopic dermatitis, drug allergy; WBC: whole blood count; CRP: C-

reactive protein; Change of FEV1, %: [(change of volume FEV1)/(baseline volume of

FEV1)] x 100; positive bronchodilator test: fulfilled the condition FEV1 > 200 mL and >
12% increase from baseline; very positive bronchodilator test: fulfilled the ACOS diagnostic

criteria of the Spanish consensus (FEV1 > 400 mL and > 15% increase from baseline);

MBPT: methacholine provocation test
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Figure legends

Figure 1. Flowchart summarizing determination of the asthma-chronic obstructive

pulmonary disease (COPD) overlap syndrome (ACOS) definition

ACOS was defined by sequentially among Korean asthma cohort (COREA) patients with

consecutive pulmonary function results.

Figure 2. Graphical summary of the association results between asthma and asthma-

chronic obstructive pulmonary disease (COPD) overlap syndrome (ACOS) (Manhattan

plot)

Plot of P values by chromosome for asthma and ACOS. (A) Comparison of asthma and
normal subjects (B) Comparison of ACOS and normal subjects (C) Comparison of asthma

and ACOS.
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Methods

Sudy patients and measurements

Demographic parameters, body mass index (BMI), complete blood cell count, total serum
IgE levels, and serum eosinophil counts were recorded. An induced sputum analysis was
performed for these patients to determine the airway inflammatory cell counts. The atopic
response was measured by skin prick tests to 12 common alergens (Allegopharma, Reinbek,
Germany). The history of hospital visits due to exacerbation was aso recorded. The
pulmonary function test was implemented in as many 3-month intervals as possible and
included the forced expiratory volume in 1 sec (FEV1), forced vital capacity (FVC) and the
FEV1/FVC ratio. Patients were administered a bronchodilator response test or methacholine
provocation test. Blood samples were obtained to determine the number and percentage of

blood eosinophils and to quantify total immunoglobulin E.

Genome-wide association study (GWAYS)

Genome-wide single nucleotide polymorphism (SNP) genotyping was performed using
approximately 200 ng of genomic DNA from the patient’s peripheral blood lymphocytes. Call
rate (>98%) and minor allele frequency (MAF > 0.05) were measured as quality controls. A
total of 267,429 SNPs were passed through strict quality control measures. The principal
component score was used to compare and analyze the control group (N = 5,915) with three

times the total number of patients (N = 1,433).



Supplement E1. Skin prick test results

“Only” asthma ACOS p-value

Subjects, n 731 228
Atopy test positive 285/491 (58.0%) 46/124 (37.1%) <0.001

Der f 204/450 (45.3%) 25/112 (22.3%)

Der p 208/446 (46.6%) 29/117 (24.8%)

Tree pollen mixture 44/374 (11.8%) 4/88 (4.6%)

Grass pollen mixture 13/344 (3.8%) 1/82 (1.2%)

Ragweed 38/360 (10.6%0) 1/46 (2.2%)

Mugwort 71/369 (19.2%) 7/87 (8.0%)

Cockroach 16/367 (4.4%) 2/91 (2.2%)

Alternaria 6/338 (1.8%) 2/82 (2.4%)

Aspergillus 5/344 (1.5%) 1/88 (1.1%)

Cat 79/386 (20.5%) 7/88 (8.0%)



Dog 60/385 (15.6%) 8/90 (8.9%)

Der f: Dermatophagoides farina; Der p: Dermatophagoides pteronyssinus
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Supplement E2. Thelongitudinal analysis of inhaled corticosteroid (ICS) dose

“Only” asthma ACOS p-value
Average | CS dose over 1 year, pg/day 583.11 + 332.92 (n = 230) 657.67 + 352.34 (n = 105) 0.063
Average |ICS dose over 3years, ug/day 601.87 = 402.71 (n = 110) 670.12 + 397.89 (n = 52) 0.313

Data are mean = standard error or n/N (%0);1CS dose: converted to equivalent dose of budesonide.




Supplement E3. The longitudinal analysis of ICS dose and exacer bation

Severe asthma ACOS p-value
Experience of acute exacerbation over a 1-year 12/81 (14.8%) 17/109 (15.6%) 0.99
Experience of acute exacerbation over a 3-years 4/38 (10.5%) 17/52 (32.7%) 0.03
Average |CS dose over a 1-year, ug/day 792.23 + 275.73 (n = 94) 657.67 + 352.34 (n = 105) <0.001
670.12 + 397.89 (n = 52) <0.001

Average |CS dose over a 3-years, pg/day 958.4 + 338.91 (n = 36)




Supplement E4. Cluster analysisresultsand patient composition table

The results of a cluster analysis using seven variables [age, asthma onset age, smoking status, atopy, forced expiratory volume in 1 sec
(FEV1), FEV Uforced vita capacity (FVC) and serum blood eosinophil count] are shown. Cluster plot, dendrogram (A and B), and the patient

composition table (C) are shown.

Cluster Plot Cluster Dendrogram
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‘pure’ asthma ACOS Total
Group 1 189 13 202
Group 2 158 24 182
Group 3 34 63 97
Total 381 100 481




Supplement E5. Top 10 single nucleotide polymor phisms (SNPs) associated with asthma alone

SNPID

rs2858892

12402306

1s7338473

rs1775551

156137337

rs4720756

rs1149911

rs2213568

rs1912584

1s2213571

Chromosome

10

Gene

UNC79

HLA-DQA2

HLA-DQB2

Location

downstream

intron

upstream

downstream

intron

intron

downstream

intron

downstream

downstream

Variation

A=C

A>G

A>G

=G

C>A

T=C

G=C

MAF

0.347

0.2697

0.3706

0.4068

0.2482

HWE

0.0016

0.7415

0.3025

0.79

0.4219

0.01883

0.8718

0.8238

1.223

1.239

0.7801

1.209

0.7468

P value

3.80E-07

3.27E-06

9.85E-06

1.29E-05




Supplement E6. Top 10 single nucleotide polymorphisms (SNPs) associated with asthma-chronic obstructive pulmonary disease

(COPD) overlap syndrome (ACOYS)

SNPID

rs117733692

1s3772010

rs11665213

rs1677005

1535614679

rs4601609

152149063

rs1786253

rs12336157

rs34186721

Chromosome

k2

18

18

18

13

18

14

Gene

MSRA

RNF144A

TAF4B

TAF4B

LINCO01135

GPC5

TAF4B

RADS51B

Location

intron

intron

intron

downstream

intron

intron

intron

downstream

upstream

intron

Variation

C>A

=C

C>T

T=C

T=C

=C

C>G

=G

G=A

0.386

0.183

0.073

0.114

0.069

HWE

0.012

0.567

0.100

0.068

0.177

0.473

0.793

0.337

0.012

OR

3.332

2332

(]
n
oo
n

P value

1.43E-06

3.14E-06

7.12E-06

8.40E-06

8.46E-06

9.69E-06

1.17E-05

1.46E-05

1.96E-05

2.06E-05




Supplement E7. Top 10 single nucleotide polymorphisms (SNPs) associated with asthma-chronic obstructive pulmonary disease
(COPD) overlap syndrome (ACOS) compared to asthma alone

SNPID Chromosome Gene Location Variation MAF HWE OR P value
rs11665213 18 - intron C>T 0.180 0.655 2.257 1.15E-05
rs7967352 12 - upstream =G 0.065 0.663 2.904 1.23E-05
11046706 3 SLC9A9 UTR-3 G>T 0.095 0.646 2.591 1.31E-05
178276030 6 -- intron A>G 0.067 0.087 2.728 1.93E-05
rs8115801 20 PAK7 intron C>T 0.158 0.488 2.304 2.02E-05
17732758 5 LHFPL2 intron T=C 0.434 0.106 2.055 2.15E-05
134773144 13 COL4A2 intron A>G 0.376 0.572 2.063 2.53E-05
135614679 18 TAF4B intron G>A 0.053 1.000 3.008 3.17E-05
156837266 4 ATP10D upstream G>C 0.101 0.771 2497 3.22E-05

rs1786253 18 TAF4B downstream C>G 0.053 0.794 3.026 3.52E-05
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