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Chronic obstructive pulmonary disease (COPD) is characterized by
an abnormal persistent inflammatory response to cigarette smoke.
This noxious insult leads to emphysema and airway remodeling,
manifested by squamous and mucous metaplasia of the epithelium,
smooth muscle hypertrophy, and airway wall fibrosis. These patho-
logic abnormalities interact synergistically to cause progressive
airflow obstruction. Although it has been accepted that the spec-
trum of COPD is vast, the reasons for the development of different
phenotypes from the same exposure to cigarette smoke have not
been determined. Furthermore, it is becoming increasingly clear
that airways disease and emphysema often coexist in many patients,
even with a clear clinical phenotype of either emphysema or chronic
bronchitis. Recent studies have focused on the nature of the in-
flammatory response to cigarette smoke, the inflammatory cell lines
responsible for COPD pathogenesis, and new biomarkers for disease
activity and progression. New cytokines are being discovered, and
the complex interactions among them are being unraveled. The
inflammatory biomarker that has received the most attention is C-
reactive protein, but new ones that have caught our attention are
interleukin (IL)-6, tumor necrosis factor-a, IL-8, and IL-10. Further
research should focus on how these new concepts in lung inflam-
mation interact to cause the various aspects of COPD pathology.
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Chronic obstructive pulmonary disease (COPD) is a progressive
and debilitating disease that affects between 10 and 24 million
adults in the United States (1), and is the fourth leading cause of
death worldwide (2). Cigarette smoking has been firmly estab-
lished as the most important risk factor for the development of
COPD. Studies have found that smokers have a two- to three-
fold increase in the rate of decline in forced expiratory volume
in one second (FEV;) compared with nonsmokers (3, 4). Inter-
estingly, however, only about 15 to 20% of smokers develop
clinically significant COPD (5), suggesting that genetic predis-
position and environmental factors play a role in the pathogen-
esis of the disease. Cigarette smoking elicits airway inflamma-
tion in all of those who smoke, but in those that develop airflow
obstruction there is persistent inflammation, even after smoking
cessation. This has led to the concept that an abnormal inflam-
matory response to cigarette smoke leads to the development of
COPD in the susceptible individual.
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The spectrum of COPD is vast, with chronic bronchitis at
one end and emphysema on the other, with the majority of
patients existing somewhere in the middle. The reasons for the
development of different phenotypes with the same exposure to
cigarette smoke left us shrugging our shoulders for many years,
and they continue to occupy COPD investigators. But in the last
decade great strides have been made in our understanding of
airway inflammation and pathology, the immune response to
cigarette smoke, and inflammatory biomarkers. This review will
discuss the most recent progress on selected topics in COPD
pathobiology and inflammation.

PATHOLOGY OF COPD AND PATHOPHYSIOLOGIC
CONSEQUENCES

Emphysema

Emphysema is a pathologic term defined as the abnormal per-
manent enlargement of airspaces distal to the terminal bron-
chioles, accompanied by destruction of their walls and without
obvious fibrosis (6). Two main subtypes exist: centrilobular em-
physema (CLE) and panlobular emphysema (PLE). CLE affects
the lobules around the central respiratory bronchioles (7, 8),
and is the primary pathologic subtype associated with cigarette
smoke-induced COPD. This pattern of emphysema is typically
more prominent in the upper lung zones (9, 10). PLE uniformly
affects the entire secondary lobule (11). This subtype differs
from CLE, as it is associated with «;-antitrypsin deficiency and
is more prominent in the lower lung zones (10).

The clinical consequences of emphysema have long been
established. Airways are normally tethered open by the elastic
recoil of lung parenchyma. Emphysema, however, reduces the
amount of interstitial and alveolar attachments (12-14), which
predisposes to collapse during exhalation (15). Supporting evi-
dence is provided by the observation that lung volume reduction
surgery (LVRS) improves elastic lung recoil and also lung func-
tion (16). In addition, hyperinflation and air trapping in emphy-
sematous lung causes external airway compression and obstruc-
tion.

Airways Disease

A crucial pathologic feature of COPD is airway inflammation
and remodeling. This process primarily occurs at the level of the
small airways, defined as bronchioles that are less than 2 mm in
diameter. Niewoehner and colleagues first demonstrated that
inflammatory changes were present in the peripheral airways of
young smokers who died suddenly outside of the hospital, indi-
cating that early structural changes in the small airways de-
veloped before the diagnosis of COPD was established (17).
Subsequently COPD investigators turned their attention to the
inflammatory infiltrate and pathology of the small airways and
verified that small airway remodeling was critical to COPD
pathogenesis (18-20).

Epithelial Abnormalities

Typical airway pathologic changes are shown in Figure 1. Chronic
exposure to cigarette smoke damages the airway epithelium,
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leading to squamous metaplasia. This abnormality is also seen in
smokers without COPD, and likely does not contribute signifi-
cantly to airflow obstruction. On a macroscopic level, epithelial
layer thickness increases incrementally as disease severity wor-
sens (20). This assessment does not clarify whether this is sec-
ondary to epithelial cell hyperplasia, hypertrophy, or mucous
metaplasia, but it is likely that all three factors contribute. The
degree of epithelial remodeling, however, is not uniform in all
patients with COPD; a study of 25 LVRS patients found that
small airway epithelial thickness was highly variable in a homo-
geneous group of patients with advanced emphysema (21).

An important component of epithelial remodeling is mucous
metaplasia, a process in which mucus is overproduced in re-
sponse to inflammatory signals (see Figure 2) (22). Mucous
metaplasia has been found in the small airways of patients with
COPD, and significantly contributes to airflow obstruction (20,
23, 24). This may develop from cigarette smoke exposure by
itself (25, 26), acute and/or chronic viral infection (27), or inflam-
matory cell activation of mucin gene transcription (28).

Chronic mucus hypersecretion accelerates lung function de-
cline (29) and predisposes to hospitalization and infection (30).
Recently, small airway mucus obstruction has been associated
with worse LVRS postoperative survival (31). Mucous metapla-
sia causes airflow obstruction by several mechanisms: increased
mucus hypersecretion causes lumenal occlusion (20); epithelial
layer thickening encroaches on the airway lumen (32); and in-
creased mucus alters surface tension of the airway, thereby
predisposing it to expiratory collapse (33).

Smooth Muscle Hypertrophy and Airway Wall Fibrosis

Some studies have found airway smooth muscle mass to be
increased in COPD (18, 34, 35), whereas others have not (36—
38). Whether or not airway hyperresponsiveness is a primary
cause of fixed airflow obstruction continues to be a topic of
debate. Regardless, chronic airway inflammation from cigarette
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Figure 1. Examples of airway remodeling in
COPD. A represents mucous metaplasia (MM)
of the epithelium and smooth muscle hypertro-
phy (SM). B represents peribronchial fibrosis
(black arrow). C shows squamous metaplasia.
D shows an inflammatory infiltrate of lympho-
cytes in the adventitia of a bronchiole.

smoke causes constriction and hypertrophy of even normal
airway smooth muscle (24). This serves to increase airway wall
thickness and therefore cause greater lumenal narrowing. In ad-
dition, the same degree of smooth muscle contraction in a thick-
ened airway causes considerably greater airways resistance than
in normal airways (39). Several investigators have found direct
correlations with the degree of smooth muscle mass and airflow
obstruction in COPD (20, 40), supporting the notion that smooth
muscle hypertrophy not only is a significant pathologic finding
but also that it contributes to the pathogenesis of COPD.

A prominent aspect of small airway remodeling is peribron-
chial fibrosis. Fibrosis of the membranous and respiratory
bronchioles has been found to cause increased airway wall
thickness in smokers compared with nonsmokers (40, 41). This
phenomenon decreases airway elasticity, making it less respon-
sive to bronchodilating agents. In addition, peribronchial fibro-
sis disrupts alveolar attachments to the airway, which predis-
poses the airway to expiratory closure. It is also possible that
chronic inflammation weakens alveolar tissue and facilitates
rupture from the airway.

The Interaction between Airways Disease and Emphysema

Figure 3 depicts two different pathophysiologic mechanisms of
airflow obstruction. It is clear that both emphysema and loss of
elastic recoil, as well as intrinsic airway abnormalities, syner-
gistically contribute to disease severity. It is also becoming
increasingly clear that these different pathologic abnormalities
coexist in many patients, even if they demonstrate a clear
clinical phenotype of emphysema or chronic bronchitis. Recent
studies involving patients with emphysema have indeed re-
vealed significant small airway disease. The degree of small air-
way pathology and small airways resistance have been shown to
inversely correlate with postoperative changes in lung function
after LVRS (21, 42), and to directly correlate with the severity
of dynamic hyperinflation, a clinical phenomenon typically
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Figure 2. Periodic Acid Fluorescent Schiff stain of a small airway from a patient with advanced emphysema. The entire airway is seen at X10
magnification in A and a quadrant of the airway at X40 in B. Mucin granules are shown in red along the apical border of the epithelium. Note the
large intralumenal mucin plug (M) in A, also noted in B (white arrow).

attributed to the degree of emphysema (43). These studies in these patients, and serves as a self-perpetuating stimulus for

demonstrate that not only does significant small airway pathol- further immune activation. It is clear that the disease process in
ogy exist in those that clinically and radiographically have an the lungs of these individuals involves a robust migration of
emphysematous phenotype but that it also affects outcome. leukocytes, the production of inflammatory mediators, and the

release of potentially destructive proinflammatory cytokines
LUNG IMMUNOLOGY AND INFLAMMATION IN COPD and proteases. The combined impact of activated leukocytes,
endothelial cells, and epithelial cells is generation of a cocktail
of chemoattractant mediators, including a number of chemo-
The inflammatory response observed in the lungs of patients kines, leading to the influx of additional inflammatory cells. The

Immunological Components in Disease Development

with COPD is complex, and demonstrates evidence of the impact of these influences is to promote the activation of
activation of both innate and acquired immune processes. In structural cells such as vascular endothelial cells and the very
addition, the inflammatory disease pattern observed in COPD is abundant epithelial cell populations, leading in turn to tissue
diverse in many respects, and the accumulation of these in- remodeling and destruction. Finally, the immune response in
flammatory components appears to contribute to the lung injury the lungs appears to be characteristic of a T helper cell type I
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Figure 3. Mechanisms of airflow obstruction in COPD. (A) Emphysema causes loss of alveolar attachments to the airway wall, predisposing it to
expiratory collapse. (B) Small airway remodeling, as evidenced by epithelial thickening (E), smooth muscle hypertrophy (SM), and chronic airway
inflammation (I), causes encroachment on the lumen, increased airway tone, reduced effectiveness of bronchodilators, and airway hyper-
responsiveness.
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(Th1) acquired proinflammatory response in several respects.
However, common features of the cellular response in the lungs
of these patients elude convenient categorization, and we sug-
gest that the diversity of the immunological response in the
lungs is the result of activation of the newly defined Th17-type
of acquired immune response. We will describe the character-
istics of this form of inflammatory response in further detail
below.

The Nature of Inflammatory and Cellular Infiltration in COPD

It is well established that there are certain common, general
features of the immunological response in COPD. For example,
studies of bronchial biopsy specimens from patients with mild to
moderate COPD show an increase in infiltrating inflammatory
cells compared with either nonsmokers or smokers who have not
developed evidence of disease (44—46). The cellular composition
of the infiltrate varies among patients, but there is typically an
accumulation of neutrophils, macrophages, and CD8" T cells.
Smaller numbers of CD4" T cells are also apparent, although
these may be localized in certain anatomical sites (20). The
mechanism by which CD8™ T cells are mobilized to the diseased
lung is an intriguing issue, and is one which remains a critical
consideration for further study. There is evidence that these cells
express several proinflammatory chemokine receptors, including
both CCR5 and CXCR3, but it is not at all certain that these
chemokine receptors are responsible for the accumulation of
CD8* T cells in the lungs of these patients. The chemokine
agonists for these receptors are reported to be expressed at
elevated levels in the diseased tissue (47, 48), and the interferon
(IFN)-inducible agonists for the chemokine receptors CXCR3,
CXCL9, CXCL10, and CXCL11, are elevated in bronchial
epithelial cells (47, 49, 50). Moreover, the chemokine CCL5 (a
CCRS5 agonist) is documented to be elevated in exacerbations of
chronic bronchitis (48), and may promote the accumulation of
both CCRS5-expressing T cells and activated macrophages. Be-
cause the inflammatory response in this tissue is a chronic process,
itis very likely that the attraction of leukocytes is complicated by
the interactions of a large number of mediators produced by each
of the sub-populations of infiltrating inflammatory cells and
activated structural cells in the diseased lung. For example, the
immigration of macrophages may provide a source of chemokines
(such as CCLS5) that recruit CD4* T cells to the lung, and these
may in turn attract the large numbers of CD8" T cells, which are
characteristic of the lung in COPD.

At this time the role of CD8* T cellsin COPD is not clear, and
one must consider the possibility that the CD8" T cells in the
diseased lung do not represent the most important inflammatory
population, even though they are a relatively abundant popula-
tion. Nevertheless, the simple presence of these cells almost
certainly contributes a source of pathogenic mediators, which
clearly have the potential to participate in lung tissue damage
(51). Moreover, these cells possess the potential to promote the
destruction of lung interstitium via the release of proteases such
as perforin and granzyme, as well as cytotoxic cytokines such as
tumor necrosis factor (TNF)-a. Indeed, recent evidence suggests
that CD8* T cells obtained from the sputum of patients with
COPD produce elevated levels of perforin when compared with
normal control subjects (52). Finally, CD8" T cells may produce
IFN-vy, which in turn induce the aforementioned CXCR3 ago-
nists, and in this way set up a self-perpetuating cascade of CD8* T
cell mobilization in which these T cells continue to drive
an accumulation of additional CXCR3-expressing inflammatory
T cells.

Other inflammatory cells are routinely observed in the tissues
of diseased lung, and are commonly observed in associated body
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fluids, such as bronchoalveolar lavage and induced sputum. For
example, it should be appreciated that macrophages are the most
abundant cell type recovered from bronchoalveolar lavage of
patients with COPD, and macrophage number in the lavage fluid
appears to correlate with disease severity (53). Simply for reasons
of sheer cell number, the contribution of these cells should not be
discounted. For example, these cells are the source of a number of
potentially significant mediators, such as TNF-a, leukotriene B4
(LTB4), reactive oxygen species (ROS), and several chemokines
including IL-8 and the very proinflammatory CCR2 agonist,
CCL2 (51, 53). The production of this factor may be particularly
critical because the production of CCL2 provides an opportunity
for the recruitment of additional the proinflammatory sub-type of
macrophages to the lungs. It is now clear that monocyte/macro-
phage populations can be distinguished based on their surface
antigen expression, and functional activity (54). For example,
recent reports suggest that at least two monocyte populations can
be identified, based on the expression of CD14, 16, 62L, and the
chemokine receptors CCR2 and CX3CR1 (54, 55). One popula-
tion of cells, termed the “resident” monocyte/macrophage,
expresses CD62L and CCR2 weakly and exhibits high CX3CR1
expression. While this population of CD16" CX3CR™ cells
appears to traffic to sites of inflammation (56), it has been
suggested that CX3CR1-expressing monocytes arrest but do
not transit through the blood vessel (56). The second population
of cells expresses high CCR2 and CD62L, and is CX3CR1low/
neg, and is termed the “inflammatory” monocyte/macrophage
population. These cells preferentially traffic to sites of inflamma-
tion. The preferential recruitment of these proinflammatory cells
provides an abundant source of a number of proteases including
cathepsins K, L, and S, as well as MMPs-1, -2, -9, and -12, and
the production of these proteases appears to be elevated in
lung macrophages in patients with COPD both in vivo and
ex vivo (57-61).

Neutrophils are an abundant population of inflammatory
cells in the lungs of patients with COPD, and their contribution
to the evolving disease should receive greater attention. Both
sputum and bronchoalveolar lavage samples from patients with
COPD typically show large numbers of neutrophils, and ciga-
rette smoking has been shown to induce elevated numbers of
circulating neutrophils, with sequestration of these cells in lung
capillaries (62, 63). These cells are, in turn, mobilized to the
lung interstitium in response to chemoattractants such as IL-8,
and leukotriene B4 (LTB4), and both of these mediators are
typically elevated in the airways of patients with COPD (64, 65).
Neutrophils are a potent source of inflammatory mediators,
including reactive oxidant species (ROS), lipid mediators with
chemoattractant activity, and tissue proteases (66).

Cellular Basis for the Inflammatory Response in COPD

The cellular response associated with COPD has been most
frequently (although not exclusively) attributed to the inflam-
matory Thl (or Tcl to designate a CD8* T cell response in
which proinflammatory cytokines are prominent) arm of the
acquired immune system. However, recent advances in our
understanding of effector T cell biology has revealed the ex-
istence of a second distinct subpopulation of CD4* T cells
with particularly potent proinflammatory functional activities
(45). These cells are designated Th17 cells because of their
capacity to produce IL-17A and IL-17F. The classical CD4*
effector T cell populations (Th1l and Th2) both fail to produce
these cytokines, although IL-17 is also produced by a number of
other hematopoietic cells including CD8* cells, v8 T cells, NK
cells, and neutrophils (67). The inflammatory activity of Th17
cells is apparently due to the production of a unique complex of
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proinflammatory cytokines, including IL-6, IL-17A, IL-17F,
GM-CSF, and TNF-a. These cells also express receptors for
both IL-18 and IL-23, cytokines typically produced by mono-
cytes, macrophages, and dendritic cells. Very importantly, IL-23
serves as a growth factor to promote the activity of the Th17
population.

With respect to the lung, IL-17 is a potent inducer of I1L-6
production by bronchial epithelial cells (68), and both IL-6 and
IL-17 are strong inducers of mucins Muc5SAC and Muc5B pro-
duction by lung epithelial cells (69). In addition, IL-17 induces
epithelial cells to release CXCLS, a chemokine that is important
for the attraction of neutrophils (70), and mice genetically engi-
neered to overexpress IL-17 in the alveoli exhibit lung in-
flammation (71). Finally, IL-17 is an inducer of IL-23 expres-
sion, a cytokine that serves to promote further Th17 activity and
proliferation (72). This feedback loop of IL-17 stimulating 1L-23
up-regulation which, in turn, promotes additional IL-17 pro-
duction, could easily result in a self-perpetuating condition of
chronic and recalcitrant inflammation. This indeed may help
explain the phenomenon of persistent airway inflammation in
COPD, despite smoking cessation.

The Th17 population possesses very strong inflammatory
properties, and has been shown to play an critical role in a number
of inflammatory and autoimmune diseases, including psoriasis,
rheumatoid arthritis, multiple sclerosis, inflammatory bowel
disease, and airway inflammation (45, 71, 73). In studies using
experimental animal models, mice that fail to express intact IL.-23
receptors are resistant to the induction of several autoimmune
diseases involving the central nervous system, and IL-17 knock-
out mice are resistant to the induction of autoimmune encepha-
litis or collagen-induced arthritis (74-76). Some investigators
posit that COPD may be an autoimmune disease. In a study in
which human umbilical vein endothelial cells were injected into
rats, the animals developed antibodies active against these endo-
thelial cells but also to lung capillary endothelial cells. Interest-
ingly, these animals also developed pathologic evidence of em-
physema (77). Similarly, transfer of CD4% cells or serum from
emphysematous animals to wild-type animals also resulted in the
development of emphysema (77). Given the established role of
Th17 in other autoimmune diseases, it is reasonable to infer that
the Th17 population is also critical to the development of COPD.
To date, the Th17 arm of T cell immunity is a component of the
immune response that has not received adequate attention in
COPD. The very potent proinflammatory activity of these cells,
and their established role in other inflammatory disease states,
supports the need for greater attention to this T cell sub-type.

Biomarkers for the Evaluation of Disease

A number of biomarkers have been identified that may be
useful for an understanding of the immunopathogenesis of
COPD. In addition, biomarker determinations might have
diagnostic value for assessing the progress of the disease. A
large number of cytokines, chemokines, proteases, acute phase
proteins, and other mediators have been evaluated in the blood,
bronchoalveolar lavage fluid, sputum, and lung tissue from
patients with COPD, and it should be clear at this time that
no single biomarker is likely to be uniquely informative about
this disease. However, it is likely that for certain sub-popula-
tions of patients, a set of two or more biomarkers may have
diagnostic or predictive value. While a complete review of each
of these mediators is beyond the scope of this paper, we will
briefly describe some of the more informative biomarkers.
Evidence at this point indicates that the biomarker that
provides the most significant correlation with COPD disease
severity is C-reactive protein (CRP). CRP is a circulating
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pentraxin, produced primarily by hepatocytes as a part of the
acute phase response, and has been reported to induce proin-
flammatory cytokine and chemokine expression, and up-regulate
adhesion molecules, which are likely to promote lung inflam-
mation (78). However, it is not clear at this time whether
CRP is more than just a barometer of the intensity of the
inflammatory process, or an actual participant in the pathogen-
esis of the disease. Importantly, levels of CRP in the blood
correlate well with future risk of morbidity and mortality in
COPD (79, 80).

Additional proinflammatory mediators that appear to be
useful biomarkers to evaluate the intensity of the disease
process include IL-6, TNF-«, IL-10, and the chemokines IL-8
and CCL18/PARC (pulmonary and activation-regulated che-
mokine), which are elevated in COPD (79, 81-83). These
factors are not unique to COPD, or necessarily specific for
any single part of the inflammatory process in this disease, and
may be produced in response to many inflammatory stimuli,
including infectious agents and other types of tissue injury.
Nevertheless, further analysis is necessary to determine the
precise role that these (and other) biomarkers may play in the
etiology of the disease.

IL-8 is produced by a number of cell populations, including
activated bronchial epithelial cells, macrophages, and neutro-
phils. It is a potent chemoattractant for neutrophils and mono-
cytes, and depending on the anatomical location, may contrib-
ute to the mobilization of these leukocyte populations into the
lung. In some studies, the levels of IL-8 are increased in induced
sputum of patients with COPD, and not surprisingly, the levels
appear to correlate with the proportion of neutrophils (84), and
are also increased in the sputum during exacerbations (85, 86).

TNF-a is an extremely potent proinflammatory mediator,
and has the capacity to induce inflammation by both direct and
indirect mechanisms. The activation of TNF-a receptors in
many circumstances induces the production and release of
a number of inflammatory mediators, and several of these
mediators in turn induce additional inflammatory effects. This
includes a broad spectrum of proinflammatory cytokines, che-
mokines, proteases, and adhesion molecules. A recent study by
Churg and coworkers (87) using TNF receptor knockout mice
shows that TNF-a is a critical contributor to cigarette smoke—
induced emphysema.

IL-6 is also a potent proinflammatory cytokine, produced by
a diverse set of cell populations, and exerts inflammatory effects
by activating both leukocytes and structural cells including
pulmonary epithelial cells. The levels of IL-6 are increased in
the induced sputum, bronchoalveolar lavage, and blood of
patients with COPD, and here again, levels have been reported
to be even higher during exacerbation (79, 88, 89). IL-6 is a part
of the acute phase response, and appears to be a potent inducer
of CRP expression in the liver.

IL-10 is a cytokine that has been considered by many to be
primarily anti-inflammatory because of its inhibitory activity for
the Thl-type of CD4* T cells. A recent report by Barcelo and
colleagues (90) has shown that CD8" T cells that produce IL-10
can be identified in the bronchoalveolar lavage of patients with
COPD, and the numbers of these cells were found to be
significantly elevated when compared with healthy smokers or
nonsmokers. The role of these cells in COPD remains un-
certain, but they may serve as a natural down-regulator of
proinflammatory cytokine expression produced to protect
inflamed tissues from the destructive actions of proinflamma-
tory cytokines. Recent evidence based on analysis of bronchial
biopsies shows an elevation of IL-10 expression in patients with
COPD (91). Preliminary results from our laboratories suggest
that an elevation in the blood level of I1L-10, in individuals with
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TNF-a levels above a minimal threshold, correlate with the
severity of COPD (92).

AREAS FOR FUTURE RESEARCH

The development of emphysema and airways disease is a complex
process that involves significant interaction between proinflam-
matory stimuli and recruitment of neutrophils, macrophages,
and lymphocytes, leading to the destruction of lung parenchyma
and remodeling of multiple components of the airway wall.
Although the inflammatory processes involved are becoming
clearer, the reasons why individuals develop different clin-
ical phenotypes are not. The answer may lie in genetic poly-
morphisms that confer not only disease susceptibility but also
phenotypic expression. As our understanding of lung inflamma-
tion grows, future research should focus on how these new
concepts in the inflammatory response to cigarette smoke inter-
act in the susceptible individual to cause various aspects of COPD
pathology.
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