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Purpose: Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and mortality globally. Preventing COPD
exacerbations is a primary goal in disease management. A subset of patients with COPD exhibits type 2 inflammation (T2I), but the
clinical implications of T2I in Japanese patients are not understood.

Patients and Methods: We used a nationwide Japanese electronic medical records database to evaluate the clinical implications of
T2I in COPD, focusing on COPD exacerbations and major adverse cardiovascular events (MACE). T2I was based on blood eosinophil
counts and defined as low (<100 cells/uL), intermediate (100-300 cells/uL) or high (>300 cells/uL). Eosinophil counts were assessed
from outpatient measurements during a 12-month baseline period, with the highest value used to define T2I status. The patients were
identified during the study period from January 1, 2010, and September 30, 2023.

Results: Of 10,321 eligible patients, 67.3% were male; the median age was 75.0 years. The adjusted incidence rate of combined
moderate and severe COPD exacerbations was significantly higher in patients with high T2 compared with intermediate T2I (rate ratio
[RR]: 1.16, 95% confidence interval [CI]: 1.08, 1.24). Exacerbation incidence was also higher in high versus low T2I (RR: 1.21, 95%
CI: 1.08, 1.37). No statistically significant differences were observed in MACE incidence; compared with the intermediate T2I group,
the adjusted rate of MACE was numerically lower in the low T2I group and higher in the high T2I group.

Conclusion: T2I was associated primarily with an increased risk of moderate COPD exacerbations, a clinically meaningful driver of
clinical burden and healthcare utilization in Japan. Cardiovascular analyses were underpowered. These findings highlight the potential
clinical relevance of T2I for risk stratification in COPD and the need for further studies to refine eosinophil-based endotyping and
clarify its implications for treatment response in this population.
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Introduction

Chronic obstructive pulmonary disease (COPD), one of the leading causes of morbidity and the fourth most common
cause of mortality worldwide, is characterized by persistent respiratory symptoms and airflow limitation due to
abnormalities in the airways (bronchitis, bronchiolitis) and/or alveoli (emphysema).' > Treatment strategies for COPD
focus on symptom control and prevention of COPD exacerbations (the acute worsening of symptoms), with long-acting
bronchodilators recommended as first-line treatment in both global and Japanese guidelines.'*
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Although recommendations on the management and treatment of COPD are largely consistent between global and
Japanese guidelines,l’4 the frequency of COPD exacerbations varies between countries, with multiple studies reporting
that exacerbations are less frequent in Japanese people compared with those from Western countries.”® In addition, the
characteristics of individuals with COPD in Japan differ from those in Western countries, with Japanese patients typically
having a lower body mass index (BMI) and a greater likelihood of having an emphysema endotype.’ These differences
suggest that biomarkers of exacerbation risk, including type 2 inflammatory markers, may function differently across
populations.

COPD is a clinically heterogeneous disease that has traditionally been classified into emphysema-dominant and
chronic bronchitis (CB)-dominant subtypes.” However, increasing evidence suggests that COPD encompasses a broader
range of phenotypes beyond this binary classification.® In particular, a subset of patients with COPD exhibits type 2
inflammation, a distinct immunological profile characterized by elevated levels of interleukin (IL)-4, IL-5, and IL-13, and
associated immune cell activation.’ This inflammatory endotype is often identified through biomarkers, such as blood
eosinophil counts, fractional exhaled nitric oxide (FeNO), and cytokine profiles in respiratory specimens.'® Blood
eosinophil count is the most widely accessible biomarker for approximating this endotype, given its association with
COPD exacerbations, airway inflammatory patterns, and response to inhaled corticosteroids (ICS). Furthermore, blood
eosinophils correlate with several type 2 signatures in sputum or bronchial samples and have been incorporated into
treatment frameworks such as the GOLD report.'!

However, the definition and classification of type 2 inflammation in COPD has yet to be fully elucidated, as blood
eosinophil levels fluctuate over time and intermittent eosinophilia is common.'*'> While elevated peripheral blood
eosinophil levels are associated with exacerbations,'* and it is estimated that up to 40% of patients with COPD have

a type 2 inflammation phenotype/endotype,'>'®

the prevalence and clinical significance of type 2 inflammation in COPD
remains incompletely understood. In particular, the temporal variability of type 2 inflammation biomarkers, their
prognostic relevance and cardiovascular implications, especially in Japanese patients, are not well established.
Real-world evidence is essential to capture the heterogeneity of eosinophil profiles, comorbidities, and treatment patterns
encountered in routine care that are difficult to assess in controlled selected population. Large-scale electronic medical
records (EMR) data therefore provides an important opportunity to characterize type 2 inflammatory phenotypes and
their clinical consequences in unselected COPD populations.

Exacerbations constitute a major component of the clinical disease burden of COPD, as they are closely linked to
accelerated disease progression, impaired health status, and substantial healthcare utilization. Accordingly, evaluating the
relationship between type 2 inflammation and the risk of exacerbations provides important insights into the clinical
burden experienced by patients with COPD.

Furthermore, Japanese data on the relationship between type 2 inflammation and clinical outcomes, such as exacer-
bation risk and cardiovascular disease, are limited. To address these knowledge gaps, this study aimed to investigate the
differences in characteristics and prognoses, including COPD exacerbations and cardiovascular outcomes, according to
type 2 inflammation status in Japanese patients with COPD. Therefore, we aimed to determine whether higher baseline
type 2 inflammation - operationalized by blood eosinophil counts - is associated with an increased risk of subsequent
COPD exacerbations in a nationwide Japanese EMR cohort. We hypothesized that exacerbation risk would increase
across higher type 2 inflammation strata.

Materials and Methods

Study Design, Setting and Data Source

The EUROS retrospective cohort study used real-world data from a nationwide EMR database in Japan that is
maintained by the Health, Clinic, and Education Information Evaluation Institute (HCEI, Kyoto, Japan) and
supported by JMDC Inc. (Tokyo, Japan).'” The database integrates medical records from 90 healthcare institutions
across Japan, including both primary care clinics and specialty hospitals. The study covered the period from the
earliest available date for each patient until March 31, 2024. The database undergoes routine internal quality checks,
including the standardization of diagnosis codes and medical procedures, the adjustment or removal of suspected
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erroneous laboratory values, and ensuring the continuity of longitudinal records. In addition, the validity of this

database for epidemiologic analyses has been demonstrated in prior validation studies,'®2°

supporting its suitability
for use in real-world outcome research. The study protocol was approved by the MINS ethics review committee
(approval number: MINS-REC-204224). This study was conducted in accordance with the guidelines for Good
Pharmacovigilance Practices (GVPs) and Good Pharmacoepidemiology Practices (GPPs) issued by the International
Society for Pharmacoepidemiology (ISPE), the Declaration of Helsinki and its amendments, as well as all applicable
national guidelines, laws, and regulations. As this was a retrospective analysis of anonymized patient data, informed

consent was not required from patients.

Patient Inclusion and Exclusion Criteria

The study included patients with a documented diagnosis of COPD, identified using the International Classification of
Diseases 10th Revision (ICD-10) codes J41-J44 (Supplementary Table 1), that was recorded between January 1, 2010,
and September 30, 2023. The index date was defined as the date of the first recorded diagnosis of COPD for outpatients
or the discharge date for inpatients with COPD as the primary diagnosis. Eligible patients were required to be >40 years

old at the index date, have 365 days of continuous enrollment in the EMR database prior to the study initiation, and have
>2 recorded blood eosinophil measurements in an outpatient setting during the pre-index period (defined as starting from
365 days before the index date). A follow-up duration of >180 days was also required. In addition, patients were required
to have received >1 medication for COPD, as defined by World Health Organization-Anatomical Therapeutic Chemical
(WHO-ATC) codes (Supplementary Table 2), and patients were followed for up to a maximum of 1095 days (3 years)

after the index date, or until death or the last available visit, whichever occurred first. The medications listed in
Supplementary Table 2 include inhalants such as short-acting muscarinic antagonists (SAMA), long-acting muscarinic
antagonists (LAMA), short-acting P2-agonists (SABA), long-acting P2-agonists (LABA), combinations of LABA/
inhaled corticosteroid (ICS), LAMA/LABA, LAMA/LABA/ICS, as well as methylxanthines, which could be adminis-
tered orally or intravenously.

To minimize confounding from non-COPD causes of eosinophilia, we excluded patients with predefined ICD-10
codes for conditions associated with secondary eosinophilia such as allergic bronchopulmonary aspergillosis and
eosinophilic granulomatosis with polyangiitis (EGPA), or if they had prolonged systemic glucocorticoid use (=28 days
of continuous use with a prednisolone-equivalent dose of >5 mg/day) during the pre-index period without a prior
diagnosis of asthma. To distinguish asthma and asthma-COPD overlap (ACO), asthma was identified independently
using asthma-specific ICD-10 codes, and patients with both COPD and asthma codes were classified as having
possible ACO.

Exposure and Outcomes
Definitions of Type 2 Inflammation
Patients were classified into three type 2 inflammation groups based on the highest recorded blood eosinophil count
during the pre-index period as follows: (1) high type 2 inflammation for eosinophil counts >300 cells/uL; (2)
intermediate type 2 inflammation for counts of 100-300 cells/uL; and (3) low type 2 inflammation for counts <100
cells/uL. If multiple eosinophil measurements were recorded on the same day, the highest value was used. These groups
were based on eosinophil counts measured in an outpatient setting to reduce bias and variability caused by measurements
taken during hospitalization. This eosinophil-based classification was used as the exposure indicator of type 2 inflam-
matory phenotype and was not intended as a diagnostic categorization of “eosinophilic COPD”. The classification of type
2 inflammation based on peripheral blood eosinophil counts (<100, 100-300, and >300 cells/uL) was chosen according
to thresholds widely adopted in major COPD and asthma guidelines and cohort studies. These cut-offs are aligned with
the GOLD 2024 report,?' the ECLIPSE cohort,"* the NOVELTY population study,” and the ERS/ATS severe asthma
guidelines,*” where similar eosinophil categories have been shown to reflect type 2 inflammatory activity and predict ICS
responsiveness.

Alternative definitions of type 2 inflammation were evaluated in several sensitivity analyses.”'*>** First, patients
were classified as type 2 inflammation—positive if they had >2 eosinophil measurements >300 cells/uL during day —365
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to day 1095. Second, a beta-distribution approach was applied using all eosinophil results from day —365 to day O,
categorizing patients as persistent-high, persistent-low, or intermittent based on posterior probabilities. Third, type 2
inflammation was defined using the mean eosinophil count from day —365 to day 0, applying the same thresholds as in
the main analysis. Finally, an alternative threshold was tested by classifying patients as type 2 inflammation—positive if
their maximum eosinophil count was >150 cells/uL during day —365 to day 0. Detailed methodology for these analyses is
provided in Supplementary Material 1.

Primary Outcome

The primary outcome was the incidence of COPD exacerbations. Moderate exacerbations were defined as a new
prescription for systemic glucocorticoids (>20 mg/day prednisolone-equivalent for <14 days) or a new prescrip-
tion for antibiotics in an outpatient setting. Severe exacerbations were defined as hospitalizations with either
infectious codes for COPD exacerbation or codes associated with respiratory failure for COPD exacerbations as
the primary diagnosis (Supplementary Table 1), identified using diagnosis procedure combination (DPC) hospital

records.

Secondary Outcomes
Secondary outcomes included the incidence of major adverse cardiovascular events (MACE), defined as a composite of
hospitalization for acute coronary syndrome, stroke, or heart failure, or cardiovascular death (Supplementary Table 1);

MACE were identified using validated ICD-10 coding algorithms reported in prior literature. Components of MACE
were selected based on evidence of acceptable diagnostic accuracy in Japanese claims data.”> 2® Prior studies have
demonstrated acceptable accuracy of these codes for epidemiologic analyses and systemic glucocorticoid use, including
short-term use (>20 mg/day prednisolone-equivalent for <14 days), continuous use (>14-day supply with a 14-day grace
period), mean daily dose, and proportion of days covered (PDC) for systemic glucocorticoids as a measure of medication
adherence.”> 2*

Additional outcomes included healthcare utilization metrics (such as number of emergency room visits

[Supplementary Table 1] and duration of hospitalization for COPD exacerbations), and medication use patterns,

including but not limited to prescriptions for LABA, LAMA, ICS, and combination therapies (Supplementary
Table 2).

Statistical Analysis

Baseline characteristics were summarized using means and standard deviations (SDs) for normally distributed continuous
variables, and median and interquartile range (IQR) for non-normally distributed variables. Categorical variables were
expressed as counts and percentages.

Comparisons between groups were performed using ¢-tests or analysis of variance (ANOVA) for normally distributed
continuous variables, Mann—Whitney U-tests or Kruskal-Wallis tests for non-normally distributed variables, and y* tests
for categorical variables.

Missing data were handled according to the TARMOS framework.” The association between patient backgrounds
and key confounders, such as smoking history (indicated by the Brinkman Index score and pack-years, where scores of 0,
>1 to <400, and >400 indicate 0, >0 to <20, and >20 pack-years, respectively) and BMI, were investigated using
a regression model to understand the missing mechanism. Multivariate imputation with chained equations (MICE) was
applied as multiple imputation methods under the assumption of “missing at random” (MAR) for missing smoking
history and BMI values, when the proportion of missing data exceeded 5%. This MAR assumption was considered
justifiable because the confounders were extracted from the simplified discharge summaries recorded in the DPC data;
therefore, the missingness is strongly associated with hospitalization. The missing mechanism could be considered MAR
explained by only the observed data such as other medical history. MICE could work well under this assumption. Rubin’s
rule was applied to integrate the results from the multiple datasets with imputation. Otherwise, complete case analysis
was performed. To enhance transparency, we evaluated predictors of missingness for smoking history and BMI to
confirm that missingness was largely explained by observable clinical characteristics, consistent with a MAR mechanism.
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These diagnostic checks supported the use of multiple imputation, and sensitivity analyses confirmed that the covariate-
adjusted estimates based on the imputed datasets were consistent with the crude estimates obtained without adjustment.

Incidence rates for COPD exacerbations and secondary outcomes were reported per 100 patient-years, with
95% confidence intervals (Cls) estimated using negative binomial models. Negative binomial regression models
were used to estimate and compare incidence rates across type 2 inflammation groups, adjusting for the covariates
of age, sex, smoking history, BMI, lung cancer, malignancy (excluding nonmelanoma skin cancer and lung
cancer), and other relevant confounders. A generalized additive model (GAM) analysis was used to explore the
non-linear relationship between exacerbation risk and type 2 inflammation status. COPD exacerbation risk across
type 2 inflammation status was investigated in patients with or without bronchial asthma and in patients with
a smoking history in the post-hoc analysis.

Associations between baseline characteristics and COPD exacerbation risk were assessed using negative binomial
regression models, with results reported as age- and sex-adjusted estimates with 95% ClIs. In addition, variable
importance was explored in a gradient boosting machine (GBM) model for COPD exacerbations, considering the non-
linear relationship between COPD exacerbations and baseline characteristics. In this analysis, COPD exacerbations were
treated as a binary outcome (>2 exacerbations per year, yes or no). Variable importance was summarized using beeswarm
plots of SHapley Additive exPlanations (SHAP) values, and model performance was evaluated using the area under the
receiver operating characteristic curve (AUC).

Python (Python Software Foundation, version 3.12.7) and R (R foundation, version 4.4.2 or 4.3.3) were used to
conduct statistical analyses.

Results

Baseline Patient and Clinical Characteristics

A total of 138,123 patients with a COPD diagnosis were initially identified. After applying inclusion and exclusion
criteria, 10,321 patients were included in the study population (Figure 1). Of these, type 2 inflammation status was
classified as low in 1423 patients (13.8%; median eosinophil count 69.6 cells/uL), intermediate in 4895 patients (47.4%;
median eosinophil count 189.6 cells/uL), and high in 4003 patients (38.8%; median eosinophil count 485.0 cells/uL;
Table 1).

Among the included patients, 67.3% were male and the median (IQR) age was 75.0 (69.0-81.0) years (Table 1).
Smoking history varied across the cohort, with 39.3% of patients having a Brinkman Index of >400. The proportion of
never-smokers was 28.5%, while a substantial proportion (27.4%) had an unknown smoking status.

CB-dominant COPD was the most common clinical phenotype (41.8%), followed by unspecified type (30.4%), and
emphysema-dominant (22.0%) COPD, while the combined CB and emphysema phenotype was relatively rare (5.7%).
A history of bronchial asthma was present in 45.8% of patients; patients with high levels of type 2 inflammation were
more likely to have bronchial asthma (51.0%) than those with low (43.4%) or intermediate (42.2%) levels of type 2
inflammation (p<0.001).

The median (IQR) Charlson Comorbidity Index (CCI) score was 3 (3.0-5.0) in the total study population; the CCI
score was also 3 in each type 2 inflammation level status group (Table 1). The proportion of patients with myocardial
infarction was 8.1% in the total study population, and was lower in the group with low levels of type 2 inflammation
(4.6%) than in the groups with intermediate (7.5%) and high levels (10.0%) of inflammation. The proportion of patients
with cerebrovascular disease was 27.5% in the total population, and was similar across type 2 inflammation level groups
(26.5-28.3%). A complete summary of CCI items is provided in Supplementary Table 3.

In terms of healthcare utilization in the pre-index year (Day —365 to 0), the median (IQR) number of outpatient visits
was 1.1 (0.7-1.7) per month, with 15.1% of patients having experienced >2 hospitalizations.

Primary Outcome: Incidence of COPD Exacerbations
There was a consistent trend of increased risk for COPD exacerbations in patients with high levels of type 2 inflammation
versus those with intermediate or low levels. The adjusted incidence rate of combined moderate and severe COPD
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Database

¥

Patients with diagnosis of COPD (n=138,123)
Date of first diagnosis is day 0 (index date)

¥

Day 0 (index date) is between January 1, 2010, and September
30, 2023 (n=128,241)

v
Received COPD medications between day —365 and day 1,095
(n=55,701)
v
240 years old on day 0 (index date) (n=53,543)
v

365 days of continuous enroliment in database before day 0
(index date) (n=38,267)

v
2180 days of follow-up (n=33,049)
v

22 eosinophil measurements in outpatient setting between day
-365 and day 0 (index date) (n=12,004)

Conditions associated with increased eosinophil count between
day -365 and day 1095 (n=1,306)

No asthma diagnosis and continuous prescription of systemic
glucocorticoids for 228 days at a dose of 25 mg/day prednisolone
equivalent from day -365 to day 0 (n=377)

A

A 4

Study population (n=10,321)

Figure | Patient flow diagram.
Abbreviation: COPD, chronic obstructive pulmonary disease.

exacerbations was significantly higher in patients with high levels of type 2 inflammation compared with those with
intermediate levels (rate ratio: 1.16, 95% CI: 1.08, 1.24; Figure 2 and Supplementary Table 4), while there was no

difference in the adjusted incidence rate of combined moderate and severe COPD exacerbations between low and
intermediate levels of type 2 inflammation (rate ratio: 0.95, 95% CI: 0.86, 1.05). The incidence of combined moderate
and severe, and moderate COPD exacerbations was significantly higher (by 21% and 25%, respectively) in the high type
2 inflammation group versus the low type 2 inflammation group (Supplementary Table 4), while there was no significant

difference between patients with high and low type 2 inflammation in the incidence of severe exacerbations (rate ratio:
1.14; 95% CI: 0.94, 1.39).

Table | Baseline Demographic and Clinical Characteristics

Total Type 2 Inflammation Status p-value® p-value"
(N=10,321)
Low Intermediate High
(n=1423) (n=4895) (n=4003)
Demographic characteristics
Age, median (IQR), years 75.0 (69.0, 81.0) 76.0 (69.0, 82.0) 76.0 (69.0, 81.0) 75.0 (68.0, 81.0) <0.001 <0.001
Sex, n (%) <0.001
Male 6946 (67.3) 821 (57.7) 3268 (66.8) 2857 (71.4)
Female 3375 (32.7) 602 (42.3) 1627 (33.2) 1146 (28.6)
(Continued)
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Table | (Continued).

Total Type 2 Inflammation Status p-value® p-value®
(N=10,321)
Low Intermediate High
(n=1423) (n=4895) (n=4003)
Smoking history (Brinkman index), n (%) 0.024
Unknown 2827 (27.4) 385 (27.1) 1352 (27.6) 1090 (27.2)
0 2941 (28.5) 451 31.7) 1383 (28.3) 1107 (27.7)
2| to <400 500 (4.8) 80 (5.6) 227 (4.6) 193 (4.8)
2400 4053 (39.3) 507 (35.6) 1933 (39.5) 1613 (40.3)
BMI, kg/m?, n (%) <0.001 <0.001
Unknown 7573 (73.4) 1044 (73.4) 3627 (74.1) 2902 (72.5)
<185 407 (3.9) 85 (6.0) 177 (3.6) 145 (3.6)
2185 to <25 1621 (15.7) 223 (15.7) 739 (15.1) 659 (16.5)
225 720 (7.0) 71 (5.0) 352 (7.2) 297 (7.4)
BMI, median (IQR), kg/m? 22.5 (198, 25.2) 21.4 (189, 24.2) 22.8 (19.9, 25.4) 22.5 (202, 25.2)
COPD characteristics
Clinical phenotype, n (%) 0.039
CB-dominant 4319 (41.8) 613 (43.1) 2021 (41.3) 1685 (42.1)
Emphysema-dominant 2274 (22.0) 338 (23.8) 1107 (22.6) 829 (20.7)
CB and emphysema 588 (5.7) 65 (4.6) 279 (5.7) 244 (6.1)
Unspecified 3140 (30.4) 407 (28.6) 1488 (30.4) 1245 (31.1)
Bronchial asthma, n (%) 4723 (45.8) 618 (43.4) 2065 (42.2) 2040 (51.0) <0.001
Laboratory findings
Eosinophil count, median (IQR), cells/uL 240.0 (141.9, 412.1) 69.6 (48.4, 83.6) 189.6 (143.8, 237.4) 485.0 (371.2, 729.8) <0.001 <0.001
Comorbidities n (%)
Allergic comorbidities 3193 (30.9) 388 (27.3) 1431 (29.2) 1374 (34.3) <0.001
Allergic rhinitis 2853 (27.6) 344 (24.2) 1285 (26.3) 1224 (30.6) <0.001
Allergic conjunctivitis 664 (6.4) 85 (6.0) 330 (6.7) 249 (6.2) 0.5
Atopic dermatitis 207 (2.0) 23 (1.6) 77 (1.6) 107 (2.7) <0.001
Eosinophilic sinusitis 24 (0.2) 3(0.2) 4 (0.1) 17 (0.4) 0.004
CClI score, median (IQR) 3.0 (3.0, 5.0) 3.0 (2.0, 5.0 3.0 3.0, 5.0) 3.0 (3.0, 5.0 0.008 0.008
Myocardial infarction, n (%) 833 (8.1) 65 (4.6) 367 (7.5) 401 (10.0) <0.001
Cerebrovascular disease, n (%) 2843 (27.5) 377 (26.5) 1384 (28.3) 1082 (27.0) 03
Healthcare resource utilization
Outpatient visits, median (IQR), n/month 1.1 (0.7, 1.7) 1.0 (0.6, 1.5) 1.1 (0.7, 1.6) 1.2 (0.8, 1.8) <0.001 <0.001
Hospitalizations, n (%) 0.001
0 6301 (61.1) 886 (62.3) 3044 (62.2) 2371 (59.2)
| 2461 (23.8) 351 (24.7) 1150 (23.5) 960 (24.0)
22 1559 (15.1) 186 (13.1) 701 (14.3) 672 (16.8)
Moderate or severe pulmonary infection or respiratory failure, n (%) 08
0 9695 (93.9) 1327 (93.3) 4609 (94.2) 3759 (93.9)
| 556 (5.4) 86 (6.0) 255 (5.2) 215 (5.4)
22 70 (0.7) 10 (0.7) 31 (0.6) 29 (0.7)
Home oxygen therapy, n (%) 0.4
Yes 292 (2.8) 47 (3.3) 139 (2.8) 106 (2.6)
No 10,029 (97.2) 1376 (96.7) 4756 (97.2) 3897 (97.4)
Medication <0.001
Systemic glucocorticoids, n (%)
Yes 1887 (18.3) 250 (17.6) 767 (15.7) 870 (21.7)
No 8434 (81.7) 1173 (82.4) 4128 (84.3) 3133 (783)

Notes: “p-values for one-way ANOVA (numerical variables) or xz tests (binary/categorical variables). bp-values for Kruskal-WVallis test.
Abbreviations: ANOVA, analysis of variance; BMI, body mass index; CB, chronic bronchitis; CCl, Charlson Comorbidity Index; COPD, chronic obstructive pulmonary
disease; IQR, interquartile range.
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Patients, n Events, n Foll p, Adjusted incid Rate ratio
patient-years (per 100 patient- (95% ClI)
years, 95% Cl)
Moderate COPD exacerbation :
Type 2 inflammation status: Low 1,423 1,447 3,402.1 41.64 (37.70, 46.01) >—0—{—4 0.94 (0.84, 1.05)
Type 2 inflammation status: Intermediate 4,895 5,244 12,068.35 44.23 (41.95, 46.63) : Reference
Type 2 inflammation status: High 4003 5123  9,836.08 51.96 (49.06, 55.03) | ———— 1.17 (1.09, 1.27)
Severe COPD exacerbation :
Type 2 inflammation status: Low 1,423 367 3402.1 10.26 (8.88, 11.86) . : 0.97 (0.83, 1.15)
Type 2 inflammation status: Intermediate 4,895 1,299 12,068.35 10.53 (9.75, 11.38) : Reference
Type 2 inflammation status: High 4,003 1,147  9,836.08 11.75(10.82, 12.76) l—% 1.12 (1.00, 1.25)
Moderate or severe COPD exacerbation :
Type 2 inflammation status: Low 1,423 1,814 3,402.1 54.58 (50.00, 59.57) e e 0.95 (0.86, 1.05)
Type 2 inflammation status: Intermediate 4,895 6,543 12,068.35 57.21(54.61, 59.93) : Reference
Type 2 inflammation status: High 4003 6270  9,836.08 66.29 (63.02, 69.73) ! ————— 1.16 (1.08, 1.24)
077 078 079 % 171 172 173 1?4

Rate ratio (95% CI)

Figure 2 Adjusted incidence rates and rate ratios for COPD exacerbations (primary outcome) by type 2 inflammation status.
Abbreviations: Cl, confidence interval; COPD, chronic obstructive pulmonary disease.

To understand the influence of missing data on the COPD exacerbation analysis, predictors of missing data for
smoking history (Supplementary Table 5) and BMI (Supplementary Table 6) were evaluated. The proportions of

missing data were 27.4% and 73.4% for smoking history and BMI, respectively. Thus, multiple imputations were
applied to accommodate these missing data. As anticipated, a higher proportion of patients with missing data on
smoking history and BMI was observed among patients who were generally in better physical condition and less
likely to be hospitalized. Specifically, missingness was more common in younger patients, those without severe
comorbidities, and those with no prior hospitalizations (Supplementary Tables 5 and 6). The exacerbation

incidence rates adjusted with covariates were similar to the crude incidence rates without any adjustments
(Supplementary Table 4).

Among patients with bronchial asthma, a similar trend was observed, with a higher exacerbation incidence rate in the
high type 2 inflammatory group versus the low or intermediate groups (Supplementary Table 4), while among patients

without bronchial asthma, the same trend across the type 2 inflammatory groups was observed, but it was not considered
significant.

In patients with a smoking history, the incidence rate of exacerbations was increased in the high type 2 inflammatory
group versus the intermediate and low groups (Supplementary Table 7). This analysis was conducted to assess the

robustness of the findings, as the original dataset included several patients who had never smoked, despite COPD
typically requiring a history of smoking.

Sensitivity Analyses
Sensitivity analyses using alternative definitions and thresholds for type 2 inflammation largely supported the findings of
the main analysis (Supplementary Figure 1). The results of the first, third, and fourth sensitivity analyses were consistent

with the main analysis, showing a higher incidence of COPD exacerbations in patients classified as type 2 inflammation
high or positive. In contrast, the second sensitivity analysis revealed a different trend: patients with persistently low or
high eosinophil levels had a lower incidence of moderate COPD exacerbations and of combined moderate and severe
COPD exacerbations compared with those classified as having intermediate eosinophil levels, but no significant
difference was observed for severe COPD exacerbations.

In addition, GAM was employed to model the incidence rate of COPD exacerbations across the range of
eosinophil levels (Figure 3). For moderate COPD exacerbations (Figure 3A), the incidence rate exhibited a sharp
decline at very low eosinophil counts, followed by a relatively gradual increase. The CI was narrow across most
of the eosinophil range, indicating a relatively stable association. For severe COPD exacerbations (Figure 3B), the
incidence rate showed a steep rise at the lowest eosinophil levels, followed by a relative plateau. The wider Cls in
this figure suggest greater variability compared with the ClIs in Figure 3A and C. When considering moderate and
severe exacerbations combined (Figure 3C), the overall pattern closely resembled that observed for moderate
exacerbations.
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Variable Importance Analysis for Estimation of Risk
To further evaluate the factors that influenced the risk of COPD exacerbations, an association between patient
characteristics and exacerbations was analyzed using a GBM model. The predictive performance of the model, as
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Figure 3 Relationship between eosinophil counts and the incidence rate of (A) moderate COPD exacerbations, (B) severe COPD exacerbations, and (C) moderate and

severe COPD exacerbations. The grey shaded areas denote 95% confidence intervals.
Abbreviation: COPD, chronic obstructive pulmonary disease.
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Figure 3 continued.

assessed by the AUC, showed 0.686 for moderate, 0.729 for severe, and 0.677 for moderate or severe exacerbations.
Beeswarm plots were used to summarize the most important variables in the model (Figure 4).

For moderate exacerbations, the highest-ranking variables included outpatient visits (mean absolute SHAP: 0.28),
systemic glucocorticoid use (0.14), FeNO >20 ppb (0.12), and bronchial asthma (0.12; Figure 4A). COPD subtype (CB),
CRP >3.0 mg/L, and allergic conditions (rhinitis, conjunctivitis) also contributed to risk estimation.

For severe exacerbations, the model identified CRP >3.0 mg/L (0.24), hemoglobin level (0.17), and systemic
glucocorticoid use (0.12) as key drivers (Figure 4B). Compared with moderate exacerbations, the impact of outpatient
visits was slightly lower (0.13), and regional variation appeared more prominent. Unlike moderate exacerbations,
smoking history (Brinkman Index >400) and BMI category (18.5-25 kg/m?) were potential contributors in this setting.

When analyzing combined moderate and severe exacerbations, the most important factors were largely the same as
for moderate exacerbations, with outpatient visits (0.23), systemic glucocorticoid use (0.15), and CRP >3.0 mg/L (0.13)
ranking highest (Figure 4C).

Secondary Outcomes
MACE

No statistically significant differences were observed in MACE incidence between the groups (Figure 5). Compared with
patients with intermediate levels of type 2 inflammation, the adjusted incidence rate of MACE was numerically lower in
the low type 2 inflammation group (rate ratio: 0.81, 95% CI: 0.60, 1.09) and higher in the high type 2 inflammation group
(rate ratio: 1.06, 95% CI: 0.87, 1.29), but neither comparison reached statistical significance. Similarly, when comparing
the high and low type 2 inflammation groups, the adjusted rate ratio was 1.30 (95% CI: 0.91, 1.88), indicating no clear
association (Supplementary Table 8).

Sensitivity analyses confirmed the absence of a meaningful relationship between type 2 inflammation and MACE risk
(Supplementary Figure 2).
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Other Secondary Outcomes
The proportion of patients who had short-term use of oral and intravenous systemic glucocorticoids was greater in

patients with high type 2 inflammation (27.7%) compared with patients with low (21.2%) or intermediate (22.3%) type 2

(A) Outpatientvisits 0.279 —’ —’.——-—-—»
Systemic GCs ‘
FeNO: >=20
Bronchial asthma 0-
COPD subtype: CB 0.071 2
Age category: 80-89 0.069 *
Hospital bed size: 100-299 0.068 4
Allergic rhinitis 0.068 * Hign
CRP:>=3.0 0.065 » °
Region: Kyushu or Okinawa 0.046 ' %
Region: Chugoku 0.039 ' 9_>J
Hypertension 0.033 i 'g
Lung cancer 0.028 4 ‘2
Age category: 70-79 0.027 ’ Low
Allergic conjunctivitis 0.026 ‘
Hospitalizations = 1 0.020 }
COPD subtype: CB + emphysema 0.019 '
Hospital bed size: 300-499 0.018 "
Atrial fibrillation 0.017 ‘
Region: Hokkaido 0.017 '
0.00 0.10 0.20 0.30 -0.5 0.0 0.5
Mean SHAP value SHAPvalue
(B)
CRP: >=3.0 0.244 |
Hb: >=x 0.167 |
Hospital bed size: 300-499 0.136 |
Outpatient visits 0.130 | | |» I uj '
Systemic GCs 0.117 |
Region: Chugoku 0.112 |
Smoking history category: >400 0.108 | High
Gender: female 0.105 |
BMI category: 18.5<=<25 0.104 | 3
Bronchial asthma 0.103 I %
Region: Tohoku 0.094 | é
Lymphocyte: >=40 0.087 | 2L
Age category: 40-59 0.087 |
Age category: 80-89 0.085 | Low
Lung cancer 0.081 |
DM 0.075 |
Bronchiectasis 0.074 |
WEC: >8.6 0.068 |
BMI category: >=25 0.068 |
Infection/respiratory failure: 1 0.061 |
0.00 0.10 0.20 0.30 -0.5 0.0 0.5 1.0
Mean SHAP value SHAP value

Figure 4 Variable importance ranking analysis for (A) moderate, (B) severe, and (C) moderate and severe COPD exacerbation. The beeswarm plots provide an overview
of SHAP values for selected features, with rows representing each feature ranked by the mean absolute SHAP value. The individual dots in each row are the SHAP values for
that particular feature in each sample of the dataset. For Hb, x = 11.0 g/dL for females and 13.0 g/dL for males. Model performance: AUC = 0.686 (moderate), 0.729 (severe),
0.677 (moderate/severe).

Abbreviations: BMI, body mass index; CB, chronic bronchitis; CCl, Charlson Comorbidity Index; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein;
DM, diabetes mellitus; FeNO, fractional exhaled nitric oxide; GCs, glucocorticoids; Hb, hemoglobin; SHAP, SHapley Additive exPlanations; WBC, white blood cell count.
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Figure 4 continued.
Patients, n Events, n Follow-up, Adjusted incidence Rate ratio
patient-years (95% CI) (95% CI)
|
Type 2 inflammation status: Low 1,423 100 3,402.1 2.49(1.90, 3.25) 3 ! 0.81(0.60, 1.09)
Type 2 inflammation status: Intermediate 4,895 439 12,068.35 3.06 (2.67, 3.52) : Reference
Type 2 inflammation status: High 4,003 364 9,836.08 3.25(2.79,3.77) : L2 1.06 (0.87, 1.29)
0.5 0.7 0.8 0.9 1 11 1.2 13 1.4

Rate ratio (95% Cl)

Figure 5 Adjusted incidence rates and rate ratios for MACE (secondary outcome) by type 2 inflammation status.
Abbreviations: Cl, confidence interval; MACE, major adverse cardiovascular event.

inflammation (Table 2 and Supplementary Table 9). There was a corresponding difference in the incidence rate of oral

and intravenous systemic glucocorticoid use; 60.1 versus 42.5 events per 100 patient-years in the high and low type 2

inflammation groups, respectively.

Table 2 Other Secondary Outcomes — Medication Use and Health Resource Utilization

Total

Type 2 Inflammation Status

Duration, median (IQR), days/episode®
Dose, median (IQR), mg/day®

26.0 (20.0, 30.0)

25.0 (20.0, 30.0)

26.7 (20,0, 30.0)

Outcomes
(n=10,321)
Low Intermediate High
(n=1,423) (n=4,895) (n=4,003)
Short-term use of oral and intravenous systemic glucocorticoids
Patients, n (%) 2502 (24.2) 302 (21.2) 1090 (22.3) 1110 (27.7)
Incidence rate, events/100 patient-years (95% Cl) 50.78 (49.91, 51.67) 42.50 (40.34, 44.75) 4551 (4431, 46.73) 60.12 (58.59, 61.67)
Duration, median (IQR), days/episode® 3.0 (1.0, 5.0 3.0 (1.0, 5.5) 3.0 (1.0, 5.0) 3.0 (1.0,5.0)
Dose, median (IQR), mg/day® 44.0 (29.0, 69.1) 44.0 (27.1, 60.5) 44.0 (29.1, 70.1) 44.0 (29.5, 72.1)
Short-term use of oral systemic glucocorticoids
Patients, n (%) 1265 (12.3) 136 (9.6) 549 (11.2) 580 (14.5)
Incidence rate, events/100 patient-years (95% CI) 15.92 (15.43, 16.42) 12.08 (10.94, 13.31) 13.27 (12.63, 13.94) 20.49 (19.60, 21.40)
4.7 (3.0, 6.2) 4.0 (3.0, 6.0) 4.5 (3.0, 6.0) 5.0 3.0, 6.4)

25.0 (20.0-30.0)

(Continued)
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Table 2 (Continued).

Dose, median (IQR), mg/day®
Continuous use of systemic glucocorticoids
Patients, n (%)
Duration, median (IQR), days/longest episode/person®
Dose of systemic glucocorticoids (except short-term glucocorticoids)
Patients, n (%)
Dose, median (IQR), mg/day®
PDC for oral glucocorticoids
Patients, n (%)
Median (IQR)
PDC categories, n (%)
0-20%
21-40%
41-80%
>80%
Duration of hospitalization due to COPD exacerbation, days/year
Patients, n (%)
Median (IQR)
Emergency room visits
Patients, n (%)
Events, n
Total follow-up duration, years
Incidence rate, events/100 patient-years (95% Cl)
Medication use during follow-up, n (%)
LABA monotherapy
LAMA monotherapy
LAMA + LABA®
LABA + ICS®
LABA + LAMA + ICS®
Methylxanthine
Systemic glucocorticoids
Mucoactive drugs
Antibiotics excluding macrolides

Erythromycin

51.9 (440, 125.0)

2330 (22.6)
28.0 (5.0, 238.0)

1688 (16.4)
7.7 (5.0, 12.5)

2330 (22.6)
5.6 (1.0, 45.3)

1494 (64.1)
219 (9.4)

236 (10.1)
381 (16.4)

1878 (18.2)
22.0 (11.0, 46.0)

4600 (44.6)
30,182
25,306

119.27 (117.92, 120.62)

3187 (30.9)
3049 (29.5)
2558 (24.8)
3290 (31.9)

545 (5.3)
1658 (16.1)
3292 31.9)
6202 (60.1)
6978 (67.6)
523 (5.1)

50.0 (40.0, 87.5)

281 (19.7)
38.0 (6.0, 315.0)

212 (14.9)
7.5 (5.0, 10.5)

281 (19.7)
68 (1.1, 62.8)

167 (59.4)
27 (9.6)
28 (10.0)
59 (21.0)

254 (17.8)
25.0 (13.0, 51.0)

659 (46.3)
3,927
3,402

115.43 (111.85, 119.10)

425 (29.9)
397 (27.9)
321 (22.6)
390 (27.4)
72 (5.1)
186 (13.1)
411 (28.9)
825 (58.0)
949 (66.7)
78 (5.5)

Outcomes Total Type 2 Inflammation Status
(n=10,321)
Low Intermediate High
(n=1,423) (n=4,895) (n=4,003)
Short-term use of intravenous systemic glucocorticoids
Patients, n (%) 1993 (19.3) 242 (17.0) 864 (17.7) 887 (22.2)
Events, n 10,405 1212 4517 4676
Total follow-up duration, years 25,306 3402 12,068 9836
Incidence rate, events/100 patient-years (95% CI) 41.12 (40.33, 41.91) 35.63 (33.65, 37.69) 37.43 (36.34, 38.54) 47.54 (46.19, 48.92)
Duration, median (IQR), days/episode® 1.0 (1.0, 3.0) 1.2 (1.0, 4.0) 1.0 (1.0, 3.0) 1.0 (1.0, 3.0)
Duration categories, n (%)*
1-2 days 1555 (78.0) 174 (71.9) 683 (79.1) 698 (78.7)
3-7 days 678 (34.0) 87 (36.0) 289 (33.4) 302 (34.0)
8-14 days 191 (9.6) 35 (14.5) 89 (10.3) 67 (7.6)

50.0 (42.5, 124.8)

996 (20.3)
27.0 (5.0, 210.0)

724 (14.8)
7.9 (50, 13.3)

996 (20.3)
5.1 (0.9, 39.4)

663 (66.6)
86 (8.6)
99 (9.9)

148 (14.9)

861 (17.6)
23.0 (12,0, 46.0)

2199 (44.9)
13,116
12,068

108.68 (106.83, 110.56)

1582 (32.3)
1472 (30.1)
1250 (25.5)
1430 (29.2)
218 (4.5)
785 (16.0)
1419 (29.0)
2976 (60.8)
3313 (67.7)
244 (5.0)

53.3 (440, 1357)

1053 (26.3)
27.0 (5.0, 252.0)

752 (18.38)
7.5 (5.0, 12.3)

1053 (26.3)
6.4 (1.0, 46.9)

664 (63.1)
106 (10.1)
109 (10.4)
174 (16.5)

763 (19.1)
20.0 (10.0, 44.0)

1742 (43.5)
13,139
9,836

133.58 (131.31, 135.88)

1180 (29.5)
1180 (29.5)
987 (24.7)
1470 (36.7)
255 (6.4)
687 (17.2)
1462 (36.5)
2401 (60.0)
2716 (67.8)
201 (5.0)

Notes: *Calculated for patients who were prescribed glucocorticoids. °Fixed-dose LAMA/LABA or prescription of LAMA and LABA on the same date. Fixed-dose LABA/
ICS or prescription of LABA and ICS on the same date. “Fixed-dose LAMA/LABAVICS or prescription of LAMA, LABA, and ICS on the same date.

Abbreviations: Cl, confidence interval; COPD, chronic obstructive pulmonary disease; ICS, inhaled corticosteroids; IQR, interquartile range; LABA, long-acting
B2-agonists; LAMA, long-acting muscarinic antagonists; PDC, proportion of days covered.

When short-term use of oral and intravenous systemic glucocorticoids were evaluated separately, their use was similar
to that described above, with both patient percentages and incidence rates being lowest in the low type 2 inflammation

group and greatest in the high type 2 inflammation group across all medication types.
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Continuous use of systemic glucocorticoids was reported in 19.7% of patients in the low type 2 inflammation group,
20.3% in the intermediate type 2 inflammation group, and 26.3% in the high type 2 inflammation group. The median
duration of the longest episode was highest in the low- type 2 inflammation group (38.0 days) and lowest in the
intermediate- and high-type 2 inflammation groups (both 27.0 days). The median PDC for oral glucocorticoids was 6.8%,
5.1%, and 6.4%, respectively; 64.1% of all patients had a PDC value of 0-20%. However, 16.4% of patients had a PDC
value >80%, suggesting continuous long-term use.

The incidence of emergency room visits was similar across the type 2 inflammation groups. The incidence rate was
lowest in the intermediate type 2 inflammation group (108.68 events per 100 patient-years) and highest in the high type 2
inflammation group (133.58 events per 100 patient-years).

The incidence of hospitalization due to COPD exacerbation was also similar across the type 2 inflammation groups.
The median hospitalization duration was longest in the low type 2 inflammation group (25.0 days) and shortest in the
high type 2 inflammation group (20.0 days).

Regarding medication use, LABA + ICS use was more frequent in the high type 2 inflammation group (36.7%)
compared with the low (27.4%) and intermediate type 2 inflammation groups (29.2%). The use of LABA + LAMA + ICS
was also more common in the high type 2 inflammation group (6.4%) than in the other groups (5.1% in low and 4.5% in
intermediate). Mucoactive drug use was consistent across groups, ranging from 58.0% to 60.8%.

Discussion

This real-world, retrospective analysis of Japanese patients with COPD demonstrated a significant association between
type 2 inflammation and the risk of moderate COPD exacerbations. Patients with high levels of type 2 inflammation, as
defined by blood eosinophil counts, exhibited a 21% and 16% higher incidence of moderate or severe exacerbations
compared with those with low and intermediate type 2 inflammation, respectively. Although a similar numerical trend
was observed for severe exacerbations, the association did not reach statistical significance, likely due to the relatively
high variability caused by the low frequency of severe exacerbations. Ad-hoc analyses based on patients with or without
asthma or those with a smoking history demonstrated similar findings to our primary analysis and sensitivity analyses;
using alternative eosinophil thresholds to define type 2 inflammation largely confirmed the robustness of these findings,
except for those related to the persistence of type 2 inflammation. In our cohort, estimates for MACE were numerically
higher with increased type 2 inflammation but CIs were wide and crossed the null. The adjusted rate of MACE was also
numerically greater in patients with high levels of type 2 inflammation, representing a 30% (and 6%) increase compared
with the low (and intermediate) type 2 inflammation groups. This pattern most likely reflects limited statistical power due
to the relatively small number of cardiovascular events. Accordingly, these findings should be interpreted cautiously and
considered exploratory. At the same time, the epidemiologic literature relating eosinophils to cardiovascular risk remains
mixed, and definitive inference requires larger datasets with richer cardiovascular phenotyping and adjudication.
Moreover, previous research suggests that type 2 inflammatory pathways may contribute to cardiovascular vulnerability
through systemic eosinophilic activation, endothelial dysfunction, and pro-thrombotic mechanisms,*® although our data
cannot confirm this relationship. Furthermore, because this analysis was secondary and exploratory in nature, we did not
adjust for baseline cardiovascular comorbidities or prior MACE events, introducing residual confounding. Therefore, the
potential relationship between type 2 inflammation and cardiovascular risk should be interpreted with caution and
warrants further investigation in well-designed studies to evaluate cardiovascular outcomes.

Furthermore, type 2 inflammation was associated with increased systemic glucocorticoid use. No clear associations
with healthcare resource utilization emerged from this analysis. Taken together, these findings highlight the clinical
impact of type 2 inflammation on COPD exacerbations and treatment patterns. Given that exacerbations represent
a central contributor to the clinical disease burden of COPD, our findings, showing an association between type 2
inflammation and an increased risk of moderate exacerbations, highlight an important aspect of this burden. In addition,
while patient characteristics and healthcare resource utilization may differ, the association between type 2 inflammation
and exacerbation risk in COPD observed in our study is consistent with findings from Western database studies.
Therefore, we believe that our results are generalizable.
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The biological mechanisms linking type 2 inflammation with COPD exacerbations may involve several overlapping
pathways. Eosinophils can contribute to airway epithelial injury, mucus hypersecretion, and increased susceptibility to
viral infections through type 2 cytokines such as IL-4, IL-5, and IL-13. These mechanisms may amplify airway
inflammatory tone and predispose patients to exacerbations, which are more sensitive to fluctuations in airway inflam-
mation. In addition, variability in eosinophil levels may reflect instability in inflammatory networks, potentially increas-
ing vulnerability to environmental and infectious triggers.

Clinically, the finding that moderate exacerbations primarily drive this association is notable, as moderate events
constitute the majority of COPD-related healthcare utilization in Japan and contribute significantly to long-term symptom
burden and functional decline. These results support the role of blood eosinophils as an accessible biomarker for
identifying patients at increased risk of moderate exacerbations and for informing more personalized treatment strategies,
including optimization of inhaled corticosteroid use. The findings of this real-world study align with a growing body of
evidence indicating that type 2 inflammation is a relevant factor in COPD, particularly in relation to exacerbation risk.
A meta-analysis of 21 studies, comprising over 79,000 patients with COPD, confirmed that higher blood eosinophil
levels were associated with an increased risk of moderate and severe exacerbations, though the strength of this
association depended on the eosinophil threshold used.*' Specifically, eosinophil counts >300 cells/uL were associated
with a 21% increased incidence of moderate or severe exacerbations, while lower thresholds did not consistently predict
exacerbation frequency. Eosinophil counts of >300 cells/uL are usually adopted as a threshold in studies of patients with
moderate-to-severe COPD, such as in the ECLIPSE study, where a higher risk of exacerbations was observed above this
threshold.>® The present study reproduced the usefulness of a threshold of 300 cells/uL as a potential predictor of COPD
exacerbation. A retrospective analysis of 481 patients with COPD in Japan found that blood eosinophil percentage during
a stable period was the strongest independent predictor of frequent exacerbations (defined as >2 exacerbations per year)
in patients who had COPD exacerbations.>® However, the association between exacerbations and eosinophils remains
controversial, with some studies suggesting a limited or non-existent association.'****> Another study in a Japanese
hospital-based cohort of 135 patients did not identify a significant relationship between baseline blood eosinophils and
exacerbation risk, suggesting that the predictive value of eosinophils may depend on the threshold of the eosinophil
count, the definition of a COPD exacerbation, patient characteristics such as disease severity, and treatment exposure.””
Outside of Japan, multiple real-world studies have examined the relationship between eosinophilic inflammation and
COPD exacerbations. A population-based study in Spain stratified patients with COPD by blood eosinophil count and
found that, while very low and very high eosinophil levels were associated with slightly increased exacerbation rates, ie,
a U-shape distribution of COPD exacerbations across eosinophil counts, no single eosinophil threshold reliably predicted
exacerbation risk.** Similarly, an analysis of the Copenhagen General Population Study found a higher rate of moderate
exacerbations in patients with the lowest and highest eosinophil levels.*® The findings from the Spanish and Copenhagen
studies were aligned with the U-shape distribution on moderate COPD exacerbations we observed with our GAM model.
In addition, several studies that were not included in the aforementioned meta-analysis®' provided negative findings:
Hastie et al analyzed the SPIROMICS cohort and found no evidence linking high blood eosinophil counts (=200 cells/
pL) with COPD exacerbations, concluding that blood eosinophils alone are not a reliable biomarker for exacerbations;’’
Zysman et al, in a French cohort, observed no difference in exacerbation rates between eosinophilic and non-eosinophilic
groups, regardless of the cutoff values used (2%, 3%, or 4%);*® and Negewo et al reported no significant difference in
blood eosinophil counts between frequent and non-frequent exacerbators.*

Although Asian patients with COPD exhibit several distinctive clinical features compared with Western populations -
such as lower BMI, a higher prevalence of bronchiectasis, and different environmental exposures as highlighted in the
Asian Pacific Society of Respirology position statement*” - current evidence indicates that the relationship between blood
eosinophil counts and exacerbation risk is largely consistent across regions. Multiple cohort studies from China, South
Korea, Taiwan, and Thailand have demonstrated that elevated eosinophil counts (>300 cells/uL) predict future moderate-
to-severe exacerbations to a similar extent as in Western cohorts.*' *® Two Asian studies have also examined the
variability or persistence of eosinophilia, although their definitions of “persistent high eosinophils” differ substantially
from ours (eg, inpatient measurements or only two time points several years apart).*>*’ These studies generally report
that patients with persistently high eosinophil levels exhibit increased exacerbation risk. On the other hand, recent work
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using non-linear modeling approaches in Korean populations has suggested a non-linear, U-shaped association between
eosinophils and exacerbation risk,*' resembling the pattern observed in our analysis. Taken together, the available Asian
evidence supports that the eosinophil-exacerbation association is broadly consistent with Western findings, and that non-
linear risk patterns may emerge when eosinophils are modeled flexibly, aligning with the results of our study.

These findings suggest that viewing eosinophil count as a prognostic marker for COPD exacerbation risk is complex.
The observed U-shaped relationship of exacerbation risk suggests that there is a pattern beyond a simple linear
relationship, and that different mechanisms are associated with increased exacerbation risk in patients with different
phenotypes. For example, lower eosinophil count may indicate a neutrophilic or less pronounced type 2 inflammatory
phenotype. In addition, as highlighted by Miravitlles et al, there has been some discussion around the variability of
eosinophil levels and COPD exacerbations, suggesting that fluctuating levels may be associated with a higher frequency
of exacerbations than a persistently high or low level of eosinophils.*® This discussion on the relationship between
eosinophil stability and COPD exacerbations may offer a plausible explanation for the different results observed in
the second sensitivity analysis, which considered the persistence of eosinophil levels, compared with the other sensitivity
analyses. On the other hand, a high eosinophil count (=300 cells/pL) is not only recognized as a biomarker for increased
exacerbation risk, but also as a predictor of favorable response to ICS, as recommended in the Global Initiative for
GOLD guidelines." Therefore, the lower exacerbation risk observed in patients with persistently high eosinophil levels in
our study may reflect effective disease control achieved through ICS therapy, rather than an absence of underlying risk.
This pattern may also reflect the combined influence of phenotype stability and treatment patterns. Although ICS or
occasional OCS use could partially mediate this association, these patients had a median eosinophil level of approxi-
mately 485 cells/uL and secondary causes of eosinophilia were systematically excluded, making prolonged corticosteroid
use an unlikely sole explanation. Because treatment escalation is often triggered by prior exacerbations and evolving
disease severity, some degree of reverse causation or partial mediation may contribute to the observed pattern and should
be considered when interpreting these findings. Of note, patients in the high type 2 inflammatory group had a greater use
of systemic glucocorticoids, which brings an additional clinical burden to patients related to the adverse events of
steroids. Further research into this complex topic is warranted as such understanding is essential for developing more
precise phenotyping strategies and personalized treatment approaches, such as the use of targeted biologics (for example,
dupilumab).

Clinically, the finding that moderate exacerbations primarily drive this association is notable, as moderate events
constitute the majority of COPD-related healthcare utilization in Japan and contribute significantly to long-term symptom
burden and functional decline. These results support the role of blood eosinophils as an accessible biomarker for
identifying patients at increased risk of moderate exacerbations and for informing more personalized treatment strategies,
including optimization of inhaled corticosteroid use.

It is also important to highlight that approximately half of the COPD patients in this analysis had comorbid bronchial
asthma; however, the increased risk of COPD exacerbation was observed regardless of the presence or absence of
bronchial asthma. While this study did not specifically aim to analyze asthma-COPD overlap (ACO), this topic warrants
further investigation due to the clinical relevance of ACO.*

This study has several limitations that should be considered when interpreting the findings. First, as a retrospective
analysis using real-world EMR data, the study is subject to potential data misclassification and incomplete data capture,
particularly regarding COPD diagnoses, exacerbation events, and medication adherence. Thus, this limitation could cause
potential biases due to unobserved covariates. Despite the use of validated algorithms, some degree of misclassification
of cardiovascular events may remain due to the inherent limitations of claims-based coding. Exacerbations were
identified using diagnostic codes and treatment algorithms within the EMR database, which may be susceptible to
misclassification, particularly for under-ascertainment of moderate exacerbations managed outside the contributing
institution or treated without systemic corticosteroids or antibiotics in outpatient settings. Variability in coding practices,
treatment decisions, and documentation could influence the accuracy of exacerbation classification. Although validated
definitions were applied,**~° some misclassification is unavoidable in EMR-based studies.

Second, since eosinophil levels fluctuate over time and blood eosinophil counts were used to classify type 2
inflammation, a single measurement of eosinophils may not fully capture the dynamic nature of inflammation and may
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lead to type 2 inflammation misclassification. Because the database did not provide consistent information on measure-
ment timing relative to exacerbations, we were unable to evaluate dynamic changes in eosinophil levels. Furthermore,
although we used only outpatient measurements to minimize the influence of hospitalization-related eosinophil varia-
bility, this approach may not fully capture short-term fluctuations that occur during periods of disease instability. In
particular, some evidence suggests that not only absolute eosinophil level, but also temporal variability may contribute to
exacerbation; however, such instability could not be assessed in our analysis due to infrequent and non-standardized
testing intervals. The primary definition of type 2 inflammation relied on the highest outpatient eosinophil count during
the baseline period, which may be susceptible to transient elevations and may not fully capture persistent inflammatory
status. To address this conceptual limitation, we conducted multiple sensitivity analyses using alternative definitions,
including repeated high measurements, mean eosinophil levels, and a probabilistic approach based on the distribution of
serial eosinophil counts. These analyses yielded general consistent patterns; however, some degree of type 2 inflamma-
tion exposure misclassification remains unavoidable.

Third, the lack of data on standardized spirometry, and imaging scans in the database precluded assessment of lung
function decline, which is an important marker of disease progression. Spirometry results, including forced expiratory
volume in 1 second (FEV,) and FEV,/forced vital capacity (FVC) ratio, were not available in this EMR dataset.
Accordingly, airflow limitation severity could not be assessed, which represents a key limitation of this study. The
lack of spirometry results may introduce residual confounding. Computed tomography—based left atrial appendage
measurements were also unavailable, preventing assessment of emphysema severity or structural lung changes. As
a result, we could not use imaging to differentiate COPD from conditions such as asthma or bronchiectasis, which may
introduce some degree of diagnostic misclassification inherent to EMR-based studies. The status of these markers could
be a potential confounding factor. A further limitation is that FeNO and type 2-related cytokines (eg, IL-4, IL-5, IL-13)
were not routinely captured in the EMR database and therefore could not be evaluated. As FeNO is not a standard
component of Japanese EMR systems and is not reimbursed for COPD under the national insurance scheme, its
measurement is inconsistent across institutions. As a result, the assessment of type 2 inflammation may be less
comprehensive.

Fourth, the eligible patients for this study were required to have at least 6 months of follow-up and at least 1 year of
data before the index date, and were considered relatively stable This means that patients with severe COPD, who may
have died early or been transferred to other institutions due to their disease severity, may have been excluded from the
study population. These criteria may have introduced selection bias, leading to an underestimation of exacerbation rates.

Fifth, medication exposure was categorized descriptively using mutually exclusive regimen groups, but treatment
variables were not included in the primary regression models. Because real-world prescribing decisions, particularly for
inhaled corticosteroids, are influenced by both prior exacerbations and type 2 inflammatory status, medication use
functions as a partially time-varying confounder and mediator. Proper adjustment would require specialized causal
modeling (eg, time-updated models), which was beyond the scope of this study. Therefore, residual confounding by
treatment cannot be excluded.

Sixth, we did not explicitly model seasonal variation in exacerbations, although the cohort’s mean follow-up exceeded
two years (2.45 years, 25306 person-years on 10321 patients), the study population collectively experienced multiple
seasonal cycles.

Seventh, BMI data were missing for 73.4% of the study population. Although multiple imputation was applied, the
extremely high degree of missingness may limit the reliability of imputed values and the stability of adjusted estimates -
particularly for MACE, for which BMI is an important confounder. Importantly, in Japanese and other East-Asian
populations, BMI distributions are generally lower than in Western cohorts, yet both low and high BMI have been
associated with increased cardiovascular mortality, and long-term underweight or BMI decline has been linked to higher
mortality in Japanese cohorts. Consequently, residual confounding and reduced precision cannot be excluded, and results
involving cardiovascular outcomes should be interpreted with caution. In addition, missing data for smoking history and
BMI were handled using multiple imputation under the assumption of MAR, informed by observed associations with

age, comorbidity burden, and hospitalization history. Although diagnostic checks suggested that missingness was largely
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explained by observable factors and that imputed and crude results were similar, the MAR assumption cannot be fully
verified. Therefore, some residual confounding due to missing or unmeasured variables cannot be excluded.

Eighth, this study required patients to have at least two eosinophil measurements during the baseline period, which
may preferentially include more stable patients who attend regular outpatient visits. Consequently, individuals with more
severe, unstable, or less frequently monitored COPD may be underrepresented. This selection mechanism may introduce
bias and limit the generalizability of the findings to the broader COPD population.

Ninth, the analysis of MACE was limited by a relatively small number of events, resulting in wide CIs and
insufficient statistical power to detect associations of modest magnitude. As a secondary and exploratory analysis,
these findings should be interpreted with caution and considered hypothesis-generating.

Tenth, the study period (2020-2022) overlapped with the COVID-19 pandemic, during which changes in healthcare
utilization, reduced respiratory viral transmission, and altered patient behavior may have influenced the recorded
frequency of COPD exacerbations, outpatient visits, and medication use. As the database did not capture pandemic--
specific contextual factors, these effects could not be fully accounted for and may have influenced the observed incidence
patterns.

Finally, as this study was conducted in a Japanese population, the generalizability of the findings to other ethnic and
geographic populations remains uncertain. While this is an acknowledged limitation, it should be noted that a significant
evidence gap exists in the availability of large-scale, Japan-specific real-world data on COPD, with most evidence
derived from Western populations. Thus, this study provides important and novel findings with regards to (i) population
differences (Japan has a distinct COPD phenotype distribution, smoking patterns, environmental exposures, and
healthcare access, which influence disease burden and treatment patterns); (ii) healthcare system characteristics
(Japan’s universal insurance system and high diagnostic imaging utilization create a unique real-world context not
captured in Western datasets); and (iii) clinical relevance for local practice (the findings allow clinicians and policy-
makers to better understand risk profiles and clinical burden specifically within the Japanese population, addressing a gap
in evidence that has previously required extrapolation from Western cohorts). By placing internationally observed
associations within a Japanese real-world setting, the study provides important contextual validity and supports more
regionally appropriate COPD management strategies.

Conclusions

This database analysis provides real-world evidence that type 2 inflammation assessed by blood eosinophil levels is
primarily associated with an increased risk of moderate exacerbations in Japanese patients with COPD. A similar trend
was observed for severe exacerbations, but no statistically significant difference was confirmed. Furthermore, despite not
being statistically significant, there was a numerically higher risk of MACE in patients with higher levels of type 2
inflammation. These findings support the growing recognition of type 2 inflammation as a clinically relevant endotype in
COPD, particularly in the context of exacerbation risk. Further research is warranted to refine the classification of COPD
with type 2 inflammation, to better understand its implications for disease progression and treatment response, and to
explore whether targeting type 2 inflammatory pathways has potential clinical relevance in this population. In addition,
the present findings suggest that routine assessment of blood eosinophil levels may help support risk stratification and
inform treatment decisions considering its variable nature. Continued investigation is also needed to determine how this
endotype guides personalized management and to evaluate its role in long-term clinical outcomes. Although statistical
significance was limited for some outcomes, the consistent directional trends observed in this study highlight signals that

warrant confirmation in larger, prospective studies.
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