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Increased circulating endothelial microparticles in
COPD patients: a potential biomarker for COPD
exacerbation susceptibility
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ABSTRACT
Rationale The influence of COPD exacerbation on the
endothelium is not completely understood. Circulating
endothelial microparticles (EMPs) are membrane vesicles
in circulating blood that are shed by activated or
apoptotic endothelial cells.
Objective To compare EMP numbers in stable COPD
patients with those during and after exacerbation.
Methods We examined the EMP numbers in 80 stable
COPD patients, 27 patients with exacerbated COPD, and
20 healthy non-COPD volunteers. EMPs were defined as
CD144+ MPs (VE-cadherin EMPs), CD31+/CD41� MPs
(PECAM EMPs), CD146 MPs (MCAM EMPs) and CD62E
+ EMPs (E-selectin EMPs) as analysed by FACS. Von
Willebrand factor (vWF) expression was utilised to
identify the origins of the EMPs.
Results VE-cadherin, PECAM and E-selectin EMP
numbers were significantly higher in the stable COPD
patients than in the non-COPD volunteers, and they were
significantly higher in the patients with exacerbated
COPD than in the stable COPD patients. The majority of
these increased EMPs were vWF-negative, indicating
a pulmonary capillary origin. Baseline E-selectin EMP
levels were significantly higher in COPD patients who
experienced frequent exacerbations than in those who
did not have frequent exacerbations (p<0.001).
Twenty-eight days after the onset of exacerbation,
E-selectin EMP levels returned to those observed in
stable COPD patients, whereas PECAM EMP levels
remained high. MCAM EMP numbers were not elevated
in stable or exacerbated-COPD patients.
Conclusions Endothelial damage, mainly in pulmonary
capillaries, occurs during exacerbation and continues
even after clinical symptoms disappear. Higher baseline
E-selectin EMP levels may indicate COPD patients who
are susceptible to exacerbation.

INTRODUCTION
Exacerbation of COPD appears to accelerate the
decline in lung function1 and increase the risk of
death in COPD patients.2 Thus, frequent exacer-
bations play a key role in disease prognosis,3 and
preventing exacerbation is a key component of
COPD management strategies.4 In recent years,
increased evidence has demonstrated that endo-
thelial damage is closely connected to the patho-
physiology of COPD. Abnormalities in the
endothelium have been recognised in both the

pulmonary and systemic vasculatures in COPD.5e8

Several animal studies have suggested that endo-
thelial injury in the pulmonary vasculature is the
underlying mechanism of alveolar destruction.9

Furthermore, endothelial damage is speculated to
occur during exacerbation. Inflammatory responses,
such as platelet aggregation, are upregulated during
exacerbation, which is speculated to lead to further
endothelial damage in COPD.10 Impairment of
endothelial function in systemic arteries, such as
the forearm arteries, during exacerbation has also
been reported.11 However, the influence of COPD
exacerbation on the endothelium is not completely
understood.
Circulating endothelial microparticles (EMPs) are

shed membrane vesicles (100 nme1 mm in diam-
eter) in circulating blood that originate from acti-
vated and apoptotic endothelial cells.12 13 The
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number of EMPs increases in patients with vascular disorders,
such as acute coronary disease,14 15 renal failure16 and metabolic
diseases,17 and it reflects endothelial damage occurring in these
patients. In addition, the number of EMPs is a sensitive marker
of pulmonary capillary endothelial damage induced by smoking
in healthy active smokers.18 We hypothesised that the number
of EMPs is elevated in stable COPD patients and becomes
further elevated during exacerbation.

EMPs are defined according to the expression of endothelial
membrane-specific antigens, such as VE-cadherin (CD144),
PECAM-1 (CD31), MCAM (CD146) and E-selectin (CD62E).
These markers do not colocalise, and their expression changes
according to physiological conditions. VE-cadherin localises to
adherence junctions, whereas PECAM-1 and MCAM are located
outside of adherence junctions.19 E-selectin is rapidly inducible
on activated endothelial cells after inflammatory stimuli,
whereas, VE-cadherin, PECAM-1 and MCAM are constitutively
expressed on endothelial cells.20 We decided to examine the
number of EMPs in stable and exacerbated COPD patients, and
to evaluate the correlations between these molecules and disease
progression.

Some of the results from this study have been previously
presented in abstracts.21

METHODS
Additional methodological details are provided in the
supplementary data.

Patient population
Eighty COPD patients in stable condition (no exacerbation
within the previous 3 months prior to sample collection), 27
COPD patients with exacerbation (COPD patients who expe-
rienced exacerbation of their COPD) and 20 healthy non-COPD
volunteers were enrolled in this study. All subjects provided
written informed consent, and the study was approved by the
Ethics Committees at Tohoku University School of Medicine
and the Japanese Red Cross Ishinomaki Hospital, Japan. This
study was registered in the University Hospital Medical Infor-
mation Network Clinical Trials Registry Clinical Trial (Trial
Number: UMIN000005168). All patients had dyspnoea, chronic
cough or sputum production and smoking history. Airflow
limitation was determined by spirometry and defined as a post-
bronchodilator FEV1/FVC <0.70, and severity was classified in
accordance with the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) criteria.22 Patients diagnosed with respi-
ratory disorders other than COPD, such as asthma or bronchi-
ectasis were excluded.23 All subjects had ceased smoking for
more than 2 months before the enrolment. We excluded subjects
with conditions known to be associated with an increase in
circulating EMPs, including chronic renal failure,16 metabolic
diseases, such as diabetes mellitus24 and hyperlipidaemia17 and
vasculitis.25 We also excluded COPD patients with past histories
of cardiovascular disease within 1 year prior to sample
collection.

Exacerbation criteria
Exacerbation was diagnose based on the presence of an increase
in any two major symptoms (dyspnoea, sputum purulence and
sputum quantity), or an increase in one major and one minor
symptom (wheeze, sore throat, cough and nasal congestion/
discharge) for at least two consecutive days according to previ-
ously accepted criteria.1 26 We defined an exacerbation as dete-
rioration in respiratory symptoms requiring treatment with
antibiotics and/or systemic corticosteroids. The severity of

exacerbation was assessed according to the criteria modified
from Anthonisen and colleagues27; severe exacerbation was
defined as the occurrence of all three major symptoms, moderate
exacerbation as the occurrence of two of these three major
symptoms and mild exacerbation as the occurrence of one major
and one minor symptom.

Blood sampling
Peripheral blood was collected from a peripheral vein into
heparinised tubes. Samples were centrifuged to isolate platelet-
free plasma as previously described.28

Characterisation of EMPs
EMP subpopulations were determined by flow cytometry in
platelet-free plasma according to the expression of membrane-
specific antigens. Four EMP phenotypes were defined in the
following manner: VE-cadherin EMPs: CD144+ (FITC) MPs,
PECAM EMPs: CD31+ (FITC)/CD41- (PE) MPs, MCAM EMPs:
CD146+ (PE) MPs and E-selectin EMPs: CD62E+ (PE) MPs.
Alveolar capillaries are negative for von Willebrand factor (vWF)
(supplemental figure 1), whereas, arterioles and venules in
the lungs and endothelial cells in other organs are positive for
vWF.29 30 We defined EMPs derived from pulmonary capillary
endothelial cells as vWF-negative (vWF: APC) EMPs.

Pulmonary function tests
Spirometry measurements were conducted by a well-trained
technician following the ATS/ERS guidelines after inhalation of
a bronchodilator before sample collection.31 Pulmonary function
testing was performed in duplicate. The best FEV1 and FVC
values were recorded from acceptable manoeuvres.32

Visual assessment of low-attenuation areas (LAA) by chest CT
imaging
We assessed LAA using high-resolution CT according to the
Goddard classification.33 LAA was scored for the right and left

Table 1 Characteristics of 80 COPD patients in stable condition and 20
healthy non-COPD volunteers

Non-COPD
volunteers
(n[20)

Stable COPD
(n[80) p Value

Age, years 69.0611.0 73.0610.0 0.126

Sex, male/female 17/3 65/15 0.696

Body mass index, kg/m2 24.263.44 22.164.47 0.051

Lung function

FEV1, L 2.7260.58 1.6661.00 <0.001
FEV1/FVC ratio, % 77.366.20 56.4625.2 <0.001
Predicted FEV1, % 97.6616.1 71.6640.9 <0.001

LAA scores (n¼83), median (range) 4 (1e10) 13 (2e24) <0.001

Physiological parameters

Systolic blood pressure, mm Hg 118.0621.0 122.0621.0 0.425

Diastolic blood pressure, mm Hg 61.0611.0 68.0612.5 0.319

PaO2, mm Hg (at sample correction) 82.364.00 80.0610.5 0.379

Traditional risk factors

Pack-years smoking index,
median (range)

27.75 (1e100) 40 (0e90) 0.372

Total cholesterol, mg/dl 189.5633.5 193.0637.8 0.607

Fasting glucose, mg/dl 104.5618.5 100.0615.5 0.505

Inflammatory markers

CRP, mg/dl 0.10060.000 0.20060.300 0.084

Leucocyte counts, /ml 610061820 630062000 0.613

Bold denotes values: p < 0.05.
Values are the median6IQR unless stated otherwise.
Difference in the distribution of gender between the two groups was analysed using the c2

test. Differences in other parameters were analysed using ManneWhitney U test.
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sides of the upper, middle and lower lung fields. Zero represented
no abnormality, 1 designated up to 25%, 2 up to 50%, 3 up to
75% and 4 indicated almost total involvement. The possible
scores ranged from 0 to 24. The assessment was independently
performed by two chest physicians (HK and MY) in a blinded
fashion.

Statistical analysis
All data are presented as the median6IQR (25the75th IQR).
Difference in the distribution of the sexes between non-COPD
volunteers and stable COPD patients were analysed using the c2

test. Differences in age, body mass index, lung functions, LAA
scores, physiological parameters, PaO2, traditional risk factors or
inflammatory markers between the two groups were analysed
using ManneWhitney U test. The KruskaleWallis test was used
to compare EMP numbers among the four GOLD stages. The
differences in EMP numbers between stable COPD without
frequent exacerbation and before exacerbation were also

analysed by ManneWhitney U test. Statistical significance of
changes in EMP numbers from each time points of sample
collection (before exacerbation, 1 day, 7 days and 28 days after
the onset of exacerbation) was assessed by Wilcoxon signed-rank
test. Correlations between EMP numbers and age, body mass
index, pack-years smoking index, lung functions, LAA scores,
leucocyte counts, CRP or PaO2 were calculated using Spearman
nonparametric methods. Multivariable linear regression analysis
was performed, with log-transformed EMPs as the dependent
outcome, to evaluate the impacts of patient characteristics on
EMP numbers. Multivariable logistic regression analysis was
used to identify independent factors associated with frequent
exacerbation history. p Values <0.05 were considered significant.
All analyses were performed using the SAS system (V.8.2, SAS
Institute).

RESULTS
Characteristics of the subjects
The characteristics of the COPD patients in stable condition and
the healthy non-COPD volunteers are shown in table 1. The
blood pressure, total cholesterol and fasting glucose levels of all
of the subjects were at normal levels. There were significant
differences in the spirometric pulmonary function between the
non-COPD volunteers and the COPD patients. The body mass
index in COPD patients tend to be lower than that in non-

Figure 1 Comparison of the EMP
numbers between healthy non-COPD
volunteers and stable COPD patients.
(A) VE-cadherin EMPs, (B) PECAM
EMPs, (C) E-selectin EMPs, (D) MCAM
EMPs.

Table 2 Relationships between EMP numbers and various variables in
non-COPD volunteers and stable COPD patients (univariable analysis)

VE-cadherin
EMPs PECAM EMPs E-selectin EMPs

rs p Value rs p Value rs p Value

Age 0.13 0.173 0.10 0.289 0.13 0.167

Body mass index �0.21 0.029 �0.30 0.002 �0.21 0.032

Pack-years smoking index 0.08 0.383 0.03 0.738 0.09 0.342

FEV/FVC ratio �0.61 <0.001 �0.65 <0.001 �0.62 <0.001
FEV1 �0.62 <0.001 �0.62 <0.001 �0.60 <0.001
Predicted FEV1% �0.67 <0.001 �0.60 <0.001 �0.58 <0.001
LAA scores 0.46 <0.001 0.34 0.002 0.41 <0.001
Leucocyte counts 0.15 0.119 0.04 0.659 0.115 0.253

CRP 0.03 0.740 0.08 0.418 0.02 0.827

PaO2 �0.12 0.201 �0.11 0.253 �0.16 0.096

Bold denotes values: p < 0.05.
Correlations were calculated using Spearman nonparametric methods.
rs: Spearman correlation coefficient.

Table 3 Multivariable linear regression analysis (80 stable COPD
patients and 20 healthy non-COPD volunteers)

Parameter
Log transformed VE-cadherin EMP
per unit change in parameter p Value

VE-cadherin EMPs*

Body mass index, kg/m2 0.02 0.742

FEV1/FVC ratio, % �0.60 <0.001
LAA scores 0.14 0.143

Bold denotes values: p < 0.05.
*|r|¼0.68, p<0.001.
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COPD volunteers, but this difference is not significant. We
evaluated the severity of emphysema in nine non-COPD
volunteers and 74 stable COPD patients. The LAA score was
significantly higher in COPD patients than in non-COPD
patients, and there was a significant correlation between the
LAA scores and the FEV1.0/FVC ratio (r¼�0.53; p<0.001), as
well as with the FEV1 (r¼�0.47; p<0.001) and predicted
FEV1.0% (r¼�0.50; p<0.001). Eleven COPD patients had no
smoking history. We examined their backgrounds and found that
all these patients were passive smokers who had never smoked
but had lived with family members who were active smokers.

Comparison of EMP numbers between the healthy non-COPD
volunteer group and the stable COPD group
When compared with the non-COPD volunteers, the
VE-cadherin, PECAM and E-selectin EMP numbers were signif-
icantly higher in the stable COPD patients. However, their
MCAM EMP numbers were not higher (p¼0.163) (figure 1).

Associations between EMP number and continuous variables in
non-COPD volunteers and stable COPD patients
Table 2 shows the correlations between EMP numbers and
different continuous valuables. VE-cadherin, PECAM and E-
selectin EMPs were all significantly correlated with the three
lung function parameters (figure E3), the LAA scores or body
mass index. Following the results of the univariable analysis,
multivariable linear regression analysis was performed to iden-
tify parameters significantly associated with numbers of VE-
cadherin EMPs, PECAM EMPs and E-selectin EMPs (tables 3e5).
The FEV1/FVC ratio was the only independent parameter (VE-
cadherin EMPs; |r|¼0.68, p<0.001, PECAM EMPs; |r|¼0.58,
p<0.001, E-selectin EMPs; |r|¼0.60, p<0.001).

Comparison of EMP numbers among COPD stages as defined by
the Global Initiative for Chronic Obstructive Lung Disease (GOLD)
There were no significant differences in age, body mass index,
leucocyte counts, PaO2 at sample collection, CRP, SAA, D-dimer

or Pack-years smoking index between the patients in different
GOLD stages (supplementary online Table E2). There were
significant differences in the distribution of VE-cadherin,
PECAM and E-selectin EMP numbers among the GOLD stages,
with the numbers of these three EMPs increasing according to
disease stage progression (figure 2).

Comparison of EMP numbers between patients with
exacerbated COPD and stable COPD
We compared EMP numbers between GOLD stage II COPD
patients in stable condition (n¼26) and those with exacerbation
(n¼17) matched for age, body mass index and smoking history
(table 6). Eight patients with exacerbated COPD were classified
into severe exacerbation, another eight were moderate exacer-
bation and one was mild exacerbation. Sixteen exacerbations
were bacterial associated and one exacerbation was virus asso-
ciated. Antibiotics were administered to 16 patients, and
systemic corticosteroid was administered to 10 patients. Seven
patients were given supplemental oxygen during exacerbation.
Duration of exacerbations ranged from 4 to 14 days (median,
7 days). VE-cadherin, PECAM and E-selectin EMPs were signif-
icantly higher in patients with exacerbated COPD than in
patients with stable COPD (VE-cadherin; p<0.001, PECAM;
p¼0.004, E-selectin; p<0.001). The majority of the increased VE-
cadherin, PECAM and E-selectin EMPs were vWF-negative in
both the stable and the exacerbated COPD patients (figure 3).

Time course of EMP numbers in COPD patients during
exacerbation
We compared the EMP numbers before and 1, 8 and 28 days
following the onset of exacerbation in 18 COPD patients who
underwent exacerbation (GOLD stage I, n¼2; stage II, n¼9;
stage III, n¼3 stage IV, n¼4). Twelve patients with exacerbated
COPD were classified into severe exacerbation, five were
moderate exacerbation and one was mild exacerbation. Fifteen
exacerbations were bacterial associated and the three exacerba-
tions were virus associated. Antibiotics were administered to 15

Table 4 Multivariable linear regression analysis (80 stable COPD
patients and 20 healthy non-COPD volunteers)

Parameter
Log transformed PECAM EMP
per unit change in parameter p Value

PECAM EMP*

Body mass index, kg/m2 �0.08 0.368

FEV1/FVC ratio, % �0.50 <0.001
LAA scores 0.08 0.445

Bold denotes values: p < 0.05.
*|r|¼0.58, p<0.001.

Table 5 Multivariable linear regression analysis (80 stable COPD
patients and 20 healthy non-COPD volunteers)

Parameter
Log transformed E-selectin EMP
per unit change in parameter p Value

E-selectin EMP*

Body mass index, kg/m2 0.05 0.605

FEV1/FVC ratio, % �0.53 <0.001
LAA scores 0.13 0.208

Bold denotes values: p < 0.05.
*|r|¼0.60, p<0.001.

Figure 2 Comparison of the EMP numbers among GOLD stages. (A) VE-cadherin EMPs, (B) PECAM EMPs, (C) E-selectin EMPs.
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patients, and systemic corticosteroid was administered to 14
patients. Ten patients were given supplemental oxygen during
exacerbation. NPPV was used in one patient during exacerba-
tion. Duration of exacerbations ranged from 5 to 14 days
(median, 8.5 days). All 18 patients had a history of frequent
exacerbation, and their E-selectin levels in stable condition were
significantly higher than those in stable COPD patients without
a history of frequent exacerbation (p<0.001). VE-cadherin EMPs
were significantly higher one day after the onset of exacerbation
when compared with the level before exacerbation (p¼0.042).
These EMPs continued to increase, peaked on day 8 (p¼0.012
vs day 1), and were significantly lower by day 28 (p¼0.027 vs
day 8). PECAM EMP numbers were also significantly higher on
day 1 (p¼0.018) and remained elevated even at day 28 (p¼0.123
vs day 1). E-selectin EMP numbers were significantly higher on
day 1 (p¼0.027) and returned to levels similar to those of stable
COPD patients without a history of frequent exacerbation on
day 28 (p¼0.018 vs day 1). MCAM EMP numbers did not
change during or after exacerbation (figure 4).

Parameters for patients with a history of frequent exacerbation
in stable COPD
We analysed the relationships between various parameters and
having a history of frequent exacerbation (table 7). We defined
patients with frequent exacerbation as those who had two or
more episodes of exacerbation every year. There were 19 patients
with histories of frequent exacerbation in the cohort of 80 stable
COPD patients. A univariable analysis showed that leucocyte

counts; GOLD stage IV; and VE-cadherin, PECAM and E-selectin
EMP levels in stable condition patients were significantly related
to frequent exacerbation. In a multivariable logistic regression
analysis, only the E-selectin EMP level was significantly associ-
ated with frequent exacerbation (OR 1.018, 95% CI 1.006 to
1.031, p¼0.003). E-selectin EMP levels were significantly higher
in patients with a history of frequent exacerbation than in
patients without (191.06103.5 vs 13.8636.1, p<0.001).

Specific events in 80 stable COPD patients during 1-year follow-
up after sample collection
Among 80 stable COPD patients, one patient died due to
respiratory failure induced by exacerbation. In two patients,
acute coronary syndrome developed and was treated with
percutaneous coronary intervention. Thirty-nine exacerbation
episodes happened in 21 patients including all 19 patients with
history of frequent exacerbation.

DISCUSSION
To evaluate the endothelial damage induced by exacerbation in
COPD patients, we compared circulating EMP numbers and
subtypes in patients in stable condition and during and after
exacerbation. In this study, we found that VE-cadherin, PECAM
and E-selectin EMPs were significantly more numerous in the
stable COPD patients than in the healthy non-COPD volunteers,
and their numbers further increased in the exacerbated phase.
The main population of increased EMPs was vWF-negative,
indicating particles of pulmonary capillary origin. Furthermore,
baseline E-selectin EMP levels were significantly higher in COPD
patients with a history of frequent exacerbation than in those
without such a history. From these results, we conclude that
endothelial damage, mainly in pulmonary capillary venules,
occurs during exacerbation, and higher E-selectin EMP levels may
predict the COPD patients who are susceptible to exacerbation.
The population of EMPs found to be increased varied

according to the patient’s condition. For example, VE-cadherin
EMPs were still increasing 8 days after the onset of exacerbation
(figure 4A), whereas, PECAM EMPs and E-selectin EMPs had
already started declining at this time point (figure 4B,C).
Different stimuli induce the expression of different molecules on
endothelial cells, and thus, different subtypes of EMPs are
released.34 VE-cadherin is localised to adherence junctions,
whereas, PECAM-1 and MCAM are located mainly outside of
the adherence junctions19 suggesting that the release of VE-
cadherin EMPs may reflect the structural destruction of the
endothelium. Therefore, particular combinations of increased

Table 6 Characteristics of GOLD II COPD patients during exacerbation
or in stable condition

Exacerbated COPD
(n[17)

Stable COPD
(n[26) p Value

Age, years 68.0615.0 70.069.00 0.253

BMI, kg/m2 21.867.63 23.065.00 0.560

CRP, mg/dl 0.70066.25 0.20060.400 0.056

Leucocyte count, /ml 810068575 660062400 0.093

SAA, mg/ml 12.16383.6 5.9568.60 0.067

D-dimer, mg/ml 0.87061.43 0.88061.47 0.821

Pack years smoking index,
median (range)

50 (20e60) 37.5 (0e80) 0.218

VE-cadherin EMPs 434.56294.0 140.36174.9 <0.001
PECAM EMPs 2691.061440.0 1742.161570.2 0.004

E-selectin EMPs 329.76390.1 26.76118.8 <0.001
MCAM EMPs 155.06119.4 114.0676.1 0.249

Bold denotes values: p < 0.05.
Values are the median6IQR unless stated otherwise.

Figure 3 Comparison of the EMP numbers in stable GOLD stage II patients and those with exacerbation. (A) VE-cadherin EMPs, (B) PECAM EMPs,
(C) E-selectin EMPs. *, p<0.05 vs. stable COPD.
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EMP subtypes may become a reliable marker for predicting the
type and site of inflammation.

E-selectin EMP levels that were increased by exacerbation
decreased far less than the baseline level and reached the average
levels of stable COPD patients. When endothelial cells are acti-
vated, E-selectin are unregulated on the cell surface20 and
E-selectin EMPs are released,34 suggesting that inflammatory
stimuli activate and injure endothelial cells during exacerbation.
In addition, increased E-selectin EMP levels in COPD patients
may indicate the presence of inflammation even in the stable
condition. Furthermore, this increase indicates the silent
progression of an injury or susceptibility to exacerbation.

Most of the PECAM EMPs originated from pulmonary capil-
laries during exacerbation (figure 3B). PECAM EMPs are reported
to be released from apoptotic endothelial cells.34 In addition,
90% of these PECAM EMPs were Annexin-positive in this study
(data not shown). A sustained high PECAM EMP level, despite

a low E-selectin level after exacerbation, may reflect continued
injury and apoptosis in the pulmonary capillaries.
A high E-selectin EMP level indicates the silent progression of

an injury or susceptibility to exacerbation. In addition, high VE-
cadherin and PECAM EMP levels indicated severe airflow limi-
tation in this study (supplemental figure E3). Endothelial
abnormalities have been recognised in both the pulmonary and
systemic vasculature in COPD.5e7 Therefore, high EMP levels
may indicate a role for endothelial damage in COPD progression.
Because quicker responses can be seen in circulating EMP levels
compared with an annual FEV1 decline, monitoring EMP levels
is valuable for estimating COPD progression, and can be a useful
index for drug discovery.
The plasma EMP levels were elevated in response to

early development of emphysema in healthy smokers.18

Because COPD is a heterogeneous disease characterised by
various combinations with small airway disease and

Figure 4 Time course for the EMP
numbers before, during and after
exacerbation. (A) VE-cadherin EMPs,
(B) PECAM EMPs, (C) E-selectin EMPs,
(D) MCAM EMPs. Values shown at
‘Stable COPD’ are the means of 61
stable COPD patients without histories
of frequent exacerbation. *p<0.05, vs
Before the onset of exacerbation.
#p<0.05, versus 1 day after the onset
of exacerbation. ##p<0.05, vs 8 days
after the onset of exacerbation.

Table 7 Univariable and multivariable logistic regression analyses for independent variables of COPD
patients significantly associated with frequent exacerbation

Variables

Univariate Multivariate

Risk value (95% CI) p Value Risk value (95% CI) p Value

Age 1.005 (0.944 to 1.071) 0.871

BMI 0.866 (0.725 to 1.034) 0.112

PaO2 0.958 (0.895 to 1.026) 0.223

Pack-years smoking index 1.012 (0.991 to 1.033) 0.254

CRP 1.287 (0.346 to 4.781) 0.706

Leucocyte counts 1.000 (1.000 to 1.001) 0.016 1.000 (1.000 to 1.001) 0.128

GOLD stages

Stage II 7.200 (0.799 to 64.902) 0.078 0.630 (0.035 to 11.239) 0.753

Stage III 8.571 (0.907 to 81.009) 0.060 0.455 (0.016 to 12.611) 0.641

Stage IV 55.999 (5.005 to 626.577) 0.001 3.380 (0.094 to 120.888) 0.504

VE-cadherin EMPs 1.006 (1.003 to 1.009) <0.001 1.001 (0.995 to 1.006) 0.835

MCAM EMPs 1.001 (0.993 to 1.009) 0.737

PECAM EMPs 1.000 (1.000 to 1.001) 0.009 1.000 (1.000 to 1.001) 0.554

E-selectin EMPs 1.022 (1.013 to 1.032) <0.001 1.018 (1.006 to 1.031) 0.003

Bold denotes values: p < 0.05.
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emphysema, the relationships between the severity of emphy-
sema and the numbers of EMP are also of great interest. In this
study, LAA scores had significant correlations with VE-cadherin
EMPs, PECAM EMPs and E-selectin EMPs. However, in
multivariable regression analysis, the LAA score was not
a significant independent factor, and only the FEV1/FVC ratio
was a significant independent factor. Similarly, the other group
also reported that the EMP number had significant correlation
with FEV1/FVC ratio, not LAA in healthy active smokers.18 It is
well known that the pulmonary capillary bed is significantly
reduced in emphysematous regions. In addition, the main
populations of the increased EMPs in COPD were pulmonary
capillary derivation (figure 3). Therefore, these results
indicated that the EMP numbers in COPD patients with severe
emphysema might be influenced by the reduced pulmonary
capillary bed.

Different from the other three EMP phenotypes, circulating
MCAM EMPs did not change before or during exacerbation
(figure 4D). Similarly, other groups have reported that MCAM
EMPs do not reflect endothelial damage induced by INFß-1,
although PECAM EMPs do.35 MCAM is also expressed on
a subset of T- and B-lymphocytes, NK cells36 and pericytes.37

Therefore, circulating MCAM MPs may originate from cells
other than endothelial cells.

There are limitations in this study. First, we could not eval-
uate the relationships between cardiovascular events and EMP
numbers in COPD patients because we excluded COPD patients
with cardiovascular disease. Additional effects of cardiovascular
disease on the distribution of subtypes of circulating EMPs are
a question for future studies. Second, we did not evaluate the
other lung diseases, such as pulmonary fibrosis, or the effect of
pulmonary hypertension. EMPs may increase in a range of lung
diseases; therefore, increases in circulating EMPs in this study
may not be specific in COPD. Further studies will be necessary
to clarify this issue.

In conclusion, endothelial damage, mainly in the pulmonary
capillary vasculature, occurs during exacerbation, and continues
even after clinical symptoms disappear. Higher baseline levels of
E-selectin EMPs suggest the presence of pulmonary inflamma-
tion and may predict COPD patients who are susceptible to
exacerbation. The diagnosis of COPD exacerbation and its
degree are mainly based on clinical symptoms; however, clinical
parameters are not specific and are difficult to quantify. Moni-
toring the number and the combination of circulating EMPs is
useful for evaluating the patient’s condition and can be a useful
indicator for the effectiveness of medications.
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METHODS 

Blood Sampling  

Peripheral blood (20 mL) from COPD patients and healthy non-COPD volunteers was 

collected in heparinised tubes from a peripheral vein using a 21-gauge needle and 

processed for assays within 2 hours. Peripheral blood from patients with exacerbated 

COPD was collected 1, 8 and 28 days after the onset of exacerbation. The samples were 

centrifuged for 10 min at 170g, and plasma was then harvested and centrifuged for 20 

min at 1,500g to obtain platelet-free plasma (PFP)[1].  

 

Characterisation of MP phenotype 

Plasma samples were measured using a BD FACS Canto II flow cytometer and BD 

FACS DIVA software version 1.2.6 (BD Biosciences, Erembodegem Belgium) as 

previously described[1-3]. Microparticles (MPs) were defined as particles whose 

diameter was less than 1 um. Four EMP phenotypes were defined: CD144+ (FITC) MPs 

(VE-cadherin EMPs), CD146+ (PE) MPs (MCAM EMPs), CD31+ (FITC)/CD41- (PE) 

MPs (PECAM EMPs) and CD62E+ (PE) MPs (E-selectin EMPs). Alveolar capillaries 
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are negative for von Willebrand factor (vWF), whereas arterioles and venules in the 

lungs and endothelial cells in other organs are positive for vWF[4, 5]. We defined 

EMPs derived from pulmonary capillary endothelial cells as von Willebrand factor-

negative (vWF: APC)- EMPs. All antibodies used for flow cytometry were obtained 

from BD Biosciences, except that anti-CD41-PE was obtained from Beckman Coulter 

and anti-vWF-APC was obtained from R and D systems (Table E1). Ten microlitres of 

PFP was incubated with each specific antibody. After 30 min of incubation at room 

temperature, samples were diluted in 300 µl of a 0.9% saline salt solution. Equal 

volumes of sample and Flowcount beads (Beckman-Coulter) were then added and 

analysed by FACS using settings with a threshold of 200. MP sizes were determined 

using 1 μm beads (Fluka, Sigma), and FSC and SSC gates were drawn to include events 

smaller than 1 μm (Figure E1). EMP measurements were performed twice to ensure 

repeatability. Appropriate isotype control antibodies or fluorescence minus one (FMO) 

controls were used to discriminate true events from noise and to increase the specificity 

of MP detection.  
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Pulmonary function tests 

Spirometry measurements were conducted by a well-trained technician following 

the ATS/ERS guidelines[6] after inhalation of a bronchodilator before sample collection 

and one year after sample collection. Acceptable manoeuvres for spirometry 

measurements were defined as those with a sufficient peak expiratory flow, a rapid start, 

an absence of major flow fluctuations and an adequate duration of expiration. 

Pulmonary function testing was performed in duplicate. The best FEV1 and FVC values 

were recorded from acceptable manoeuvres[7]. 

 

Visual assessment of low attenuation areas (LAAs) by chest CT images 

We visually assessed the severity of lung alveolar destruction according to the 

Goddard classification[8]. We used a high-resolution CT to quantify LAA. Scans were 

performed in the supine position using the same CT scanner (XVigor; Toshiba, Tokyo, 

Japan). LAA was scored for the right and left sides of the upper, middle and lower lung 

fields. Zero represented no abnormality, while 1 was given for up to 25%, 2 for up to 

50%, 3 for up to 75%, and 4 for total involvement or almost the total absence of normal 
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lung tissue. The total possible scores ranged from 0 to 24. The assessment was 

independently performed by two thoracic surgeons in a blinded fashion, and the final 

score was calculated with the means of the scores assigned by the two readers. 

 

PECAM-1 and vWF immunohistochemical staining of peripheral lung tissues  

Human lung tissue samples from COPD patients were taken at non-

emphysematous, non-fibrotic areas distant from isolated solitary nodules in lobectomy 

specimens. Paraffin slides were stained with anti-human PECAM-1 (Dako) or vWF 

(Dako) according to the manufacturer's protocols. 

 

Statistical Analysis 

The Kruskal-Wallis test was used to compare age, body mass index, PaO2, pack-

years smoking index, leukocyte counts, CRP, SAA, D-dimer or EMP numbers among 

the 4 GOLD stages. The analysis of repeatability is based on the method proposed by 

Bland and Altman[9] for comparing twice EMP measurements (TIME 1 and TIME 2) 

of one sample. The differences in the EMP numbers between TIME1 and TIME2 were 
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plotted against the average of the twice EMP measurements. The limits of agreement 

were defined as the mean difference ± 1.96 SD. The regression line was used to 

evaluate significant decreases or increases between the average and difference of the 

twice EMP measurements. p values less than 0.05 were considered significant. All 

analyses were performed using the SAS system (Version 8.2, SAS Institute, Cary, NC). 
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RESULTS 

Repeatability of EMP measurements 

  Supplementary Figure 4 shows the Bland-Altman plot representations between the 

twice (Test 1 and Test 2) measurements of four EMP phenotypes. In all these plots, dots 

were randomly dispersed above and below the mean of the error (Test1 –Test2) line 

over a wide range of the EMP numbers, and the regression lines showed no significant 

decreases or increases. These data suggested good repeatability of the measures. 
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Table E 1: Antigens used for EMP identification. 

Differentiation cluster Antigen Fluorescence Clone Manufacture 

CD144 VE-cadherin FITC 55-7H1 BD Biosciences 

CD31 PECAM-1 FITC WM59 BD Biosciences 

CD62E E-selectin PE 68-5H11 BD Biosciences 

CD41 GPIIb PE P2 Beckman Coulter 

Not applicable Von Willebrand factor APC 210905 R&D Systems 
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Table E 2: Comparison of the characteristics of 80 COPD patients in stable condition. 

GOLD stage 

 

I 

(n = 25) 

II 

(n = 26) 

III 

(n = 19) 

IV 

(n= 10) 

p value 

Age 73.0 ± 12.5 70.0 ± 9.00 75.0 ± 6.50 71.0 ± 13.0 0.4685 

Body mass index 23.0 ± 3.40  23.0 ± 5.00   21.3 ± 3.24 21.1 ± 6.20  0.0648 

PaO2, Torr (At sample correction) 83.0 ± 7.50 80.0 ± 13.0 78.0 ± 11.5 82.5 ± 22.11) 0.1956 

Pack-years smoking index 30 (0-90) 37.5 (0-80) 40 (0-80) 45 (5-80) 0.3503 

Leukocyte count 5700 ± 1850 6600 ± 2400 6800 ± 2000 6000 ± 1900 0.2697 

CRP 0.100 ± 0.200 0.200 ± 0.400 0.100 ± 0.300 0.150 ± 0.300 0.3112 

SAA 4.60 ± 3.00 5.95 ± 8.60 5.00 ± 7.70 7.40 ± 21.4 0.7890 

D-dimer 0.940 ± 0.670 0.880 ± 1.47 1.08 ± 0.448 1.46 ± 1.74 0.7895 

1) Including 6 patients with long-term oxygen therapy 
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FIGURE LEGENDS 

Supplementary Figure 1: Expression of PECAM-1 and vWF on pulmonary capillary 

endothelial cells from non-emphysematous regions in moderate COPD patients. PECAM was 

clearly expressed by endothelial cells in pulmonary venules, arteries and capillary 

vasculature. In contrast, vWF was rarely expressed by endothelial cells in pulmonary 

capillary vasculature, although it was expressed in pulmonary venules and arterioles. Scale 

bars, 50 µm. 

 

Supplementary Figure 2: Gating strategy for EMPs. (A) 1.0 µm bead calibration. (B) 

Isotype control. (C) Platelet-free plasma stained by CD31 & CD41. 

 

Supplementary Figure 3: Correlations between predicted FEV1% and (A) VE-cadherin 

EMPs, (B) PECAM EMPs, (C) E-selectin EMPs.  rs: Spearman correlation coefficient. 

 

Supplementary Figure 4: Bland-Altman plot representation between two measurements of 

(A) VE-cadherin EMPs, (B) PECAM EMPs, (C) E-selectin EMPs and MCAM EMPs. Each 

dot stands for one subject and the dashed lines represent the mean ± 1.96 SD interval. The 

regression line showed no significant decreases or increases in all four EMP phenotypes.  
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