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Abstract

Rationale: Cross-sectional studies of T-cell responses to self-
antigens correlate with baseline emphysema severity.

Objectives: We investigated whether clinical and/or immunological
factors could predict disease progression, such as emphysema, FEV,
and 6-minute-walk distance (6MWD), in former and active smokers
in a 5-year prospective study.

Methods: We recruited 224 ever smokers over 40 years of age and
with greater than a 15 pack-year smoking history.

Measurements and Main Results: Repeated spirometry, SMWD,
and peripheral blood T-cell cytokine responses to lung elastin
fragments were measured. Baseline and repeat chest computed
tomography (CT) scans (34 to 65 mo apart) were used to quantify
emphysema progression. Of the 141 ever-smokers with baseline and
repeat CT scans, the mean (SD) annual rate of change in percent

Chronic obstructive pulmonary disease
(COPD) encompasses a spectrum of clinical
conditions characterized by reduced
maximum expiratory airflow with or

without lung parenchymal destruction, or
emphysema. The long-term adverse effects
of cigarette smoke exposure ensure that
despite a decline in the prevalence of

emphysema was +0.46 (0.92), ranging from —1.8 to +4.1. In
multivariable analyses, the rate of emphysema progression was
greater in subjects who had lower body mass index (BMI) (+0.15
per 5-unit decrease in BMI; 95% confidence interval, +0.03 to
+0.29). In active smokers, increased IFN-v and IL-6 T-cell
responses had a positive association with the annual rate of
emphysema progression. Male sex and IL-6 T-cell responses to
elastin fragments were significantly associated with annual 6MWD
decline, whereas IL-13 was associated with an increase in annual
6MWD.

Conclusions: The rate of emphysema progression quantified by CT
scans among ever-smokers was highly variable; clinical factors and
biomarkers explained only some of the variability. Aggressive clinical
care that targets active smokers with autoreactive T cells and low
BMI may temporize progression of emphysema.
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smoking, there will still be a high prevalence
of COPD, along with rising health-care
costs for active and former (ever) smokers
(1-4).
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At a Glance Commentary

Scientific Knowledge on the
Subject: Cross-sectional studies have
identified biomarkers and activated
immune cells in a subset of ever-
smokers with advanced emphysema.
Whether biological or clinical factors
could predict disease progression in
former or active smokers is unknown.

What This Study Adds to the
Field: Here we show that the rate of
emphysema progression was greater in
subjects who had lower body mass
index. Furthermore, when compared
with former smokers, active smokers
with increased cytokine responses to
self-antigens showed a higher rate of
emphysema progression. Together,
these findings indicate that prolonged
exposure to smoke could lower the
threshold for autoimmune
inflammation and provide a new tool
for identifying smokers who are
predisposed to emphysema
progression and could benefit from
early intervention.

The spectrum of COPD varies greatly
from mild to very severe disease, indicating
that detailed phenotypic classification of
COPD is critical for providing
individualized treatment (5, 6). The
“Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints”
(ECLIPSE) was among the first unbiased
observational studies of smokers that used
multiple clinical parameters, pulmonary
function tests (PFTs), serum biomarkers,
and exercise tolerance to unequivocally
document disease heterogeneity and
variability in disease progression in ever-
smokers (7, 8). This study found a poor
correlation between FEV,, biomarkers,
and functional outcomes, whereas active
smoking and emphysema were identified
as strong predictors for physiological
decline (9). Currently, there are no specific
prognostic tools to determine which
smokers will develop emphysema, a
known independent risk factor for lung
cancer in smokers (3, 10). We and others
have shown that spirometry, a well-
established screening tool to evaluate
airway obstruction, fails to identify
emphysema in more than 20% of smokers
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(11, 12). There is thus a strong need

to better understand the basic
pathophysiology of emphysema and
develop novel biomarkers that could aid in
predicting disease progression.

In a cohort of 156 former and active
smokers, we comprehensively examined
lung disease using PFTs, quantitative
chest computed tomography (CT) scans,
annual 6-minute-walk distance (6MWD)
measurements, and T-cell cytokine
responses to human lung elastin fragments
(EFs) to determine relevant factors that
correlate with the emphysema phenotype
(13). A cross-sectional analysis of this
cohort showed that EF-induced secretion of
IFN-vy and IL-6 from peripheral blood T cells
significantly correlated with emphysema,
indicating that autoreactive T cells are
present in smokers with emphysema (13). In
support of these findings, our interim
analysis showed that after adjusting for
multiple confounders, the same two
biomarkers, IFN-vy and IL-6, showed a
significant negative correlation with change
in 6MWD over a 2-year period (13).

Here we report the longitudinal follow-
up of the clinical and immunological
variables that are associated with: (1) the
annual progression of emphysema as
determined by quantitative CT imaging, (2)
the progression of obstructive lung disease
as determined by FEV, decline, (3) the
change in physiological capacity as
measured by annual 6MWD, (4) the
incidence of upper and lower respiratory
tract infections as recorded through
monthly telephone calls, and (5) the
10-year mortality data. Our findings
strongly suggest that personalized
phenotypic characterization of smokers
combined with detection of T-cell-based
autoimmune responses could aid the
identification of active smokers who are at
risk for progression of emphysema, thereby
providing a foundation for individualized
therapy in COPD. Some of the results have
been previously reported in the form of an
abstract (14).

Methods

Study Design and Population

We recruited 224 former and active smokers
as part of the Longitudinal Exacerbation
Study of Chronic Obstructive Pulmonary
Disease (LES-COPD) at Baylor College of
Medicine. The demographic, schema of

enrollment, and clinical characteristics

of the volunteers have been described
previously (11, 13) and are shown in
Figure 1A and Table 1. Briefly, enrollment
criteria included age greater than 40 years,
greater than 15 pack-year smoking history,
and no history of lung cancer, chest
surgery, or chronic lung diseases other than
COPD (e.g., sarcoidosis, fibrosis, etc.).
Participants had no history of allergies or
asthma and had not received oral or
systemic corticosteroids during the 6 weeks
before initial recruitment. Volunteers were
enrolled from three clinics within the Texas
Medical Center in Houston, Texas: the Ben
Taub General Hospital, the Baylor Clinic,
and the Michael E. DeBakey Veterans
Affairs (VA) Hospital. All studies were
approved by the Institutional Review Board
at Baylor College of Medicine, and written
informed consent was obtained from all
study participants.

Longitudinal Follow-up and
Respiratory Tract Infections

Subjects enrolled in the LES-COPD study
were closely followed over the
approximately 3- to 5-year study period
(exact range, 2.8-5.4 yr) using monthly
phone calls to record upper and lower
respiratory tract infections (URI/LRIs) and
yearly visits to conduct 6-minute walk tests
(6MWT). A URI/LRI was defined by the
presence of symptoms of rhinitis or
pharyngitis, along with increased cough,
shortness of breath, or sputum production
and/or change in sputum color in

the presence or absence of fever
(temperature > 37.7°C) (15, 16). Because
ever-smokers included those with COPD/
emphysema, documented URI/LRIs were
considered “COPD exacerbations” in the
diseased group.

6MWT

Volunteers who met the criteria for COPD
by the Global initiative for Obstructive Lung
Disease or American Thoracic Society/
European Respiratory Society guidelines,
and/or showed evidence of emphysema on
imaging underwent a baseline and yearly
standard 6MWT throughout the length

of the study (2.8-5.4 yr) (17). Briefly,
volunteers were asked to assess their
breathing status on a scale of 0 to 10 (10
being the most severe) at baseline and
immediately after completion of their walk.
Pulse oximetry readings (heart rate and O,
saturation) were recorded at the start and
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Figure 1. (A) Schematic representation of the Longitudinal Exacerbation Study of Chronic Obstructive
Pulmonary Disease (LES-COPD) study design. Participants underwent pulmonary function testing,
chest computed tomography (CT) scan, T-cell cytokine measurement, and 6-minute-walk test (BMWT)
as indicated in the boxes. The number of participants who did not complete the study is provided below:
'Six ever-smokers did not have CT scan performed (two died, three lost to follow-up, one withdrew
consent). 2Subjects (n =22) did not perform any BMWT (3 died, 4 physically unable to perform the
test, 3 withdrew consent, 12 lost to follow up). Forty-three subjects who performed 6MWT had
incomplete data (1 died, 1 exacerbation, 1 inadequate test performed, 10 new nonpulmonary medical
complaints that precluded performing the test, 18 lost to follow up). (B) Timeline of the LES-COPD data
collection. Number of subjects in each data collection is shown in parentheses. EF = elastin fragment;
LRI = lower respiratory tract infection; PFTs = pulmonary function tests; URI = upper respiratory tract
infection. *Exact time range, 34-37 months. TExact time range, 48-59 months. *Exact time range,
60-65 months.

every 10 seconds throughout the walk.
Total distance walked in 6 minutes and
time to desaturation, as defined by a drop
to less than 90% O, saturation, were
determined in each case (17). 6MWD was
recorded annually.

Society guidelines (18). If the FEV, was
reduced below 80% predicted or FEV,/FVC
was below 70% predicted, the participants
received two doses of bronchodilator
(albuterol, 180 pg), and spirometry was
repeated. Normative values for spirometry
were based on National Health and
Nutrition Examination Survey III data, and
absolute lung volumes were measured using
plethysmography (19). Lung volume
normative values were based on the
equations endorsed by the ERS (20), with
the upper limits of normal calculated based
on the 95% confidence interval (CI) as
previously described (11).

PFTs

Participants underwent baseline PFT's that
were performed in the diagnostic
laboratories of the enrollment sites (Michael
E. DeBakey VA and Baylor College of
Medicine clinics) using standardized
equipment and following the American
Thoracic Society/European Respiratory
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Primary Outcome Measure:
Quantitative Chest CT Scan
Participants underwent baseline PFT's and
quantitative chest CT scans as well as
repeat testing upon study completion
(2.8-5.4 yr from enrollment). Lung CT
scans were acquired with the subject in
supine position during end-inspiration
using a Siemens Cardiac Sensation cardiac
scanner (Siemens Medical Solutions,
Malvern, PA). The subjects were coached
to take a full breath, with imaging
parameters of 120 kVp, 100 to 130 mA - s,
and a pitch of 1.75. The images were
reconstructed at 1 and 5 mm thickness
using both an intermediate (b35f)

and a high (b65f) spatial frequency
reconstruction algorithm. The deidentified
CT images were transferred to CDs, sent
to the University of British Columbia,
and analyzed using the previously
validated Emphylx] custom software.

The percentage of lung CT voxels with
attenuation values less than —950
Hounsfield units (percentage low
attenuation area), with correction for total
lung volume, was used to quantify the
percentage of emphysema (21, 22). The
progression of emphysema was measured
as the annual change in the percentage of
emphysema from the baseline CT scan to
the scan at study completion. Eighty-three
subjects did not have a repeat CT scan at
completion of the study; therefore, annual
progression of emphysema was calculated
based from the 141 subjects with 282
available CT scans.

T Cell-based Cytokine Response
Studies

In vitro cytokine assays were performed
on study participants using peripheral
blood mononuclear cells as previously
described (23). Briefly, CD4" T cells and
CD14"/CDla™ antigen-presenting cells
(APCs) were enriched (>90% purity)
from peripheral blood mononuclear cells
with magnetic cell sorting (Miltenyi
Biotec, San Diego, CA). CD4™" T cells were
cultured in the presence of irradiated
autologous APCs using a ratio of 1:10
APCs to T cells. Duplicate wells were
stimulated with lung-derived EFs or left
untreated. After 3 to 5 days of coculture,
supernatants were assayed for the
presence of IFN-v, IL-6, IL-10, IL-13, and
IL-17 by Luminex assay (Milliplex Human
Cytokine kit; Millipore, Billerica, MA).
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Table 1. Demographic and Clinical Characteristics of Subjects in the Longitudinal
Exacerbation Study of Chronic Obstructive Pulmonary Disease Cohort

Characteristic

Age, mean * SD, yr
BMI, mean + SD, kg/m?
Sex, no. (%)

Female

Male
Smoking status, no. (%)

Former

Active
Pack-year history, mean = SD
FEV; % predicted, mean = SD
% Emphysema, mean = SD
Comorbidities, no. (%)

CAD

HTN

Emphysema CT quantification, no. (%)
Race/ethnicity, no. (%)

White

African American

Hispanic

Other

Value (N =224)

58 +10
29+6

79 (35)
145 (65)

91 (41)
133 (59)
49 + 37
74+ 25
1212

31 (14)
108 (48)
122 (54)

Definition of abbreviations: BMI = body mass index; CAD = coronary artery disease; CT = computed

tomography; HTN = hypertension.

% Emphysema by computed tomography quantification indicating greater than 7% emphysema.

These values were expressed as fold-
change in the cytokine production in
EF-treated wells over untreated wells. For
simplicity, this fold-change value will also
be referred to as cytokine production or
CD4" T cell response.

Statistical Analysis

Associations between clinical and
immunological variables and clinical
outcomes (annual change in percentage
emphysema, FEV, [L], 6MWD, and URI/
LRIs) were evaluated by multivariable
linear and negative binomial regression
modeling. Model variables were selected
a priori based on medical literature including
age, sex, smoking status (current and
former), presence of coronary artery
disease, body mass index (BMI), and
baseline FEV,. Comparisons of two sets
of unpaired data were made using
Student’s ¢ test or chi-square test to
determine clinical and immunological
differences between the deceased and
surviving subjects. All analyses were
performed using Stata v11.1 software
(StataCorp, College Station, TX) or Prism
v5.0.2 (GraphPad Software, San Diego,
CA). All P values were two-sided, with
P < 0.05 considered statistically
significant.
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Results

Lower BMI Is Associated with
Emphysema Progression

We examined the variation in annual
changes in emphysema progression using
282 chest CT images in 141 subjects who
underwent an initial scan and a repeat
scan at the end of the study (Table 1).
Percent emphysema was calculated from
the CT scans as described in the METHODS.
Annual change in percentage emphysema
was calculated as the difference between
final and baseline percentage emphysema
divided by the time between the two tests
(range, 2.8-5.4 yr). The mean annual
change in percentage emphysema

(A percentage emphysema/yr) was +0.46
(SD, 0.92%), indicating that most subjects
experienced progression of emphysema
(Figure 2). The A percentage emphysema/
yr varied considerably between subjects,
ranging from —1.8 to +4.1.

Using multivariable analysis and
controlling for model variables (age, sex,
BMI, smoking status, pack-year smoking
history, presence of coronary artery disease,
presence of hypertension, FEV; %
predicted, and percentage emphysema at
baseline), we found that only lower BMI
(+0.15% per 5-unit decrease in BMI; 95%
CIL, +0.02% to +0.29%; P =0.02) was

N
o
J

—> Progression
Mean = +0.46 (0.92)
Range = -1.8 to +4.1

Subjects (%)
n w
o o
1 1

_
o
1

i .
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20 -1.0 00 10 20 30 40
A %Emphysema / Year

Figure 2. Distribution of the rates of
emphysema progression in the cohort of 141
subjects with baseline and final computed
tomography (CT) scans. Percentage of
emphysema (%semphysema) was quantified by
the percentage of lung CT voxels with
attenuation values less than —950 Hounsfield
units (percentage low-attenuation area) in 141
subjects who completed both a baseline
quantitative computed chest CT and repeat CT
scan at 2.8 to 5.4 years after enrollment. The
rate of emphysema progression was calculated
as the change in %emphysema/yr based on the
CT scans taken at baseline and on study
completion. The mean rate of emphysema
progression was +0.46%/yr = 0.92 (SD) and a
range of —1.8 to +4.1.

significantly associated with increased A
emphysema/yr. There was also a trend for
an association with hypertension, but it did
not reach significance (+0.33%; 95% CI,
—0.002% to +0.65%; P=0.051).

T-Cell Cytokine Responses to EFs

and Annual Change in Emphysema
We have reported previously that T-cell
expression of IFN-vy and IL-6 in response to
human lung EFs has statistically significant
positive associations with emphysema
severity at baseline (13). We further
examined the association between T-cell
responses involving the same cytokines
with emphysema severity as measured by
CT scans performed at completion of the
study. As expected, we found a significant
association between T-cell expression of
IFN-vy and IL-6 in response to human lung
EFs and emphysema severity (see Figure E1
in the online supplement). Interestingly,
although these two separate cross-sectional
analyses showed significant associations
between T-cell cytokine responses and
emphysema, we did not find a significant
association between T-cell responses

to EFs and emphysema progression

(A emphysema/yr) in the same cohort.
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Figure 3. Autoreactive T-cell responses to elastin fragments (EFs) in current smokers correlates with
progression of emphysema. The annual change in percentage of emphysema was calculated using
quantitative measurement of baseline and final computed tomography scans in 122 subjects with

T-cell responses to lung EFs. (A) IFN-y and (B) IL-6 fold changes were plotted against emphysema

progression (A %emphysema/yr) in current smokers (n=57; solid circles). Multivariate analysis
(controlling for model variables: age, sex, smoking status, presence of coronary artery disease,
presence of hypertension, body mass index, pack-year history, baseline percentage emphysema, and
baseline FEV; % predicted) showed significant positive association with the yearly progression of
emphysema (IFN-y, P=0.02; IL-6, P=0.03). (C) IFN-y and (D) IL-6 were plotted against emphysema
progression in former smokers (n = 65; shaded squares) (IFN-y, P=0.008; IL-6, P=0.08).

However, subanalysis of the cohort after
controlling for all model variables showed a
significant positive correlation between
T-cell responses (IFN-vy and IL-6
responses) and A emphysema/yr in active
smokers, whereas there was a significant
negative correlation between IFN-v (but
not IL-6) and emphysema progression in
former smokers (Figures 3A-3D).
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CD4 T-Cell Responses to Lung EFs
Correlate with Annual Decline in

FEV, (L)

We next examined whether immune
responses to EFs correlate with loss of lung
function over time. Of the 224 subjects who
enrolled, 142 subjects had completed PFTs
at baseline and at the end of the study
(2.8-5.4 yr after enrollment). Of these 142
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Figure 4. Autoreactive T-cell responses to elastin fragments (EFs) correlate with decreased FEV; (L).
(A) IFN-v fold change and (B) IL-6 fold change T-cell responses to lung EF, controlled for model
variables (age, sex, smoking status, presence of coronary artery disease, presence of hypertension,
body mass index, pack-year history, baseline percentage emphysema, and baseline FEV; %
predicted), were plotted against the change in FEV; (L) in 123 subjects who had pulmonary function
tests at baseline and at final visit (2.8-5.4 yr), as well as cytokine data.
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subjects, 123 had peripheral blood drawn
for measurement of T-cell cytokine (IL-6,
IFN-v, IL-13, IL-10, and IL-17) responses
to lung EF stimulation. We have previously
reported an inverse association between
fold increase in IFN-vy, IL-17, and IL-6, and
baseline FEV; % predicted, and diffusing
capacity of the lung for carbon monoxide
(DLco) % predicted, whereas no significant
association was found for IL-13 or IL-10
(13). We found that there was also an
inverse association between IFN-y and IL-6
fold change and FEV; % predicted and
Dirco % predicted from PFTs performed at
the completion of the study (Figure E2).
Annual change in FEV, (L) (AFEV,/yr) was
calculated based on the initial and final PFT
values. On multivariable analysis, there was
a trend for association of active smoking
with a greater decline in AFEV,/yr (—34
ml/yr, P=0.053). Unexpectedly, male sex
was strongly associated with a greater
decline in AFEV/yr than female sex (—48
ml/yr, P=0.009). Furthermore, T-cell
cytokine responses to EFs were also
significantly associated with AFEV,/yr:
increased IFN-vy and IL-6 expression in

T cells in response to EFs were associated
with greater decline in AFEV,/yr (—20 ml/
yr per 1-unit fold change IFN-y, P=0.03;
and —16 ml/yr per 1-unit fold change IL-6,
P=0.046) (Figure 4).

Sex, Pack-Year Smoking History, and
Autoreactive T Cells Correlate with
Physiological Decline

Study participants received baseline and
annual measurements of walking distance
(6MWD). Baseline 6MWT was performed
in 163 subjects, of whom 140 had at least one
repeat study: 7 at 1 year, 14 at 2 years, 20 at 3
years, 14 at 4 years, and 85 subjects at 5 years
completed 6MWTs. We measured annual
change in 6MWD using the difference
between the final recorded and the baseline
6MWD divided by the exact number of
years between the two measurements
(A6MWD/yr) that allowed adjusting for the
variability in time between testing in each
subject. Using multivariable analysis, we
found that male, but not female, sex was
associated with a further decrease in annual
6MWD (—16 m, P=0.02). We found a
trend for association of pack-year smoking
history with a further decrease in annual
6MWD (—1.4 m for each 10-yr increase
in pack-year history, P =0.051).
Immunologically, IL-6 fold change was
strongly associated with a decrease in
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annual 6MWD (—7.1 m per 1-unit increase
in IL-6 fold change, P =0.008). IFN-y and
IL-17 fold change both showed a
nonsignificant trend for association with
greater decline in 6MWD. Interestingly,
IL-13 fold change was associated with a
statistically significant increase in annual
6MWD (+3.7 m per 1-unit increase in
IL-13 fold change, P=0.03) (Table 2).

Airway Obstruction and Pack-Year
Smoking History Associated with
Respiratory Tract Infections

We recorded respiratory tract infections
occurring in the 224 participants by
monthly telephone interview. URI/LRIs
were defined using validated criteria (15,
16). When controlling for model variables
(age, sex, BMI, smoking status, presence of
coronary artery disease, presence of
hypertension, percentage FEV, percentage
emphysema, and pack-year smoking
history), the only variables predictive of
respiratory tract infections (e.g., COPD
exacerbations) was FEV; % predicted

(P < 0.0001). URI/LRI severity was further
classified as those that required
hospitalization or were managed with
outpatient care; when stratifying for
severity of the illness, both FEV; %
predicted and pack-year smoking history
were significantly associated with
respiratory tract infections that required
hospitalization (P < 0.0001 and P = 0.002,
respectively). Only FEV; % predicted was
significantly associated with respiratory
tract infections managed as an outpatient
(P < 0.0001).

Autoreactive T-Cell Responses Are
Associated with Increased Mortality
Over a 10-year follow-up period, there were
48 deaths in the LES-COPD cohort of 224
ever-smokers. Major causes of death
included respiratory failure, malignancy,
and cardiac disease (Table 3). The deceased
subjects (n = 48) were predominantly men,
older, and had a greater pack-year smoking
history (Table 3). As expected, we also
found more evidence of cardiovascular
disease, severe emphysema, and obstructive
lung disease among the deceased (Table 3).
Interestingly, in a subpopulation of 39
deceased and 117 living subjects for whom
we had autoreactive T-cell data, we found
significant differences in their cytokine
signatures: IFN-v, IL-17, and IL-6 T-cell
responses to EFs were greater in the
deceased subjects than in the surviving
subjects (P=0.02, P=0.02, and P=0.04,
respectively). Consistent with a positive
association with preservation of 6MWD,
IL-13 expression in T cells was significantly
higher in the surviving subjects than in the
deceased subjects (P =0.04) (Table 4).

Discussion

In this longitudinal study of 224 active and
former smokers, we investigated multiple
clinical and immunological parameters to
determine which were predictive of
emphysema progression. Our assessment
included baseline and repeat PFTs,
quantitative lung CT scans, monthly
documentation of URI/LRIs, annual 6MWT,

Table 2. Multivariable Analysis of Clinical and Immunological Characteristics with

Annual Change in 6-Minute-Walk Distance

Age, per 1-yr increase

Male sex

Smoking status, active vs. former
Pack-year history, per 10 pack-year increase
BMI, per 1-unit increase

CAD

HTN

FEV; % predicted, per 1% increase
% Emphysema, per 1% increase
IFN-vy fold change, per 1-unit increase
IL-17 fold change, per 1-unit increase
IL-6 fold change, per 1-unit increase
IL-13 fold change, per 1-unit increase

Annual Change in

6MWD (95% CI) P Value
—-0.5m (-1.1 to +0.17) 0.15
—16 m (—29 to —2.6) 0.02
—9.5m (-22 to +2.6) 0.12
—1.4 m (-2.7 to +0.006) 0.051
+0.8 m (~0.03 to +1.7) 0.06
—10 m (—25 to +4.5) 0.17
—-6.8m (—17 to +3.7) 0.20
+0.2 m (~0.12 to +0.43) 0.26
—0.2 m (-0.73 to +0.33) 0.46
3.7 m (-9.5 to +2.0) 0.20
—3.9m (—8.6 to +0.84) 0.11
~71m(-12to —1.9) 0.008
+3.7 m (+0.32 to +7.0) 0.03

Definition of abbreviations: BMWD = 6-minute-walk distance; BMI =

body mass index;

CAD = coronary artery disease; Cl = confidence interval; HTN = hypertension.

1176

and an assessment of mortality over 10 years
of follow-up. Comparing two chest CT scans
and PFTs performed approximately 3 to 5
years apart and combined with annual
6MWTs, we calculated the annual rate of
change of emphysema, FEV;, and 6MWD.
We found significant variability in the annual
rate of emphysema progression over the
study period as expected given the highly
heterogeneous nature of our study
population. Specific associations with
emphysema progression included decreased
BMI and active smoking. Despite the fact
that our study was much smaller and used
different methods for quantifying
emphysema, these findings are entirely
consistent with those reported in other
studies (e.g, ECLIPSE) (9, 21, 24).
However, our study extends well
beyond prior reports by adding insight into
the biological and clinical parameters that
are associated with emphysema progression.
Specifically, our findings suggest that
distinct emphysema endotypes may exist
that could be distinguished by unique
comorbidities. We found no correlation
between emphysema progression and URI/
LRI (COPD exacerbations) as seen in the
entire cohort or within the active and former
smoker subgroups. In addition to examining
whether clinical factors could predict
emphysema progression, we also examined
whether immune responses to autoantigens
(e.g., lung EFs) could predict disease
progression. We have previously shown that
the mean fold change in T-cell cytokine
responses to EFs in active and former
smokers are not significantly different, but
those with emphysema have nearly double
the response when compared with the
nonemphysema group, a highly significant
difference (13). In this study, we validated
our prior findings and show further that
emphysema correlates significantly with
autoreactive T-cell responses (e.g., [FN-y
and IL-6 secretion). These cytokine
responses were associated with emphysema
severity based on cross-sectional analysis of
baseline and repeat CT scans but were not
significantly associated with longitudinal
emphysema progression (the annual
change in percent emphysema). Subgroup
analysis of active smokers, however,
revealed a significant positive association
between immune responses—specifically,
increased T-cell production of IFN-y and
IL-6 in response to EFs—and longitudinal
emphysema progression. These findings are
consistent with the pathological role played
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Table 3. Univariate Analysis of Factors Associated with Mortality at 10 Years

Deceased (n =48) Alive (n=176) P Value

Age, mean * SD, yr 66 =8 56 =9 <0.001
Male, no. (%) 47 (98) 98 (56) <0.001
Current smokers, no. (%) 22 (46) 111 (63) 0.047
Pack-years, mean = SD 79 + 42 41 + 31 <0.0001
BMI, mean * SD, kg/m? 27 +6 30+7 0.01
CAD, no. (%) 16 (33) 15 (8.5) <0.0001
HTN, no. (%) 27 (56) 81 (46) 0.3
FEV; % predicted, mean = SD 55+ 21 79 =24 <0.0001
DiLco % predicted, mean = SD 48 +17 69 =19 <0.0001
% Emphysema, mean = SD 20+13 9.9+10 <0.0001
Cause of death*

Malignancy 9 — —

Natural causes 6 — —

Respiratory failure 6 — —

Cardiac 9 — —

Unknown 8 — —

Definition of abbreviations: BMI = body mass index; CAD = coronary artery disease; DLco = diffusing
capacity of the lung for carbon monoxide; HTN = hypertension.
% Emphysema by computed tomography scan quantification. P value was determined by Student’s

t test or chi-square test.

*Respiratory failure: pneumonia, failure to wean; malignancy: lung, head and neck, prostate,
leukemia; cardiac: myocardial infarction, congestive heart failure; natural causes: age associated;

unknown: no definitive cause identified.

by type 1 and 17 cytokines in emphysema
as we previously demonstrated, specifically,
their role in up-regulating elastolytic matrix
metalloproteinase activity (23, 25)

Conversely, in former smokers, we
found a negative association between IFN-y
production and emphysema progression,
whereas IL-6 did not reach statistical
significance. Because these subgroups had
divergent associations, when combined
there was no observable association
between cytokine production and
emphysema progression. These results suggest
that active exposure to cigarette smoke

Table 4. Univariate Analysis of Cytokine
Production Patterns and Mortality at
10 Years

Deceased Alive P Value
Number 39 117 —
IFN-y 2512 19+1.0 0.02
IL-17 2314 18=+1.0 0.02
IL-6 25+x1.0 21+11 0.04
IL-13 19+10 23=*17 0.04

Data presented as mean = SD unless otherwise
noted. P value was determined by comparisons
of two sets of unpaired data using Student’s

t test to determine clinical and immunological
differences between the deceased and surviving
subjects.

may mediate the extent to which immune
responses are associated with lung destruction,
highlighting the role of as yet poorly explored
epigenetic factors in lung inflammation and
emphysema progression (26).

Immune responses to lung EFs also
predicted disease progression as measured by
FEV;. We show that annual changes in
FEV, (AFEV,/yr) significantly correlated
with IFN-y and IL-6 T-cell responses. Using
multivariable analysis and controlling for
model variables, increasing elastin-specific
T-cell secretion of IFN-y and IL-6 were
associated with greater decline in AFEV,/yr.
In addition to these immunological
parameters, active smoking status showed a
trend, but only male sex was significantly
associated with greater decline in AFEV,/yr.
The former finding, although it did not
reach significance in this cohort, has been
validated in the Lung Health Study, where
an aggressive smoking intervention program
significantly reduced the decline in FEV] in
some smokers (27), and in the ECLIPSE,
where increased rate of FEV, decline was
observed among current smokers (28).
Furthermore, in support of a genetic risk
linking IL-6 to disease progression, the IL6-
174G/C single nucleotide polymorphism has
been found to be associated with a more
rapid decline in FEV; and susceptibility to
COPD in smokers (29).

Bhavani, Tsai, Perusich, et al.: Biomarkers of Emphysema Progression

The association of autoimmune
responses with emphysema severity and
progression is also supported by recent
studies in mice showing that prolonged
exposure to smoke could lower the threshold
for autoimmune inflammation and lung
destruction (30, 31). Our findings of the
potential association of elastin-specific
immune responses with emphysema
progression are of particular interest.
Specifically, this finding suggests that
autoreactivity to elastin in susceptible
smokers may be due to decreased antigen-
specific immune tolerance that in turn leads
to the induction of elastin-specific T cells
that could produce disease in many elastin-
rich organs beyond the lungs, especially
including the skin and blood vessels (32-34).

Some of the limitations of this
study include potential error from
quantification of emphysema using CT
scans that is related to the increased
inflammation as seen in patients with
severe COPD. Such inflammation could
spuriously enhance lung tissue density and
thus reduce CT-based detection of true
emphysema, and this could have biased
the results toward the null. Also, patient
drop-out related to emphysema-
dependent mortality may have influenced
the results. Finally, in this single-center
study, a relatively small cohort provided a
limited power to detect statistically
significant differences with multiple
biomarkers. Our findings therefore call for
larger cohort studies that could potentially
reveal the importance of additional
comorbidities and endotypes on long-
term survival in emphysema.

In summary, our findings further
provide strong evidence that immunological
and clinical factors can predict disease
progression in ever-smokers. Specifically,
active smokers who display autoreactive
T cells with increased IFN-y and IL-6
responses to EFs show a higher rate of
emphysema progression. These support
recent studies in mice showing that
prolonged exposure to smoke could
lower the threshold for autoimmune
inflammation and lung destruction (30, 31).
Importantly, our findings suggest novel
means for detecting smokers who are at
high risk for development and progression
of emphysema and who might be suitable for
early targeted therapeutic intervention.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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