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Background: Tobacco smoking is a principal cause of COPD-emphysema (COPD-E). Whether
discontinuing smoking for at least 4 years halts airway inflammation and progression of COPD-E
in prior smokers is unknown. In this study we investigated whether discontinuing smoking for
approximately 4 years in ex-smokers with GOLD (Global Initiative for Chronic Lung Disease)
stage ITb (moderately severe) COPD-E stopped airway inflammation (ie, sputum biomarkers) and
halted the progression of COPD-E on chest CT scan.

Methods: Ten ex-smokers with COPD-E who had quit smoking underwent chest CT scans to docu-
ment the extent of COPD-E, assessment of lung function (FEV, and diffusing capacity of lung for
carbon monoxide), sputum induction for biomarkers of inflammation (measured by enzyme-
linked immunosorbent assay), and blood cotinine levels at baseline and approximately 4 years
later. Normal healthy subjects (n=7) and normal current smokers with no CT scan evidence of
COPD-E (n = 8) served as sputum biomarker comparison groups.

Results: After approximately 4 years of not smoking (documented by cotinine levels), ex-smokers
with COPD-E had persistent increased levels of mediators of inflammation in sputum (myeloper-
oxidase, leukotriene B4, IL-8, monocyte chemoattractant protein-1, matrix metalloprotease-9),
which was associated with significant progression of COPD-E on chest CT scan.

Conclusions: Cessation of tobacco smoking in heavy smokers with moderately severe COPD-E is
associated with evidence of persistent airway inflammation and progression of COPD-E on
CT scan 4 years later. Discontinuing smoking may slow the rate of progression of moderate sever-
ity COPD-E, but it does not prevent persistent airway inflammation and significant progression
of COPD-E on CT scan. CHEST 2011; 139(6):1380-1387

Abbreviations: COPD-E = COPD-emphysema; Drco = diffusing capacity of lung for carbon monoxide;
ELISA = enzyme-linked immunosorbent assay; GOLD = Global Initiative for Chronic Lung Disease; HU = Hounsfield
unit; LTB4 = leukotriene B4; MCP-1 = monocyte chemoattractant protein-1; MMP-9 = matrix metalloprotease-9;
MPO = myeloperoxidase

COPD is characterized by increased numbers of
inflammatory cells (eg, neutrophils, macrophages,
CDS8* T lymphocytes) in the airway and parenchyma,
increased expression of lung cytokines and chemo-
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kines, and increased extracellular matrix components.'?
Tobacco smoking is the most important risk factor for
developing COPD.? Cessation of tobacco smoking is
the only intervention in COPD that slows the acceler-
ated decline in FEV,.+7 Although tobacco smoke is a
very important precipitant of COPD, there is evidence
that the inflammation in COPD persists even after
smoking cessation in cross-sectional studies using either
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resected lungs,*? bronchial biopsies,'*'? or induced
sputum.’>15 For example, there was no difference in
the intensity of inflammation in central and peripheral
airways in studies of the resected lungs of smokers and
ex-smokers undergoing surgery for a lung tumor5?
Studies of bronchial biopsy specimens of smokers and
ex-smokers with moderate to severe COPD have
also demonstrated no difference in mediators of
inflammation associated with neutrophil and mono-
nuclear cell recruitment, such as IL-8 and monocyte
chemoattractant protein (MCP)-1, as well as the
MCP-1 chemokine receptor 2, in the lung tissue.!
Although cross-sectional studies of lung tissue in
COPD demonstrate more consistent findings of per-
sistent inflammation in ex-smokers,35!! cross-sectional
studies of sputum, blood, or BAL generally demon-
strate reductions in biomarkers of inflammation? or
no difference in ex-smokers vs smokers.3!315 In the
only longitudinal study of the effect of smoking cessa-
tion on airway inflammation in COPD, 12 subjects
with COPD (defined by pulmonary function and not
by CT scan) were found to have persistent airway
inflammation in bronchial biopsy specimens and a
significant increase in the number of sputum neu-
trophils and IL-8 levels at 1 year.5

Although these studies®®!5 have provided impor-
tant information regarding the potential for continued
airway inflammation following smoking cessation in
COPD, the studies have mainly been cross-sectional
and have focused on subjects with chronic bronchitis
rather than subjects with chest CT scan-diagnosed
COPD-emphysema (COPD-E). In addition, most stud-
ies have not used CT scan to define subjects as hav-
ing emphysema as an entry criterion and have not
used blood cotinine levels to verify smoking status.
In this study we have performed a longitudinal assess-
ment (at baseline and after 4 years of observation)
of continued airway inflammation in a cohort of
ex-smokers who had the diagnosis of COPD-E estab-
lished based on the presence of significant emphy-
sema on chest CT scan at the baseline visit. Our study
demonstrates persistent increased levels of media-
tors of inflammation in sputum (myeloperoxidase
[MPO], leukotriene B4 [LTB4], IL-8, MCP-1, matrix
metalloprotease-9 [MMP-9]), which was associated
with significant progression of COPD-E on chest
CT scan in subjects with COPD-E who discontin-
ued tobacco smoking for at least 4 years, as verified by
blood cotinine levels.

MATERIALS AND METHODS

COPD and Control Subjects

Baseline Visits: Study and control subjects were recruited as
part of a National Institutes of Health Biomarker study, and their

www.chestpubs.org

clinical characteristics, pulmonary function, and selected bio-
markers have previously been described in detail.!617 In brief,
subjects with COPD-E were recruited based on clinical evalua-
tion and chest CT scan evidence of emphysema, which had to
be present to be included in the study, whereas control subjects
were required to have no clinical evidence of COPD and a normal
chest CT scan.!' Subjects also completed pulmonary function
studies, clinical evaluation (history of chronic cough, sputum pro-
duction, dyspnea), and a standardized COPD questionnaire (ie,
St. George Questionnaire).’d The COPD-E cohort (n=10) we
enrolled was composed of subjects with GOLD (Global Initiative
for Chronic Lung Disease) stage 1Ib moderately severe COPD
(FEV, 30%-50%), with chest CT scan evidence of significant emphy-
sema.'s At a later date we enrolled normal individuals who were
nonsmokers (n=7) and normal current smokers (> 20 pack-years)
(n=28). The normal nonsmokers and the normal current smokers
had no evidence of disease on history and physical examination, a
normal chest CT scan, and normal pulmonary function.'6 All the
study subjects had blood cotinine levels to verify their smoking
status. Additional details are provided in e-Appendix 1.

Repeat Visit 4 Years Later: The 10 subjects with COPD-E
underwent sputum induction, blood cotinine level measurement,
pulmonary function, and chest CT scan approximately 4 years
after their initial baseline assessments. The normal individ-
uals and current normal smokers were not followed for 4 years.
A select number of current normal smokers (n = 6/8 consented
to return for repeat CT scan) had a repeat chest CT scan
approximately 2 years later. This protocol was approved by the
University of California San Diego Human Subjects Protec-
tion Committee (# 040962). Additional details are provided in
e-Appendix 1.

Chest CT Scan

Subjects had a full-chest noncontrast helical CT scan during a
single held maximal inspiration, with 10 mm collimation (baseline
visit) and 2.5 mm collimation (follow-up visit), using the General
Electric standard algorithm for reconstruction as previously
described.''5 Equivalent measurements were created by recon-
structing the follow-up 2.5-mm scan to 10 mm. The percent of
voxels with density < —910 Hounsfield units (HU) was termed
the CT scan score. Additional details are provided in e-Appendix 1.

Pulmonary Function Studies

All the study subjects had pulmonary function studies including
FEV, diffusing capacity of the lung for carbon monoxide (DLcoO),
and volume-adjusted DLCO according to American Thoracic Society

guidelines.” Additional details are provided in e-Appendix 1.
Cotinine Levels

Serum cotinine levels were assayed by gas chromatography as
described.'#2 Additional details are provided in e-Appendix 1.

Sputum Biomarkers

Selected sputum biomarkers (MPO, IL-8, LTB4, MCP-1,
MMP-9) were quantitated by enzyme-linked immunosorbent
assay (ELISA). Additional details are provided in e-Table 1.

Statistical Analysis

Results in the different groups were compared by analysis
of variance using the nonparametric Kruskal-Wallis test fol-
lowed by post testing using Dunn multiple comparison of means.
A P value < .05 was considered statistically significant.
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RESULTS

Baseline COPD-E Study Subject CT Scan,
Pulmonary Function

At the baseline visit, the subjects with COPD-E
(n=10) had a mean age of 69 = 2 years, were clinically
stable, and had a St. George Questionnaire mean
score of 37+ 10. Based on the GOLD criteria, the
subjects with COPD-E had GOLD stage IIb mod-
erate severity COPD (GOLD stage 11b; FEV /FVC
ratio <0.70, and FEV, =50% and =30% predicted).”

The subjects with COPD-E at the baseline visit all
had evidence of significant emphysema based on their
chest CT scan (Table 1). Subjects with COPD-E had
significantly higher chest CT scan scores (34.2% =+
4.5% voxels <—910 HU) compared with either the
normal nonsmoking group (5.6% *1.7%) (P =.001)
or the normal current smoker group (2.3% = 0.4%)
(P=.0001) (Table 1).

Four-Year Follow-up: COPD-E Study
Subject Chest CT Scan

Subjects with COPD-E had significantly higher
chest CT scan scores at their 4-year visit (51.0 =
1.0% voxels <—=910 HU) compared with the base-
line visit (P =.008) (Fig 1). Nine of the 10 subjects
with COPD-E demonstrated progression of their
emphysema on chest CT scan, and one subject did
not (Fig 1).

We also compared baseline and repeat chest CT scans
obtained approximately 2 years later in several nor-
mal current smokers (n = 6/8 subjects enrolled). There
was no significant change in CT scan scores at their
2-year visit (2.3% = 0.4% voxels < =910 HU) com-
pared with the baseline visit (3.7% % 1.2%) (P =not
significant).

Four-Year Follow-up: COPD-E Study Subject,
Pulmonary Function

Repeat pulmonary function performed 4 years after
the initial visit demonstrated that there was a statisti-
cally significant reduction in FEV, (P =.04) (Fig 2),
but no significant change in DLco (Table 1) or volume-
adjusted DLco (Fig 3). Eight of the 10 subjects with
COPD-E demonstrated reductions in FEV, over the
4-year study, and two subjects did not (Fig 2).

Persistent Sputum Neutrophil Inflammation (MPO),
and Neutrophil Chemoattractants (LTB4, IL-8)

in Subjects with COPD-E Who Quit Smoking

for 4 Years: Comparison of COPD-E

and Normal Control Subjects

Subjects with COPD-E had statistically signifi-
cantly higher levels of sputum MPO (Fig 4A), LTB4
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Table 1—Subject Demographics

COPD-E/Ex-Smoker

Nonsmokers ~ Smokers 1 |
Demographic  at Year 0 at Year 0 at Year 0 at Year 4
Subjects, No. 7 8 10 10
Sex, male 1(6) 4(4) 9(1) 9(1)
(female)
Age.y 50+4 52+3 69+2 T4+1
Smoking, 0 41 (25-264) 61 (34-112) 61 (34-112)
median
(range),
pack-years
Years of not NA NA 151+76 203*21
smoking
Cotinine, <10 224 +51 <10 <10
ng/mL
Chest CT 56*+1.7 23+04 342*+45 51.0=x1.0
scan, %*
FEV,, % 98+5 97+5 44+4 38+3
predicted
DLco, % 76.7+3.8 82.1+x54 427*29 36.5*2.6

Data are presented as mean * SD unless otherwise noted. Subjects
with COPD-E returned approximately 4 y after year 0 for follow-up.
The mean duration between visits year 0 and year 4 was 4 y and 5 mo.
Nine out of 10 subjects had their follow-up visits 4 to 5 y after their
year 0 visit. One out 10 subjects had their return visit 3 y and 11 mo
after the baseline year 0 visit. COPD-E = COPD-emphysema; DLCO =
diffusing capacity of the lung for carbon monoxide; HU = Hounsfield
unit; NA = not applicable.

sChest CT score: The % of voxels with density < —910 HU was termed
the chest CT scan %. Nine out of 10 subjects with COPD-E had a
year 0 chest CT scan >10%. One out of 10 subjects had a year 0 chest
CT scan of 7.1%.

(Fig 4B), and IL-8 (Fig 4C) at baseline and at year 4
compared with either the normal nonsmoking group
or the normal current smoker group. There was no
significant difference in levels of sputum MPO in
comparing baseline sputum MPO and sputum MPO
levels at year 4 (P = .90) (Fig 4A), but, interestingly,
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FIGURE 1. Subjects with COPD-E (n = 10) had baseline (year 0)
and repeat chest CT scans (year 4). Normal current smokers
without COPD-E (n = 8), and healthy nonsmokers (n =7) had
baseline chest CT scans. The percent of voxels with density
< —910 Hounsfield unit (HU) was recorded in each subject and
reported as the chest CT scan %. COPD-E = COPD-emphysema.

Original Research



P=0.04
P=0.0001
150+ P=0.0001
. P=0.0001
-
w .
et ]
2 . s
100 : H
& : H
xX
T 501 %
i =3
[V
0 1
Year0 Year4
Non-smokers Smokers COPD-E

FIGURE 2. Subjects with COPD-E (n = 10) had baseline (year 0)
and repeat FEV| (year 4) measurements. Normal current smokers
without COPD-E (n = 8) and healthy nonsmokers (n =7) had
baseline FEV, measurements. See Figure 1 legend for expansion of
abbreviation.

there was an increase in levels of sputum LTB4 (P=.04)
(Fig 4B) and IL-8 (P = .05) (Fig 4C) in comparing base-
line and year 4 sputum levels.

Persistent Sputum Mononuclear Cell Chemoattractants
(MCP-1) and Metalloproteases (MMP-9) in Subjects
With COPD-E Who Quit Smoking for 4 Years

Subjects with COPD-E had statistically significantly
higher levels of the mononuclear cell chemoattractant
MCP-1 (Fig 5A) and the metalloprotease MMP-9
(Fig 5B) in sputum at baseline and at year 4 compared
with either the normal nonsmoking group or the nor-
mal current smoker group. There was no significant
difference in levels of sputum MCP-1 in comparing
baseline sputum MCP-1 and year 4 sputum MCP-1
levels (P =.80) (Fig 5A), but there was a significant
increase in levels of sputum MMP-9 in comparing
baseline sputum MMP-9 and year 4 sputum MMP-9
levels (P =.008) (Fig 5B).

Cotinine Assay and History of Quitting
Cigarette Smoking

Each of the subjects in the normal current smoking
group (median 41 pack-years; range 25-264 pack-years)
and in the COPD-E group (median 61 pack-years;
range 34-112 pack-years) had =20 pack-year history
of smoking at entry into the study. At the baseline visit
the cotinine assay confirmed that the normal current
smoking group had high levels of serum cotinine
(224 + 51 ng/mL), whereas this was not the case in
either the normal nonsmoking group (<10 ng/mL) or
the subjects with COPD-E (<10 ng/mL) who were all
former smokers who had quit >2 years ago (Table 1).
The subjects with COPD-E had a mean duration
of having quit smoking at entry into the study of
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FIGURE 3. Subjects with COPD-E (n = 10) had baseline (year 0)
and repeat DLCO/VA measurements (year 4). Normal current
smokers without COPD-E (n=8) and healthy nonsmokers (n="7)
had baseline DLCO/VA measurements. DLCO/VA = volume-
adjusted diffusing capacity of the lung for carbon monoxide. See
Figure 1 legend for expansion of other abbreviation.

15.1 = 7.7 years (by history at entry into study not
verified by cotinine assay). Repeat visit cotinine
assays confirmed that all the subjects with COPD-E
were not smoking (cotinine levels at year 4 visit
<10 ng/mL), and that the current smokers without
COPD-E continued to be smokers (cotinine level at
2 years, 315 * 84 ng/mL vs cotinine level at baseline,
224 = 51 ng/mL).

Di1scUsSsION

This study demonstrated that ex-smokers with
GOLD Stage IIb COPD-E who were followed for
4 years while not smoking have persistent airway
inflammation detectable in sputum and progression
of emphysema on chest CT scan. The mediators of
inflammation that persisted at elevated levels in spu-
tum included mediators associated with neutrophil-
mediated inflammation (MPO, LTB4, IL.-8), mediators
associated with recruitment of mononuclear cells
(MCP-1), and mediators associated with extracellular
matrix remodeling (MMP-9), all of which have been
implicated in the pathogenesis of COPD.'? Interest-
ingly, the subjects with COPD-E entered into this
study were all ex-smokers who by history had not
smoked for at least 2 years and had a history of not
smoking for 15 = 7 years. Although their past history
of quitting smoking prior to entering the study was
not verified by cotinine levels, we were able to verify
by cotinine levels that they were not smoking at the
baseline and 4-year follow-up visit. Thus, the persis-
tent inflammation in sputum of subjects with moder-
ate to severe COPD-E who have quit smoking is likely
to be of even longer duration than the 4 years we have
followed these subjects.
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FIGURE 4. A, Subjects with COPD-E (n = 10) had baseline (year 0)
and repeat (year 4) MPO assessed by ELISA. B, Subjects with
COPD-E (n=10) had baseline (year 0) and repeat (year 4) LTB4
levels assessed by ELISA. C, Subjects with COPD-E (n = 10) had
baseline (year 0) and repeat (year 4) sputum IL-8 levels assessed
by ELISA. Normal current smokers without COPD-E (n=S§) and
healthy nonsmokers (n=7) had baseline sputum MPO, LTB4,
and IL-8 measurements. ELISA = enzyme-linked immunosor-
bent assay; LTB4 = leukotriene B4; MPO = myeloperoxidase.
See Figure 1 legend for expansion of other abbreviation.
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FIGURE 5. A, Subjects with COPD-E (n = 10) had baseline (year 0)
and repeat (year 4) sputum MCP-1 levels assessed by ELISA.
B, Subjects with COPD-E (n =10) had baseline (year 0) and
repeat (year 4) sputum MMP-9 levels assessed by ELISA. Normal
current smokers without COPD-E (n=38) and healthy nonsmokers
(n="7) had baseline sputum MCP-1 and MMP-9 measurements.
MCP-1 = monocyte chemoattractant protein-1; MMP-9 = matrix
metalloprotease-9. See Figure 1 and 4 legends for expansion of
other abbreviations.

Although these mediators of inflammation have
been detected at increased levels in sputum in several
past cross-sectional studies of COPD,??22 the majority
of cross-sectional studies have not examined levels of
these mediators in subjects phenotyped as having
emphysema based on chest CT scan as was done in
this study. In addition, previous studies have not
examined whether levels of mediators of inflamma-
tion persist in subjects with COPD-E phenotyped by
repeat CT scans over a 4-year period. We are aware
of a limited number of cross-sectional studies of bio-
markers in BAL or sputum in subjects with COPD-E
phenotyped by CT scan, including studies from our
group'®!” and others, 226 but none of these studies has
evaluated changes in biomarkers of inflammation over
time in relation to changes in the extent of COPD-E
on chest CT scan in subjects with COPD-E who have
quit smoking. A longitudinal study by Parr et al>” of
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subjects with chronic bronchitis has demonstrated
in a subgroup analysis that sputum MPO correlated
with decline in FEV,, sputum LTB4 with DLco
decline, and IL-8 with progression of lung densito-
metric changes. In our study, no correlation of base-
line inflammatory markers with progression of CT scan
densitometry was observed. This difference from the
study reported by Parr et al” may reflect differences
in patient phenotype or the number of subjects stud-
ied. However, in the current study there was a sig-
nificant correlation between the change of sputum
biomarker level and change in CT scan score for
MPO and MCP-1 (e-Appendix 1, Figure 6). There
was also a significant correlation between the baseline
sputum mediator levels of either MPO or MCP-1 and
change in volume-adjusted DLcoO from baseline to
year 4, as well as a correlation between the baseline
sputum mediator level of MMP-9 and change in FEV,
from baseline to year 4 (e-Appendix 1, Fig 6). The
volume-adjusted DLCO correlated better than the
non-volume-adjusted DrLco with the biomarkers
measured (e-Appendix 1). The importance of using
CT scans to phenotype subjects in studies of
COPD-E and control subjects (such as current smok-
ers without COPD-E) is the demonstration that, unlike
the normal current smokers in this study, control
“healthy” smoking subjects with near-normal FEV,
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may have emphysematous lesions on CT scan® and,
thus, be misclassified if only pulmonary function stud-
ies and not CT scans are performed. Chest CT scans
are providing an important method of documenting
the extent of emphysema and have demonstrated that
the area of the lung with chest CT scan attenuation
values below —910 HU and —950 HU correlates sig-
nificantly with macroscopic® and microscopic® patho-
logic features of emphysema. Although there are many
cross-sectional studies demonstrating the association
of low attenuation on chest CT scan and emphysema,?
more recent longitudinal studies have investigated
the progression of emphysema on chest CT scan over
time periods ranging from 6 months to 5 years®>3* but
have not examined longitudinal changes in levels of
biomarkers of inflammation in relation to longitudi-
nal changes in CT scans in ex-smokers.

Although our study demonstrates that airway
inflammation persists in ex-smokers and is associated
with increased extent of COPD-E 4 years later, there
are several limitations in the study design, including
the small number of subjects studied, the duration
of having quit smoking before entering the study,
the limited number of time-points studied, and the
absence of a control group of study subjects with
COPD-E who continued to smoke to compare the
extent of airway inflammation and rate of decline
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FIGURE 6. A, The annual change in CT scan in COPD-E (n = 10) correlated with the annual change in
sputum MPO level. B, The annual change in CT scan in COPD-E (n = 10) correlated with the annual
change in sputum MCP-1 level. C, The annual change in volume-adjusted DLcCO correlated with the
baseline sputum MPO level. D, The annual change in volume-adjusted DLCO correlated with the base-
line sputum MCP-1 level. See Figures 1, 3, 4, and 5 legends for expansion of abbreviations.
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in COPD-E in persistent vs ex-smokers. Although no
sputum bacterial counts were assessed, subjects had
no history of recent infection. Levels of mediators of
inflammation may also be influenced by whether the
sputum was spontaneous in subjects with chronic spu-
tum production or induced as in this study, as well as
by day to day variability in sputum mediator levels and
the stability of mediators stored in a —80°C freezer.
Because some mediator levels were lower at the first
visit compared with the second visit, it is possible that
either the stability of mediators in the freezer or
bacterial colonization of sputum were the cause of
changes in sputum mediator levels with time. An
alternative explanation is that the day-to-day variability
of sputum mediator levels in an individual subject con-
tributed to the change in levels of sputum mediators
noted. However, despite these limitations, in contrast
to previous studies a significant strength of this study
is the phenotyping of all subjects as having COPD-E
based on chest CT scan at entry into the study and
documenting changes in extent of COPD-E follow-
ing 4 years of tobacco smoke cessation (documented
by cotinine levels). This longitudinal biomarker study
design differs from previous biomarker studies in
COPD-E in which serial CT scans, biomarkers, and
cotinine levels to verify smoking status were not
obtained. In addition, prior studies have predomi-
nantly examined the effect of discontinuing smoking
on end points other than emphysema (such as symp-
toms associated with chronic bronchitis, lung func-
tion, and airway hyperresponsiveness).

In summary, in this study we have demonstrated
that in subjects with GOLD stage IIb COPD-E, even
after at least 4 years of not smoking, airway inflamma-
tion persists and that this is associated with continued
airspace destruction as revealed by increased emphy-
sema on CT scan. This continued inflammation and air-
space destruction in ex-smokers with GOLD stage IIb
COPD-E could likely be more extensive if these sub-
jects continued to smoke, and thus it remains impor-
tant that smokers with COPD should quit smoking.
However, this study provides further evidence that
once tobacco smoke initiates and causes progression
as far as GOLD stage IIb COPD-E, discontinuing
smoking may slow but not necessarily halt the persis-
tent inflammation and progression of this severity
of COPD-E. These studies underscore the need to
identify novel therapies to prevent the progression
of moderate to severe COPD-E even in ex-smokers.
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