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Background and objectives
Chronic inflammatory airway diseases, including asthma and chronic obstructive pulmonary
disease (COPD), are complex syndromes with diverse clinical symptoms due to multiple
pathophysiological conditions. In this study, using common and shared risk factors for the
exacerbation of asthma and COPD, we sought to clarify the exacerbation-prone phenotypes
beyond disease labels, and to specifically investigate the role of the IL4RA gene polymorphism, which is related to type 2 inflammation, in these exacerbation-prone phenotypes.
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Methods
The study population comprised patients with asthma (n = 117), asthma-COPD overlap
(ACO; n = 37) or COPD (n = 48) and a history of exacerbation within the previous year. Cluster analyses were performed using factors associated with both asthma and COPD exacerbation. The association of the IL4RA gene polymorphism rs8832 with each exacerbationprone phenotype was evaluated by multinomial logistic analyses using non-asthma nonCOPD healthy adults as controls (n = 1,529). In addition, the genetic influence of rs8832
was also examined in asthma patients with allergic rhinitis and no history of exacerbation (n
= 130).

Results
Two-step cluster analyses identified five clusters that did not necessarily correspond to the
diagnostic disease labels. Cluster 1 was characterized by high eosinophil counts, cluster 2
was characterized by smokers with impaired lung function, cluster 3 was characterized by
the presence of gastroesophageal reflux, cluster 4 was characterized by non-allergic
females, and cluster 5 was characterized by allergic rhinitis and elevated total
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immunoglobulin E levels. A significant association with rs8832 was observed for cluster 5
(odds ratio, 3.88 (1.34–11.26), p = 0.013) and also for the type 2 exacerbation-prone phenotypes (clusters 1 and 5: odds ratio, 2.73 (1.45–5.15), p = 1.9 × 10−3).

Discussion
Our results indicated that the clinical heterogeneity of disease exacerbation may reflect the
presence of common exacerbation-prone endotypes across asthma and COPD, and may
support the use of the treatable traits approach for the prevention of exacerbations in
patients with chronic inflammatory airway diseases.

Introduction
Chronic inflammatory airway diseases, including asthma and chronic obstructive pulmonary
disease (COPD), are complex syndromes with diverse clinical symptoms due to multiple
pathophysiological conditions. Despite the fact that asthma and COPD share common mechanisms, the mainstream approach to treating chronic inflammatory airway diseases has been to
name a diagnosis first, then to follow the clinical guidelines that correspond to that diagnosis.
This approach, also known as one-size-fits-all medicine, has been reported to have limitations
in providing appropriate treatment for a variety of conditions that vary from patient to patient
[1]. A newly proposed concept called treatable traits, which means that patient characteristics
and features are considered to provide the optimal treatment, evaluates treatment options
based on the clinical characteristics and features of individual patients without being distracted
by diagnostic labels [2].
Acute exacerbations of asthma and COPD are common occurrences that are associated
with an increased decline in lung function, poor quality of life and increased mortality. Asthma
and COPD are chronic diseases with high morbidity worldwide, and their acute exacerbations,
in particular, are a major socioeconomic burden [3, 4]. Patients with asthma or COPD who
suffer recurrent exacerbations are considered to have exacerbation-prone phenotypes. Multiple factors are known to be commonly associated with the exacerbation of asthma and COPD
[5–7].
The G allele at rs8832 is associated with upregulated IL4RA gene expression in whole blood
cells [8]. It has been reported that the G allele is associated with an increased risk of exacerbation in asthmatic patients with the type 2 inflammatory phenotype defined by elevated serum
periostin levels [9]. Moreover, the G allele has been reported to be associated with allergic rhinitis, and to predict the drug effects of anti-interleukin (IL)-4Rα biologics in patients with
asthma [10, 11].
In this study, using these common and shared risk factors for the exacerbation of asthma
and COPD, we sought to clarify the exacerbation-prone phenotypes beyond disease labels, and
also to investigate the role of the IL4RA gene polymorphism, which is related to type 2 inflammation, in these exacerbation-prone phenotypes.

Materials and methods
In this study, we focused on the exacerbation-prone phenotypes of chronic inflammatory pulmonary diseases (asthma, ACO and COPD) and conducted cluster analyses using patients
with at least one exacerbation within the previous year despite being treated by
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pulmonologists. Multiple clinical features related to exacerbation were used to clarify the phenotypes of exacerbation that were independent of conventional diagnoses. Furthermore, the
genetic effect of the functional single nucleotide polymorphism (SNP) of IL4RA on the exacerbation of chronic inflammatory pulmonary diseases in relation to the exacerbation phenotypes
was evaluated.

Target population
This study consecutively enrolled patients who had experienced at least one exacerbation
within the past year, without matching of the number of patients per disease, within the study
period of January 2017 to December 2017. The target population comprised patients with
asthma (n = 117), ACO (N = 37) or COPD (n = 48) and a history of at least one exacerbation
within the previous year who visited the University of Tsukuba Hospital and/or its affiliated
hospitals. In all patients, the diagnosis of the disease was made by a pulmonologist. Patients
with smoking COPD with features of asthma were defined as having ACO [12]. Patients with
bronchiectasis, old pulmonary tuberculosis, active infection or cardiac disorders were
excluded. Exacerbation was defined as the need for intravenous infusion of steroids, oral
administration of steroids for �3 days (or an increased dose), or the use of antibiotics due to
worsening of symptoms within the previous year.
In addition, asthma patients with allergic rhinitis who had not experienced an asthma
exacerbation within the past year (n = 130) were also recruited to investigate the genetic influence of rs8832 on the development, but not exacerbation, of allergic asthma with rhinitis.
Healthy volunteers with the rs8832 genotype (n = 1529) were recruited from among the individuals who visited the Tsukuba Medical Center and the Health Center of Kamisu City for
annual health checkups [13].

Measurements
Spirometry was performed at each participating site using an automated electronic spirometer
with the patient in a sitting position. These tests were performed and evaluated by well-trained
technicians as described in the ATS/ERS guidelines [14].
The total serum immunoglobulin E (IgE) level was measured using a commercial fluorescence enzyme immunoassay (SRL, Inc., Tokyo, Japan). The specific serum IgE antibody was
measured in both the healthy and asthmatic groups with the multiple allergen simultaneous
test (MAST)-26 chemiluminescent assay systems (Hitachi Chemical Company, Tokyo, Japan)
[15]. We defined atopy as a positive response (>1.00 lumicount) to at least 1 of the 14 inhaled
allergens [16]. The eosinophil and neutrophil counts (cells ×109/L) were obtained from the
automated laboratory test results from each participating site.
Patients’ health-related quality of life was assessed using the COPD assessment test (CAT),
a self-administered questionnaire consisting of eight items that assess various manifestations
of chronic airway disease [17]. Gastroesophageal reflux disease (GERD) was diagnosed by the
frequency scale for the symptoms of GERD (FSSG) questionnaire, a validated questionnaire in
the Japanese population. The FSSG consists of 12 items, each of which is quantified on a scale
ranging from 0 to 4 points, and the cut-off score for GERD was set at 8 points [18].

Genotyping
Genomic DNA was extracted from peripheral blood samples using an automated DNA extraction system (QuickGene-610L; Fujifilm, Tokyo, Japan). The typing of rs8832, which is an
expression quantitative trait locus and splicing quantitative trait locus of IL4RA, was
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performed using the Infinium Asian Screening Array (Illumina, San Diego, CA, USA) or the
Illumina HumanHap 550v3/610-Quad BeadChip (Illumina) [13].

Statistical analysis
One-way analyses of variance, Kruskal-Wallis tests and the chi-square test were used for comparisons among the exacerbation-prone phenotypes for parametric continuous, non-parametric continuous and categorical variables, respectively.
For SNP data analysis, the genotype frequency in each exacerbation-prone phenotype was
summarized and the odds ratios for risk genotypes were calculated by multinomial multiple
logistic regression analyses using non-asthmatic non-COPD healthy volunteers as the control
group with adjustments made for age, sex and smoking index [19].
For cluster analyses, two-step cluster analyses were performed using SPSS1 Statistics V26
(IBM, Chicago, IL, USA). The analysis used the following 12 variables, including factors associated with both asthma and COPD exacerbation: age, sex, smoking index, age at onset, total
IgE, presence/absence of allergic rhinitis, forced expiratory volume in 1 s (FEV1)/forced vital
capacity (FVC), body mass index (BMI), CAT score, FSSG score, peripheral blood eosinophil
count and the number of exacerbations that required steroid administration within the previous year. The distribution of serum IgE was not normal, and the values were thus log-transformed (log IgE).
The following cutoff values were set for each clinical index. The smoking index was calculated by multiplying the smoking dose (cigarettes per day) and duration (years smoked), and
was categorized into three groups: 0, >0 to <200, and >200 cigarette-years [20]. Although the
CAT score is primarily used for the evaluation of symptoms in patients with COPD, the test
was applied to all patients in this study, and a cutoff of �10 points from the symptom evaluation index in the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guideline
was set [21]. A cutoff of �8 points for the FSSG score was selected to indicate the presence of
GERD [22]. The cutoff values for the peripheral blood eosinophil counts were set to 150, 300
and 450 cells/μL. The numbers of exacerbations that required steroid administration were classified into three groups as follows: one, two or three, and four or more exacerbations within
the previous year.
We validated the results of the two-step cluster analyses using the silhouette coefficient,
which is a measure for the cohesion and separation of clusters [23]. Obtained values of more
than 0.0 indicate the validity of the within- and between-cluster distances.

Ethical considerations
This study was approved by the institutional review board of the University of Tsukuba (IRB
No. 136–4) and the University of Tsukuba Hospital (IRB No. H29-294). After verbally explaining the research to all target participants, the survey and analyses were conducted in accordance with the joint Ethical Guidelines for Human Genome/Gene Analysis Research and the
principles of the Declaration of Helsinki after obtaining written consent from the patients.

Results
A total of 225 patients were initially enrolled, including 127 with asthma, 41 with ACO and 57
with COPD. Patients with missing data for at least one of the following 12 items were excluded:
age, sex, smoking index, age at onset, total IgE, presence/absence of allergic rhinitis, FEV1/
FVC, BMI, CAT score, FSSG score, peripheral blood eosinophil count and number of exacerbations in the previous year. Consequently, a total of 202 patients (117 with asthma, 37 with
ACO and 48 with COPD) who had information for all 12 items were included in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0264397 March 21, 2022

4 / 13

PLOS ONE

Common exacerbation-prone phenotypes across asthma and COPD

Table 1. Characteristics of the study population.
Asthma

Asthma-COPD overlap

COPD

p value�

Number of subjects

117

37

48

Sex (female, %)

59.3

16.2

10.4

<0.05

65.2 (27–87)

74.3 (50–90)

76.2 (58–89)

<0.05

Age, years (mean, (range))
Smoking pack-year (0/0–10/>10, %)

59.0/18.8/22.2

0/8.1/91.9

0/4.2/95.8

<0.0001

24.1 (14.1–36.6)

23.5 (15.0–37.5)

22.1 (14.7–28.5)

<0.05

CAT score (�10, %)

49.6

62.2

75.0

<0.05

FSSG (�8, %)

32.5

35.1

16.7

0.087

74.1 (44.4–97.0)

54.4 (29.3–69.9)

44.4 (17.9–68.5)

<0.0001
0.34

BMI (kg/m2, mean, (range))

FEV1/FVC (mean, (range))
Peripheral blood eosinophils, % (<150/150–299/300–449/>450, cells/μL)

45.3/25.6/10.3/18.8

45.9/27.1/5.4/21.6

35.4/39.6/14.6/10.4

Peripheral blood eosinophils, mean (range) (cells/μL)

268.5 (0.0–1848.0)

306.1 (0.0–1360.0)

234.1 (0.0–990.0)

0.52

2.05 (0.30–3.36)

2.21 (0.00–3.63)

1.94 (0.85–2.92)

0.56

Serum IgE (log IU/mL, (range))

42.7/29.1/21.4

54.1/21.6/18.9

47.9/14.6/12.5

0.39

Exacerbations treated by antibiotics only (%)

Exacerbations treated by steroids (%, 1/2–3/>4)

6.8

5.4

25.0

<0.05

Allergic rhinitis (%)

36.8

18.9

4.2

<0.05

Age at onset (years, mean)

43.6

48.4

64.8

<0.05

1.41† (0.60–2.16)

1.51‡ (1.00–2.42)

1.29§ (0.60–1.86)

0.98

FeNO (log ppb, (range))

The χ2 test, Fisher’s exact test, analysis of variance or Kruskal-Wallis test was used where appropriate. The p values indicate the differences between each cluster. BMI:

�

body mass index; COPD: chronic obstructive pulmonary disease; CAT: COPD assessment test; FSSG: frequency scale for the symptoms of GERD; FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; FeNO: fraction of exhaled nitric oxide; ACO: asthma-COPD overlap; GERD: gastroesophageal reflux disease.
†

24 missing data

‡
§

17 missing data
8 missing data

||

19 missing data; ¶6 missing data.

https://doi.org/10.1371/journal.pone.0264397.t001

subsequent cluster analysis. The presence/absence of allergic rhinitis was judged mainly based
on the typical symptoms, including sneezing or a runny/blocked nose, especially when the
patients did not experience a cold or the flu within the past 12 months.
The clinical characteristics according to the disease labels are described in Table 1. Briefly,
when we divided participants into three groups according to the smoking index, there were 69
non-smokers (group 0) among the patients with asthma (58.9%), whereas all patients with
ACO or COPD had a smoking history. The mean BMI value was 24.1, 23.5 and 22.1 kg/m2 for
those with asthma, ACO and COPD, respectively. The mean FEV1/FVC was 74.1%, 54.4% and
44.4% among those with asthma, ACO and COPD, respectively. Furthermore, the percentage
of patients with a peripheral blood eosinophil count �450 cells/μL was 18.8%, 21.6% and
10.4% (22, 8 and 5 patients) among those with asthma, ACO and COPD, respectively. The
number of patients who experienced at least two exacerbations within the previous year was
66, 22 and 24 (56.4%, 59.4% and 50.0%) among those with asthma, ACO and COPD, respectively. The prevalence of allergic rhinitis, as determined by interviews, was 36.8%, 18.9% and
4.2% among those with asthma, ACO and COPD, respectively. The mean fractional exhaled
nitric oxide (NO; log value) was 1.41, 1.51 and 1.29 ppb among those with asthma, ACO and
COPD, respectively (Table 2).

Details of the five clusters (Table 2)
Five clusters were identified with good cluster quality according to the cohesion and separation
silhouette indices (0.214).
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Table 2. Characteristics of the five clusters.
Eosinophilic

Smokers with impaired
lung function

GERDpredominant

Non-allergic femalepredominant

Allergic rhinitis
with high IgE

Cluster 1

Cluster 2

Cluster 3

Cluster 4

Cluster 5

p value�

Number of subjects

56

36

29

47

34

Sex (female, %)

1.8

5.6

10.3

100

82.4

<0.0001

Age (years, (range))

72.8 (51–87)

76.1 (58–89)

75.5 (46–90)

64.8 (32–86)

58.4 (27–87)

<0.0001

Smoking pack-year (%, 0/1 to 10/>10)

8.9/23.2/67.9

0/0/100

20.7/3.4/75.9

74.5/10.6/14.9

67.7/23.5/8.8

<0.0001

23.1 (14.1–
37.5)

22.2 (14.7–33.6)

24.6 (15.0–36.4)

23.6 (15.0–33.3)

24.6 (16.6–36.6)

0.61

CAT score (�10, %)

23.2

100

89.7

44.7

61.8

<0.0001

FSSG (�8, %)

8.9

0

100

23.4

41.2

<0.0001

62.3 (35.4–
97.0)

48.9 (17.9–80.5)

57.3 (28.8–86.2)

72.0 (42.6–94.7)

74.2 (50.4–94.1)

<0.0001

41.1/14.3/7.1/
37.5

47.2/36.1/16.7/0

27.6/58.6/6.9/6.9

44.7/38.3/8.5/8.5

52.9/8.8/14.7/23.5

<0.05

Mean (cells/μL, (range))

362.1 (0.0–
1360.0)

160.2 (0.0–378.4)

249.2 (7.2–
1152.4)

243.5 (27.0–1848.0)

272.4 (0.0–1080.7)

<0.05

Serum IgE (log IU/mL, (range))

2.23 (0.70–
3.63)

1.97 (0.00–3.18)

2.00 (0.90–3.61)

1.71 (0.30–2.64)

2.35 (0.70–3.36)

<0.05

Exacerbations treated by steroids (%, 1/2 or
3/>4)

55.4/30.4/7.1

44.5/19.4/13.9

41.4/10.3/27.6

53.2/29.8/10.6

26.5/23.5/47.1

<0.05

Exacerbations treated by antibiotics only (%)

7.1

22.2

20.7

6.4

2.9

<0.05

BMI (kg/m2, mean, (range))

FEV1/FVC (mean, (range))
Peripheral blood eosinophils, % (<150/150
− 299/300 − 449/>450, cells/μL)

Allergic rhinitis (%)

19.6

2.8

17.2

2.1

100

<0.0001

Age at onset (years, mean, (range))

53.8 (3–80)

63.9 (22–84)

51.3 (10–87)

42.1 (1–71)

36.0 (1–68)

<0.0001

Diagnosis (%, asthma/ACO/COPD)

50.0/28.6/21.4

11.1/13.9/75.0

34.5/37.9/27.6

89.4/6.4/4.2

97.1/2.9/0

<0.0001

1.56† (1.00–
2.42)

1.22‡ (0.60–1.52)

1.43§ (1.04–2.04)

1.31|| (0.85–1.86)

1.44¶ (0.60–2.10)

<0.05

FeNO (log ppb, (range))

The χ2 test, Fisher’s exact test, analysis of variance or Kruskal-Wallis test was used where appropriate. The p values indicate the differences between each cluster. BMI:
body mass index; COPD: chronic obstructive pulmonary disease; CAT: COPD assessment test; FSSG: frequency scale for the symptoms of GERD; FEV1: forced

�

expiratory volume in 1 s; FVC: forced vital capacity; FeNO: fraction of exhaled nitric oxide; ACO: asthma-COPD overlap; GERD: gastroesophageal reflux disease. †24
missing data; ‡17 missing data; §8 missing data; ||19 missing data; ¶6 missing data.
https://doi.org/10.1371/journal.pone.0264397.t002

Cluster 1 (eosinophilic; n = 56) was a smoking male dominant group with a mean age of
72.8 years. The mean peripheral blood eosinophil count was 362.1 cells/μL, which was the
highest among all clusters. The mean serum IgE level (log value) was 2.23 IU/mL, which was
the second highest after cluster 5. Together with an elevated level of exhaled NO (log value) of
1.56 ppb, cluster 1 was considered to be an eosinophilic phenotype. The rate of complications
of allergic rhinitis was 19.6%.
Cluster 2 (smokers with impaired lung function; n = 36) was a group of symptomatic smokers with a mean age of 76.1 years. The mean FEV1/FVC was 48.9%, which was the lowest
among all clusters. The mean BMI was 22.2 kg/m2, which was also the lowest among all clusters. The mean peripheral blood eosinophil count was 160.2 cells/μL, and the rate of complications of allergic rhinitis was 2.8%.
Cluster 3 (GERD predominant; n = 29) was a group with a higher mean age of 75.5 years
and a relatively high number of smokers. The FSSG score was 8 or more in all patients, indicating that this cluster was an exacerbation-prone phenotype characterized by the presence of
GERD. The mean FEV1/FVC was 57.3%.
Cluster 4 (non-allergic female predominant; n = 47) was a group of non-smoking females
with a mean age of 64.8 years. The mean serum IgE level (log value) was 1.71 IU/mL, and the
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Table 3. Association of the IL4RA polymorphism with the exacerbation clusters.
rs8832 genotype
Control, n (%)

AA

GA + GG

Adjusted OR (95% CI)

615 (40.2)

914 (59.8)

Reference

Cluster 1: Eosinophilic, n (%)

9 (17.6)

42 (82.4)

2.15 (0.92–5.00)

Cluster 2: Smokers with impaired lung function, n (%)

10 (28.6)

25 (71.4)

1.19 (0.43–3.25)

Cluster 3: GERD-predominant, n (%)

9 (34.6)

17 (65.4)

0.84 (0.31–2.31)

Cluster 4: Non-allergic female-predominant, n (%)

11 (25.0)

33 (75.0)

1.52 (0.72–3.20)

Cluster 5: Allergic rhinitis with high IgE, n (%)

4 (13.8)

25 (86.2)

3.88 (1.34–11.26)

Asthma with allergic rhinitis without exacerbations, n (%)

54 (41.5)

76 (58.5)

1.01 (0.70–1.46)

GERD: gastroesophageal reflux disease; CI: confidence interval; OR: odds ratio.
The ORs (95% CIs) were calculated for the presence of the rs8832 G allele using a multinomial logistic regression
model. Values were adjusted for sex, age and smoking status in the analysis. There was a significant association
between the rs8832 genotype and type 2 exacerbation phenotypes (clusters 1 and 5; OR 2.73 (1.45–5.15)). In contrast,
the non-type 2 exacerbation phenotypes (clusters 2, 3 and 4 combined) were not associated with the SNP (OR 1.27
(0.73–2.21)). The rs8832 G allele was significantly more frequent in cluster 5 than in the controls without
exacerbation (OR 4.44 (1.52–12.88)). Genotyping was unsuccessful in 15 and 2 patients with asthma and ACO,
respectively, for technical reasons.
https://doi.org/10.1371/journal.pone.0264397.t003

rate of complications of allergic rhinitis was 2.1%; these were the lowest among all clusters,
indicating that this cluster was non-smoking females without a predisposition for allergies.
The mean level of exhaled NO (log value) was 1.31 ppb.
In cluster 5 (allergic rhinitis with high IgE; n = 34), all patients had allergic rhinitis. The
proportion of females was as high as 82.4%. The mean age and age at onset were 58.4 and 36.0
years, respectively, both of which were the lowest among all clusters. This group also had the
highest mean serum IgE level (log value) at 2.35 IU/mL. The peripheral blood eosinophil
count and exhaled NO level (log value) were 272.4 cells/μL and 1.44 ppb, respectively.
Exacerbations treated by steroids were most frequent in cluster 5, while exacerbations
treated by antibiotics only were most frequent in clusters 2 and 3.

Association between IL4Rα and exacerbation phenotypes
Genotyping for rs8832 was unsuccessful in some of the patients included in the cluster analysis
(15 and 2 patients with asthma and ACO, respectively; Table 3). The results of multinomial
logistic regression analyses on the effect of the G allele of rs8832 on each exacerbation phenotype are shown in Table 3. The G allele was significantly associated with the high IgE allergic
rhinitis group (cluster 5), and a similar trend was observed with the eosinophilic group (cluster
1), but not at a statistically significant level. Both clusters 1 and 5 were considered to be exacerbation-prone phenotypes associated with the type 2 immune response, and when the effects of
the G allele on the phenotype were evaluated using both clusters 1 and 5 combined as type 2
exacerbation-prone phenotypes, the frequency of the G allele was significantly higher in the
combined group than in the healthy volunteers (p = 1.9 × 10−3). In contrast, non-type 2 exacerbation-prone phenotypes (clusters 2, 3 and 4) were not associated with the SNP. We further
examined the role of the IL4RA SNP in participants with increased eosinophil counts in the
studied population (25 patients with asthma, 9 patients with COPD and 9 patients with ACO;
Table 4) and found a significant association between the SNP and the participants characterized by increased eosinophil counts (p = 0.031).
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Table 4. Association between the IL4RA polymorphism and chronic inflammatory lung disease with eosinophilia.
rs8832 genotype

Adjusted OR
(95% CI)

AA

GA
+ GG

Control, n (%)

615
(40.2)

914
(59.8)

Reference

Chronic inflammatory lung disease with exacerbations (peripheral blood
eosinophil count �300/μL) n (%)

10
(18.9)

43
(81.1)

2.24 (1.08–4.65)

Chronic inflammatory lung disease with exacerbations (peripheral blood
eosinophil count <300/μL) n (%)

33
(25.0)

99
(75.0)

1.56 (0.96–2.54)

OR: odds ratio. The ORs were calculated for the presence of the rs8832 G allele using a multinomial logistic
regression model. Values were adjusted for sex, age and smoking status in the analysis. Participants with increased
eosinophil counts included 25 patients with asthma, 9 patients with COPD, and 9 patients with ACO.
https://doi.org/10.1371/journal.pone.0264397.t004

Among patients with asthma who had concomitant allergic rhinitis, but no history of exacerbations in the previous year (Table 5), the frequency of the G allele did not differ significantly
from that in the healthy volunteers (Table 3).

Discussion
By examining several common factors for disease exacerbation shared by asthma and COPD,
we identified five distinct clusters that go beyond the disease labels. In particular, cluster 1
characterized by high eosinophil counts and cluster 3 characterized by GERD complications
were inconsistent with disease labels, such as asthma and COPD.
Cluster 1 was considered to be an exacerbation-prone phenotype that was particularly associated with eosinophilic airway inflammation. Associations have been shown between an elevated blood eosinophil count or sputum eosinophil count and the exacerbation rates or
clinical outcomes of asthma and COPD patients [24, 25]. The role of eosinophilic airway
Table 5. Comparisons of the basic characteristics of allergic asthma with rhinitis with and without exacerbations.
Allergic asthma with rhinitis without exacerbations

Allergic rhinitis with high IgE (cluster 5)

p value�

Number of subjects

130

34

Sex (female, %)

54.6

82.4

0.0032

51.7 (19–82)

58.4 (27–87)

0.033

69.2/20.8/10.0

67.6/23.5/8.9

0.93

Age (years, (range))
Smoking pack-year (%, 0/1 − 10/>10)
2

BMI (kg/m , mean, (range))

23.2 (16.4–39.1)

24.6 (16.6–36.6)

0.067

CAT score (�10, %)

N/A

61.8

-

FSSG (�8, %)

N/A

41.2

-

73.8 (44.2–96.3)

74.2 (50.4–94.1)

0.83

358.1 (0.0–2360.0)

272.4 (0.0–1080.7)

0.14

2.35

2.35

0.96

0

9/9/16

-

100

100

-

34.9 (1–80)

36.0 (1–68)

0.81

FEV1/FVC (mean, (range))
†

Peripheral blood eosinophils, mean (cells/μL, (range))

†

Serum IgE (log IU/mL)

Exacerbations in previous year (n, 1/2 or 3/>4)
Allergic rhinitis (%)
Age at onset (years, mean, (range))
�

The χ2 test, Fisher’s exact test, t-test or Kruskal-Wallis test was used where appropriate. BMI: body mass index; CAT: COPD assessment test; FSSG: frequency scale for

the symptoms of GERD; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FeNO: fraction of exhaled nitric oxide. †For allergic asthma with rhinitis
without exacerbations, data on peripheral blood eosinophils and serum IgE were missing for 11 and 4 patients, respectively.
https://doi.org/10.1371/journal.pone.0264397.t005
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inflammation in exacerbations of asthma and COPD has been nicely reviewed by George and
Brightling [26]. Importantly, the presence of sputum eosinophilia and the Th2 gene signature
in asthma and COPD have both been shown to be good predictors of the response to corticosteroid treatment in stable disease [27–29].
Impaired lung function is another important factor that has been reported to be associated
with exacerbation in both asthma and COPD [7, 30], and cluster 2 was considered to be an
exacerbation-prone phenotype that was strongly influenced by smoking and impaired lung
function. When the peripheral blood neutrophil counts were compared among the clusters,
the highest neutrophil count was observed in cluster 2. Given that the percentage of blood neutrophils is associated with a higher risk of a severe episode of COPD exacerbation requiring
hospitalization [31], this result may reflect the pathogenesis of the exacerbation of smoking
COPD.
Cluster 3 was an exacerbation-prone phenotype characterized by the presence of GERD.
The prevalence of GERD is significantly higher among patients with asthma than among
healthy individuals [32], and a meta-analysis of seven studies in patients with COPD reported
a risk ratio of 7.57 for COPD exacerbation in the presence of GERD (95% confidence interval,
3.84–14.94) [33]. Moreover, comorbid GERD is associated with poor lung function, which is
consistent with the results of the current study [34]. The pathogenesis of GERD-related respiratory symptoms is multifactorial. Microaspiration, or silent aspiration, is commonly suspected in patients with refractory respiratory symptoms, including asthma and COPD [35].
Cluster 4 was an exacerbation-prone phenotype characterized by non-allergic females. In a
previous cluster analysis of severe asthma, there was a cluster of non-allergic obese females
[36], and cluster 4 may be a similar phenotype given that the proportion of obese individuals is
lower in Japan than in Western countries.
Cluster 5 had the highest number of exacerbations and was considered to be an exacerbation-prone phenotype characterized by asthma with allergic rhinitis. The mucosal cellular infiltrates that characterize allergic rhinitis and asthma are similar (e.g., eosinophils, mast cells,
macrophages and T cells). In addition, the same proinflammatory mediators are present in
both the nasal and bronchial mucosa, including IL-4 and IL-13 [37]. Thus, the prevalence of
asthma combined with allergic rhinitis is high, and their comorbidity is associated with significant increases in the number of emergency room visits as well as the frequency of asthmatic
attacks [38].
The G allele at rs8832, which is associated with upregulated IL4RA gene expression, was significantly associated with the high IgE allergic rhinitis group (cluster 5). When the effects of
the G allele on the type 2 exacerbation-prone phenotypes (clusters 1 and 5 combined) were
examined, the association became stronger, while the non-type 2 exacerbation-prone phenotypes (clusters 2, 3 and 4) were not associated with the SNP. In addition, a significant association was found between the SNP and patients characterized by an increased number of blood
eosinophils. Taken together, the functional SNP at IL4RA may have some role in the susceptibility to exacerbation, especially in patients with a type 2 phenotype. Among patients with
asthma who had concomitant allergic rhinitis, but no history of exacerbation within the previous year, the frequency of the G allele did not differ significantly from that in the healthy volunteers; therefore, it seems that the functional allele might be primarily involved in the
susceptibility to exacerbation itself rather than to the development of the type 2 phenotypes of
asthma and/or COPD. A previous study revealed that SNPs in IL4RA were also associated with
severe asthma exacerbations, lower lung function and increased mast cell-related tissue inflammation; the study suggested that the SNPs may modify the activation status of mast cells
through a FceRI-dependent manner [39]. Given that mast cells are associated with severe exacerbations and submucosal eosinophilic inflammation in children with severe asthma [40],
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rs8832 might lead to frequent exacerbations in type 2-related inflammatory lung diseases
through chronic mast cell activation.
There are some limitations of this study. First, in the studied population, the causes of the
exacerbations, which may include viral infection, environmental exposures, air pollution and/
or psychological stress, were not confirmed. Second, the clinical variables used to search for
exacerbation-prone phenotypes included variables that are subject to fluctuations (e.g., the
symptom score, respiratory function and peripheral blood eosinophil count). These clinical
indicators may vary depending on the control status of the patients and the details of treatment, which may have affected the results of the cluster analyses. However, to minimize these
changes as much as possible, data for clinical variables that were obtained during periods of
stable disease were used. Third, no clear information on non-eosinophilic airway inflammation was available, which is considered to play a central role in airway inflammation in COPD
and the neutrophilic phenotype is also present in asthma. However, to detect exacerbation
phenotypes associated with non-type 2 inflammation, the indicators of a smoking history,
GERD and BMI were used in our cluster analyses. Furthermore, the peripheral blood eosinophil count, total IgE, and presence or absence of allergic rhinitis were used as indicators for
inferring non-eosinophil exacerbation phenotypes. Last, the number of patients evaluated in
the present study was small; therefore, these findings are preliminary in nature and it is important to confirm the findings of the current study by performing a replication study in a larger
population in the future.

Conclusions
In summary, five phenotypes associated with the exacerbation of chronic inflammatory airway
diseases were identified across traditional diagnostic labels, including asthma, COPD and
ACO. Furthermore, the functional SNP at IL4RA was found to be particularly associated with
the type 2 exacerbation-prone phenotypes. Therefore, our results indicated that the clinical
heterogeneity of disease exacerbation may reflect the presence of common exacerbation-prone
endotypes across asthma and COPD, and may support the use of the treatable traits approach
for the treatment of exacerbations of chronic inflammatory airway diseases.
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