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Chronic obstructive pulmonary disease (COPD) is a chronic inflam-
matory disease of the lungs that usually manifests late in life.
Physiologic and immunologic changes that occur in COPD often
mimic changes seen in the aging lung. This has led some to
characterize COPD as an “accelerated aging phenotype.” At the
molecular level, COPD and aging share common mechanisms and
are associated with significant dysregulation of the immune sys-
tems. Aging and COPD are characterized by increases in proinflam-
matory cytokines such as interleukin (IL)-6 and tumor necrosis factor
(TNF)-, which are implicated in aging-related inflammatory dis-
eases and correlate with degree of obstruction in COPD. There is an
age-dependent decline in naive T cells with oligoclonal expansion of
CD8" CD28"!" T cells from chronic antigenic stimulation. The
increase in CD8* CD28 "v!' T regulatory cells inhibits antigen-specific
CD4" T cell responses, leading to a decline in adaptive immune re-
sponse. To compensate for the decline in the adaptive immune
function there is a paradoxical up-regulation of innate immune
system resulting in a proinflammatory state. The dysregulated
adaptive immune system with activated innate immune responses
seen with aging results in recruitment and retention of neutrophils,
macrophages, and CD4* and CD8* T cells in the lungs of smokers
with COPD. Once the inflammation is triggered, there is a self-
perpetuating cascade of inflammation and lung parenchymal dam-
age. This review will focus on how the aging immune system may
contribute to COPD development later in life in susceptible in-
dividuals.
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Chronic obstructive pulmonary disease (COPD) is among the
most prevalent chronic adult diseases, affecting approximately
18 million adults in the United States and many more world-
wide (1, 2). In 2002, COPD was responsible for more than six
million inpatient hospital stays and more than 100,000 adult
deaths, making it the fourth most common cause of death.
Evidence suggests that the chronic complex interaction between
the airways and noxious inhalants, most commonly cigarette
smoke, leads to COPD in genetically susceptible individuals.
COPD is characterized by airway and lung inflammation,
mucociliary dysfunction, alveolar destruction, and airway fibrosis.
The pathogenesis of COPD seems to originate from dysregulated
response of the immune system to noxious agents (3-8). These
changes occur over decades, and most patients express disease
phenotypes well after the fourth decade of life.

The age-dependent increase in the prevalence of COPD
(9-11) suggests that changes related to aging may contribute to
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COPD pathogenesis (12). This association between COPD and
aging is relevant and important because by 2050, approximately
22% of the U.S. population will be over 60 years old (13), and
this increase will almost certainly bring about a concomitant
epidemic of chronic diseases such as COPD. Physiologic
changes in COPD, which include small airway obstruction, loss
of elastic recoil, and dynamic hyperinflation, are responsible for
the progressive impairment in exercise tolerance commonly
seen in patients suffering from this disease. However, many of
the anatomic and physiologic changes seen in COPD have also
been described in the aging lung, even in nonsmokers, suggest-
ing that the aging process may be a contributing factor. “Senile
emphysema” characterized by airspace dilatation resulting from
loss of supporting tissue without alveolar wall destruction has
been described in elderly individuals without COPD (Figure 1).
Furthermore, aging has been thought to be a proinflammatory
condition associated with a dysregulated immune system, and
aging-associated immune remodeling in the elderly is thought
to play a significant role in the pathogenesis of such chronic
inflammatory diseases as Alzheimer’s dementia, type II di-
abetes mellitus, osteoporosis, and cancers. Because exaggerated
systemic and tissue inflammation are important in COPD
pathogenesis, immunologic changes seen in COPD may partly
be secondary to the aging process. In fact, COPD has been
considered an “accelerated aging phenotype” triggered by
noxious stimuli like cigarette smoke (14). In this review, we
will focus on the immune system changes related to aging and
describe how such changes may play a role in COPD patho-
genesis.

OVERVIEW OF THE IMMUNE SYSTEM

The immune system is a complex and highly regulated network
of innate (natural) immunity and adaptive (acquired) immunity
whose main function is to defend the host against infections.

Innate Immune System

The innate immune system provides initial defense against
harmful pathogens and is composed of both noncellular and
cellular constituents. Noncellular components include C-reactive
protein, mannose-binding protein, serum amyloid protein, and
the complement system. Cellular constituents include phagocytic
cells—neutrophils, macrophages/monocytes, and natural killer
(NK) cells—that recognize and engulf microbes. These cells use
pattern recognition receptors (PRR) to recognize conserved
molecular motifs that signal danger or infection. Toll-like re-
ceptors (TLR) are a class of PRRs which, on activation, induce
downstream activation of proinflammatory cascades. Innate
immune responses themselves are nonspecific and short-lived,
but their subsequent downstream responses can begin antigen-
specific adaptive immune responses.

Adaptive Immune System

Unlike innate immune responses, adaptive immunity uses
antigen-specific receptors on B and T lymphocytes. Adaptive
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immunity involves humoral immune responses (mediated by
B cells) and cellular responses (mediated by T cells). B cells
produce immunoglobulins and are activated through T cell-
dependent mechanisms or T cell-independent cross-linking of
surface receptors by multi-epitope antigens.

Cellular immune responses mediated by T lymphocytes can
be broadly classified by their cell surface markers. T cell
responses defend against viruses and other intracellular patho-
gens and protect against future exposures by producing antigen-
specific memory T cells. Three specific subgroups of T cells have
been described. CD8* T cells provide host defense effector
functions against viral infection or tumor cells by directly killing
infected somatic or tumor cells. CD4* T helper cells orchestrate
and amplify antigen-specific immune responses. After activa-
tion, naive T cells differentiate into specific CD4* T cell sub-
types. CD4" Thl T cells induce cell mediated responses by
producing interleukin (IL)-2 and interferon (IFN)-vy, increasing
killing effects of macrophages and stimulating proliferation of
CD8* T cells. CD4" Th2 T cells drive allergic responses by
producing IL-4, -5, and -13, stimulating proliferation of B cells
and inducing B cell antibody class switch. Recently, a third
subpopulation of T cells called regulatory T cells (Tregs) has
been described. Tregs suppress activation of the immune system
and help maintain immune homeostasis and tolerance to self-
antigens. Both TGF-B and IL-10 play important roles in
regulatory T cell functions (15-19). Tregs play an important
role in retroviral, mycobacterial, and parasitic infection (20-26).

Interaction between the Innate and Adaptive
Immune Systems

Although often described as distinct arms of the immune
system, innate and adaptive immunity actually work in concert
to produce a functional immune response, and can activate and
perpetuate overall immune responses by positive feedback
signals to each other. Both noncellular components (comple-

ment system) and antigen-presenting cells (APCs) are required
for T cell activation. APCs are responsible for the uptake,
processing, and presentation of antigens to T cells in the context
of self major histocompatability complex (MHC) proteins.
Cytokines produced by activated T cells mediate adaptive
immune responses and stimulate the expression of co-signaling
molecules on APCs for further antigen presentation. In addi-
tion, cytokines such as IFN-y can activate monocytes, macro-
phages, and NK cells.

Dendritic cells (DCs) are antigen-presenting cells in tissue
responsible for initiating primary immune responses through T
and B lymphocytes. Antigen uptake results in DC activation
and maturation, characterized by up-regulation of a variety of
co-stimulatory molecules on the cell surface, allowing for
efficient presentation of the antigen as well as regulatory
cytokine production. In summary, the innate and adaptive
immune systems together mount appropriate and long-lasting
responses to antigen stimuli to protect the host from immediate
and future threats.

IMMUNE SYSTEM CHANGES WITH AGING

Evidence suggests that immunity deteriorates with age (27, 28),
but immunosenescence is not an unavoidable and progressive
decline of all immune functions, but rather a product of
continuous remodeling of various parts of the immune system
over time (29). Both branches of the immune system are
affected by aging, adaptive more so than innate (Table 1).

Aging-related Changes to the Adaptive Inmune System

T cells are developed in the thymus, which involutes with aging,
resulting in significantly fewer T cells in the peripheral blood of
older adults. Also, the diversity of the naive T cell receptor
repertoire is reduced significantly (30). This may explain the
decreased ability of the elderly to resist new infections, which
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TABLE 1. AGING AND CHRONIC OBSTRUCTIVE PULMONARY DISEASE-RELATED CHANGES TO THE ADAPTIVE AND INNATE IMMUNE

SYSTEM

Immune System

Aging-related Changes

COPD-related Changes

T cells

Tregs
CD4* CD25M
CD8"CD28"
B cells

Neutrophils

Macrophages

Natural killer cells

Natural killer T cells
Dendritic cells

Adaptive Immune System
Reduced T cell production

Increased number of memory cells
Reduced T cell receptor repertoire
Loss of CD28" expression especially
on CD8* T cells
Impaired ability to generate naive T cells

Increased

Increased

Reduction in production of B cells

Impaired activation and proliferation

Reduced production and efficacy of antibodies

Innate Immune System
Impaired apoptosis in presence of cytokines

Enhanced production of ROS
Impaired killing
Diminished production of IL-1, ROS, and IFN-y

Increased level of proinflammatory cytokines
TNF-a and IL-6 in peripheral blood monocytes
of older adults after LPS stimulation

Increased number of natural killer cells

Impaired cytotoxic activity

Increased number of natural killer T cells

Reduce number of plasmacytoid dendritic cells

Decrease B-cell stimulation

Reduced capacity to capture antigen

Impaired capacity to phagocytose apoptotic cells

Proinflammatory Cytokines

Increased CD4" and CD8™" T cell in the
airway and lung parenchyma

Increased in smokers with normal lung function.
Reduced in smokers with COPD
Increase B cells in the airway and lung parenchyma

Increased number of neutropils in the

airways and lung parenchyma

Increased number of macrophages in the airways
and lung parenchyma
Impaired phagocytosis of apoptotic cells

Enhanced dendritic cell function

Cytokines and chemokines

IL-6 Increased
IFN-y Increased
TNF-a Increased

Increased
Increased
Increased

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; ROS = reactive oxygen species; Tregs = T regulatory cells.

requires recognition and proliferation against naive antigens.
Also, the presence of fewer CD4* and CD8* T cells may
explain the reduced response to reinfection in elderly subjects.
Hence, influenza vaccination is relatively ineffective in inde-
pendently living older adults compared with younger adults
(31). Even during years with the closest antigenic match
between the vaccine and the circulating virus, the vaccine is
effective in only 30 to 40% of adults older than 65 years (32).
This is attributed to poor immunologic response in the elderly
(33), as only a small fraction of elderly flu vaccine recipients
show a fourfold rise in antibodies titer after a trivalent influenza
vaccine (34). Moreover, those with a high number of CD8"
CD28"' T cells were even less likely to have an appropriate
antibody response (35). These results suggest that aging induces
oligoclonal expansion of CD8* T cells and loss of the CD28
receptor. This marked increase in CD8% CD28™!! Tregs cells
with aging inhibits antigen-specific CD4* T cell responses,
leading to a decline in adaptive immune response with aging
and immunosenescence (36).

Hematopoietic stem cell (HSC) production is another im-
portant component of immune system maintenance that slows
with aging in both animals and humans. The HSC of old mice
are less plastic and less able to replicate (37). Old age also
seems to create an environment in which lymphocyte pro-
liferation is reduced, partly because there are fewer T cell
progenitors and less IL-7 produced by stromal cells (38-40).
Several changes with aging greatly decrease the output of naive

T cells, forcing the elderly body to depend on previously
existing naive T cells rather than new T cells.

The volume of hematopoietic bone marrow tissue decreases
with aging (41), resulting in reduced production of B cells.
Moreover, B cells in older adults have reduced capacity to
proliferate and impaired ability to be activated. The quantity
and efficacy of antibodies produced in response to antigen
exposure in older adults is also reduced (42). This reduction in
the adaptive immune system is associated with an innate
immune system stimulated and up-regulated by external or
internal antigenic stimuli from oxidative stress, creating
a chronic proinflammatory state with aging. In the section
below, we discuss the aging-related proinflammatory changes
to innate immunity.

Aging-related Changes to the Innate Immune
System-associated Cells and Mediators

Neutrophils|/polymorhonuclear leukocytes. Polymorphonuclear
leukocytes (PMNs) are the first responders to an infection or
inflammation. The total number and phagocytic activity of
neutrophils in the peripheral blood remain unchanged with age
(43, 44), but their function appears to be affected. Impaired
chemotaxis of the neutrophils of older adults results in reduced
infiltration at an injury site (45). Even though neutrophils from
older adults have impaired ability to kill infected cells, they
produce more reactive oxygen species (ROS) (46). Furthermore,
the exaggerated presence of proinflammatory cytokines like GM-
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CSF and IL-6 in elderly subjects inhibits apoptosis of neutrophils.
In combination, these changes suggest that the neutrophils’
ability to self-proliferate and kill infectious agents is reduced in
elderly subjects. However, they have increased ROS production
and impaired apoptosis that may result in sustained presence of
neutrophils in either systemic circulation or local tissue sites where
they may induce substantial local damage.

Macrophages/monocytes. Even though the number and
phagocytic activity of macrophages is unchanged with age,
impaired antigen presentation and reduced MHC II molecule
expression have been demonstrated in macrophages from aged
mice (47). However, after activation by mitogen, peripheral
blood mononuclear cells from older persons produce more
proinflammatory cytokines such as IL-1, IL-6, and TNF-a
in vitro than those from younger ones (48, 49). These results
suggest that the aging process may fundamentally change the
biological characteristics of macrophages and may prime them
to be more profoundly activated, independent of extrinsic
stimuli.

Natural killer cells. The ability of natural killer (NK) cells to
perform cytotoxic effector functions and to produce IFN-y and
IL-8 in response to IL-2 declines in vitro. The number of NK cells
in circulation increases with age (50-52). This implies that aging
induces decline in NK cell function, as demonstrated by defective
activation and response to biological stimuli in vitro, but this
decline may be offset by an increase in the absolute number of
NK cells.

NKT cells. Found throughout the lymphoid compartment,
NKT cells comprise approximately 1% of total lymphocytes.
NKT cells influence both APC and T cell function. Studies in
both mice and humans have shown an age-related increase in
their number (53). Even though longer life span, active expan-
sion, and age-related alterations in recruitment by lymphoid
tissue have been suggested, the exact mechanism for increase in
their numbers with aging and their contribution to immunose-
nescence is not fully explored.

Dendritic cells. Dendritic cells (DCs) play a key role in
initiating an adaptive immune response. In the elderly, the
number of DCs is reduced in the peripheral blood and lymphoid
follicles (54, 55). In addition, their chemotaxis and phagocytosis
are impaired, and therefore they may fail to stimulate naive
CD4* T cells to generate an effective adaptive immune re-
sponse to an antigen (54). This functional impairment of DCs
may explain the defective adaptive immune response in elderly
subjects.

Proinflammatory cytokines. A complex interaction controls
cytokine production and cellular activity of the innate immune
system. A nonspecific increase in the levels of proinflammatory
cytokines is seen with aging, and older adults produce high
amounts of proinflammatory cytokines during inflammatory
responses in vivo (56). Commonly increased levels of TNF-q,
IL-1, and IL-6 in the elderly are associated with several negative
effects on health (57). Healthy elderly subjects also have
increased amounts of IL-6 in plasma and sera (58, 59). IL-1
and TNF-a transformed fibroblasts to a senescent phenotype
in vitro, but an antioxidant supplement slowed this transforma-
tion, suggesting that inappropriate and exaggerated production
of these cytokines may inhibit tissue healing (38). Recently
some have suggested that decreased production of sex steroid,
smoking, and underlying arthrosclerosis or obesity may con-
tribute to the increase in low-grade inflammation seen in the
elderly (60, 61). These increased levels of circulating inflamma-
tory mediators may result from a constant, low-grade activation
or persistent presence of cytokine-producing cells or a dysregu-
lated cytokine response after stimulation (61) which is not
readily damped. A prime example of such dysregulation is the
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increased storage of ROS and impaired apoptosis found in
senescent neutrophils as described above. Studies have also
suggested that persistent herpes infection, cytomegalovirus
(CMYV) infection, or parasite antigens may significantly contrib-
ute to the increased levels of proinflammatory factors and
contribute to a number of negative clinical consequences (62—
65). Together, persistent immunologic dysregulation and abnor-
mal responses to autoantigens may help explain the increased
risk of autoimmune diseases in the elderly during immunosenes-
cence, but exactly which factors are most important and what
causes these age-associated changes remains largely unclear. In
the following sections we will focus on the role of persistent,
underlying, low-grade inflammation in the pathogenesis of
COPD in the elderly.

IMMUNE SYSTEM CHANGES IN COPD

Considering the commonality of COPD and aging, intriguing
links between COPD and aging can be demonstrated at the
molecular level. Both aging and COPD are associated with
increased oxidative stress, NF-kB activation, reduced ability to
repair damaged DNA, and telomere shortening from repeated
cell division (12).

Recent advances in basic science have established a funda-
mental role for dysregulated immune and inflammatory re-
sponses in mediating all stages of COPD, from initiation to
permanent lung damage suggesting COPD as an autoimmune
disease (8, 66-67). Elevated markers of inflammation predict
outcomes for patients with obstructive airway diseases, and are
closely related to exposure to cigarette smoke (68-72). In
addition, low-grade chronic inflammation has been demon-
strated to prospectively define risk of developing COPD-
related complications. Dysregulated biosynthesis of several in-
flammatory markers such as IL-13, leukotrienes, and TGF-
have been associated with higher risk of developing COPD in
both human and murine models (73-75).

An initiating event of COPD pathogenesis may likely be
exposure to noxious inhalants such as cigarette smoke, which
subsequently induces proinflammatory responses and in turn
recruits inflammatory cells. The most common inflammatory
cells in the airways of patients with COPD are macrophages,
CD8* T cells, and neutrophils. Macrophages, the most abun-
dant cells in the bronchoalveolar lavage (BAL) fluid of patients
with COPD, correlate with disease severity. Macrophages are
a source of the proinflammatory cytokines TNF-a, LTB,4, ROS,
and IL-8. They produce elevated levels of cathepsins and matrix
metalloproteases (MMPs), which cause lung parenchymal de-
struction. In addition, the phagocystosis of apoptotic cells by
airway macrophages is impaired in patients with COPD, and
the resulting decreased clearance of already recruited inflam-
matory cells results in persistent antigenic stimuli and inflam-
mation (76). Neutrophils, potent mediators of proteases and
ROS, are found in abundance in the sputum and BAL fluid of
patients with COPD, suggesting ongoing inflammation of the
airways.

Adaptive immunity also plays a role in COPD pathogenesis.
Recent findings suggest that a crucial component of COPD is
inappropriate T cell-mediated immune responses in time of
onset, intensity, and target (77-82). Direct evidence for the
critical role of T cells, both Thl and Th2, is provided by mice
with transgenic knock-in of IFN-y and IL-13, in which emphy-
sematous changes were predictably and massively induced (83).
CD8* T cells are increased in the airways of patients with
COPD. These cells correlate with severity of airway obstruc-
tion. Lung parenchymal destruction by CD8* T cells is medi-
ated via the release of perforin, granzyme, and TNF-a. In
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addition, CD8* T cells induce apoptosis and necrosis of airway
epithelial and endothelial cells. CD4" T cells are also found in
abundance in the airways and lung parenchyma (84). Chemo-
taxis of innate (macrophages, neutrophils, and eosinophils) and
adaptive (T and B cells) immune cells is mediated via the Th-1
response of CD4* T cells, and is thought to be regulated by
tissue-specific chemokine receptors such as CXCR3, CCRS, and
CCRG6 in the lungs of smokers with COPD. Moreover, airway
epithelial and endothelial cells express the ligands for CXCR3
and correlate with COPD disease severity (85).

Once recruited, these leukocytes in turn activate a biological
cascade of airway remodeling (86, 87) and pulmonary paren-
chymal destruction tilted toward protease rather than antipro-
tease (88, 89) activity and induce early, self-perpetuating
cellular death (86, 90, 91). Each of these processes has been
shown independently to induce changes similar to the emphy-
sema in murine lungs. Later, as inflammatory mediators in-
crease and local pulmonary damage occurs; a cycle of ongoing
self-perpetuating inflammation and pulmonary damage sets in.

Less than half of smokers develop clinically significant
COPD, a fact that strongly suggests the relevance of significant
gene—environment interaction in the pathogenesis of this dis-
ease. This population-based observation led to a number of
studies addressing the hypothesis that allelic variations in genes
of innate immunity may increase disease risk (92-94). Differ-
ences in genetic regulation of inflammatory processes may
explain why some people, but not others, develop the disease
or develop a greater inflammatory response. Susceptible ciga-
rette-smoking individuals with COPD have reduced levels of
CD4*+CD25*FOXP3 and y3 CD8" regulatory T cells in the air-
ways, compared with smokers with normal lung function (95, 96).
These findings suggest that impaired immune ability to suppress
the proinflammatory cascade may be a risk factor for developing
COPD. Accordingly, common gene polymorphisms that control
production of inflammatory molecules have been associated with
COPD (97-100). Gene polymorphisms associated with good
control of inflammation are protective against COPD develop-
ment (101-102).

AGING AND COPD

COPD is characterized by progressive, poorly reversible airflow
obstruction associated with an abnormal inflammatory response
to smoke exposure. We believe that aging is accelerated in
patients with COPD, a fact that is an important contributor to
the physiologic, anatomic, and immunologic changes seen in this
disease. This accelerated aging is triggered by cigarette smoke
exposure in susceptible individuals.

Furthermore, aging may increase risk of developing COPD.
Immunoscenescence is the complicated remodeling process of
the immune system in which progressive, persistent proinflam-
matory adaptation occurs with loss of robust, plastic immune
responses to antigens. The aging immune system seems to
maintain a persistently activated innate immune response to
compensate for the loss of appropriate adaptive immune re-
sponse. This may create a biological environment in which the
lung parenchyma becomes much more vulnerable to cigarette
smoke. For example, increased levels of IL-13, IL-6, IL-8, IL-
18, and TNF-a were found in elderly subjects’ plasma, serum,
and peripheral white blood cells, indicating that such changes
may lead to persistent presence of neutrophils in lungs, which in
turn may cause emphysematous destruction via exaggerated
release of neutrophil elastase (103). In this setting, cigarette
smoke may further contribute to epithelial injury by inducing
recruitment of neutrophils and macrophages to the lungs, and
such cells in the elderly seem to be activated in uncontrolled
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and pathological ways, releasing more proinflammatory cyto-
kines and amplifying a cascade of ongoing inflammation and
parenchymal lung damage. Even though most studies have
demonstrated that aging resulted in loss of appropriate innate
immune response, recent studies by Aoshiba and coworkers and
by Lambers and colleagues report intriguing possible roles for
CD4*, CD8", and CD28™! in COPD pathogenesis. They dem-
onstrated that repetitive, chronic antigen exposure induces loss of
CD28 expression with aging and that CD4" CD28"!' and CD8*
CD28™! cells of the adaptive immune system may contribute to
COPD pathogenesis (80, 104). Whether the appearance of
CD28"!' T cells in the lungs of patients with COPD represents
an epiphenomenon or true pathogenesis remains unknown.

CONCLUSIONS

Aging and COPD have several things in common. Changes in
the lung that occur with aging often mimic those seen in COPD.
Furthermore, both are associated with significant immune
dysregulation. Therefore, one may reasonably speculate on
the possible causal relationship between aging and COPD.
COPD may be considered an “accelerated aging” phenotype,
but at the same time aging may also contribute to the changes
seen in COPD. Immune system changes seen in aging may be
a key to consolidate this relationship. Immunoscenescence is
strongly associated with persistently activated innate immunity
and with possibly uncontrolled adaptive immunity as suggested
by changes in neutrophils, macrophages, and regulatory T cells.
In order for a genetically susceptible smoker to develop COPD,
appropriate immune remodeling with aging has to be present.
However, even though significant molecular similarities and
associations have been demonstrated between aging and COPD,
it is difficult to extrapolate or conclude a causal relationship
without clear epidemiologic data characterizing the patterns of
COPD prevalence in the elderly population. Further studies are
necessary to better understand the relationship between aging-
related immunologic alterations and COPD pathogenesis.
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