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Abstract

Chronic obstructive pulmonary disease (COPD) is a complex chronic
disease. Chronic inflammation is the hallmark of COPD, involving
the interplay of a wide variety of cells in the lung microenvironment.
Cigarette smoke (CS) induces chronic lung inflammation and is
considered a key etiological factor in the development and
pathogenesis of COPD. Structural and inflammatory cells in the lung
respond toCS exposure by releasing proinflammatorymediators that
recruit additional inflammatory immune cells, which collectively
contribute to the establishment of a chronic inflammatory
microenvironment. Chronic inflammation contributes to lung
damage, compromises innate and adaptive immune responses, and
facilitates the recurrent episodes of respiratory infection that
punctuate and further contribute to the pathological manifestations
of the stable disease. A number of studies support the conclusion that

immune dysfunction leads to exacerbations and disease severity in
COPD.Our group has clearly demonstrated that CS exacerbates lung
inflammation and compromises immunity to respiratory pathogens
in amousemodel of COPD.We have also investigated the phenotype
of immune cells in patients with COPD compared with healthy
control subjects and found extensive immune dysfunction due to the
presence and functional activity of T regulatory cells, CD41PD-11

exhausted effector T cells and myeloid-derived suppressor cells.
Manipulation of these immunosuppressive networks in COPD could
provide a rational strategy to restore functional immune responses,
reduce exacerbations, and improve lung function. In this review, we
discuss the role of immunedysfunction inCOPD thatmay contribute
to recurrent respiratory infections and disease severity.
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Chronic obstructive pulmonary disease
(COPD) is an inflammatory disease of the
airways with progressive and irreversible
decline in lung function caused by airway
obstruction and destruction of parenchyma
(1–3). Three pathological disorders,
including chronic bronchitis, small airway
disease, and emphysema, existing either
separately or in combination culminate in
COPD. COPD affects around 200 million
people worldwide; it is the third most
common cause of death in the United
States; and it is predicted to be the third
leading cause of death worldwide by 2020
(2, 4, 5). Approximately 12.7 million U.S.
adults were estimated to have COPD in
2011; however, nearly 24 million U.S. adults
have proof of impaired lung function,

suggesting a potential underdiagnosis of
COPD (6–8). The overall associated cost to
the health care system is substantial, which
in the United States in 2010 was estimated
to be about $49.9 billion, including $29.5
billion in direct health care expenditures,
$8.0 billion in indirect morbidity costs, and
$12.4 billion in indirect mortality costs (9).

Although cigarette smoke (CS) is
regarded as the principal causative factor in
the development and pathogenesis of COPD
(10), in developing countries indoor
pollution from the burning of biomass fuel
is associated with an increased risk of
COPD (11, 12). Genetic makeup and
environmental factors likely also play a role
in disease development because not all
smokers develop COPD (1, 13). Other risk

factors include exposure to air pollution,
occupational dust and chemicals, a history
of childhood respiratory infections, and
socioeconomic status (12).

Chronic exposure to inhaled irritants
activates structural and inflammatory cells
within the respiratory tract (14, 15). For
example, CS activates airway epithelial cells;
reduces cilia, thus impacting mucus
removal; and constitutively activates
alveolar macrophages. These activated cells
release potent inflammatory cytokines
and chemoattractants in the lung
microenvironment that collectively induce
a state of chronic inflammation, recruiting
additional inflammatory cells, including
monocytes and neutrophils. These
physiological alterations in the lung
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ultimately cause structural changes and
obstruction in the airways, leading to
emphysema, tissue destruction, and mucus
hypersecretion (16–18). Overall, chronic
inflammation and compromised immunity
to respiratory pathogens are strongly
associated with the induction of immune-
suppressive networks that likely contribute
to COPD pathogenesis. Our group has
demonstrated that CS exposure exacerbates
lung inflammation and compromises
immunity to a respiratory pathogen non-
typeable Haemophilus influenzae (NTHI)
in a mouse model of COPD (19).
Additionally, our studies of patients with
COPD have clearly demonstrated that
immune dysfunction is associated with
increased numbers and function of
immunosuppressive cells, including
regulatory T cells (Tregs), PD-11 T cells,
and myeloid-derived suppressor cells
(MDSCs), that contribute to poor immune
responses to NTHI (20, 21).

Immune Modulation in COPD

Innate immunity
Innate immune defenses in the lung include
epithelial barrier, mucociliary clearance,
antimicrobial peptides, complement
components, and surfactants. Immune cells,
including macrophages, dendritic cells
(DCs), neutrophils, monocytes, mast cells,
and natural killer cells also contribute to
immunity in the lung (Figure 1). Immune
responses induced during normal
inflammatory processes augment tissue
immunity that protects against infections.
However, in patients with COPD, chronic
pulmonary inflammation is accompanied
by the induction of defective immune
responses that contribute to intermittent
respiratory infections, worsening the
inflammatory lung microenvironment and
disease severity (15, 22, 23).

Tissue destruction and respiratory
infections in the lungs of patients with
COPD are sensed by the innate immune
cells via pathogen-associated molecular
pattern–pattern recognition receptor (PRR)
and/or damage-associated molecular
pattern (DAMP)–PRR pathways (22, 23)
and are critical in mounting adequate host
immune responses. We have demonstrated
that a host Toll-like receptor 2 (TLR2)–
bacterial lipoprotein P6 signaling axis is
essential to mediate enhanced airway
inflammation and elicit robust adaptive

immune responses against NTHI (24). We
used wild-type and TLR2-deficient mice
and instilled either wild-type or P6
lipoprotein-null NTHI strains and
established that both inflammation and
immune responses were diminished when
either P6 or TLR2 was absent. Also,
reduced immune cell infiltration into the
lungs, along with decreased levels of
inflammatory cytokines tumor necrosis
factor (TNF)-a, IL-6, IL-17, and IFN-g, was
noted. Our compelling evidence suggests
that this signaling axis could be a potential
therapeutic target in managing NTHI
respiratory infections in patients with
COPD. Recently, DAMPs such as
extracellular ATP have been shown to
activate the inflammasome, and they have
been implicated in mediating inflammation
in COPD (23, 25–30). Furthermore,
CS also activates PRRs, either directly
by binding of its components to
arylhydrocarbon receptor or indirectly by
causing epithelial injury and leading to
DAMP production (31).

Phagocytes control infection and
accelerate the resolution of infection-
associated inflammation. During an
inflammatory response, alveolar
macrophages phagocytose infiltrated
neutrophils to control infection and regulate
the extent of inflammation (32, 33).
However, this functional cooperation is
impaired in patients with COPD.
Although the number of alveolar
macrophages are increased in patients with
COPD, their phagocytic ability, compared
with that in smokers without COPD,
is diminished (34–36). This impairment
in macrophage activity, along with the
induction of neutrophil survival,
increases the neutrophilic load in airways
(37, 38).

CS also causes differentiation of
alveolar monocyte precursors into the M2
macrophage phenotype. In patients with
COPD, increased numbers of M2
macrophages correlate with decreased FEV,
disease progression, and disease severity,
owing to their secretion of matrix
metalloproteinases (39, 40). In the mouse
model we have developed, we observed that
increased numbers of macrophages and
neutrophils in the airways were
accompanied by increased levels of
inflammatory cytokines, including IL-1b,
IL-6, TNF-a, and IL-17 in the
bronchoalveolar lavage (BAL) fluid, and
heightened airway inflammation (19).

There is a lack of consensus on the role
of DCs in patients with COPD. Some
studies indicate that, in patients with COPD,
there is an increase in DC number and
function (41–43), whereas others have
found decreased numbers of DCs and
impairment in their maturation status
(41, 43–46). Similarly, in some studies in
mice, researchers have reported that CS
exposure increases the number of lung
DCs, whereas others have shown a decrease
in their numbers and/or function (47–50).
Exposure to nicotine, one of the major
components of CS, adversely affects DC
functionality, leading to compromised
immunity (51).

Adaptive Immunity
Patients with COPD are prone to recurrent
respiratory infections leading to disease
severity. In COPD, not only the initial
response to pathogens but also the strength
with which the adaptive immune system
responds to such challenges is impaired
(15, 52). Such weakened immune responses
can lead to recurrent infections. NTHI,
a bacterial cause of exacerbations in
patients with COPD, is associated with
excessive lung inflammation and disease-
related pathology (53, 54). Moghaddam and
colleagues reported that chronic exposure
of mice to a lysate of NTHI elicits an
inflammatory rather than a protective
response (54). Mouse models have been
used to evaluate the effects of chronic
irritants such as CS and nicotine on
adaptive immune responses. Chronic
exposure of mice to nicotine leads to
immune suppression by induction of T cell
anergy (55). Mice exposed to chronic CS
and a high dose of influenza virus elicited
lower protective but higher inflammatory
immune responses, which ultimately
resulted in reduced survival rates (56).

We developed a mouse model to
evaluate the cumulative impact of prior CS
exposure followed by chronic infection with
NTHI on inflammation and antigen-specific
immune responses (19). Mice were first
exposed to CS with subsequent chronic
intratracheal instillation with NTHI. We
found that prior smoke exposure induced
increased lung inflammation and
compromised adaptive immunity against
NTHI compared with air-exposed controls.
Immune cell infiltration surrounding
airways and bronchovasculature was greatly
increased in smoke-exposed mice.
Specifically in our model, lymphocyte
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infiltration led to the formation of
bronchus-associated lymphoid tissue
(BALT), which is considered one of the
characteristic features in the lungs of
patients with COPD (57). Furthermore, in
the BAL, CS exposure elevated the
frequency and number of macrophages and
neutrophils, but lymphocyte numbers were
reduced. Levels of proinflammatory
cytokines IL-1b, IL-6, TNF-a, and IL-17
were elevated in these mice, and IFN-g was
decreased. The NTHI-specific lung and
splenic T lymphocytes were decreased in

number as well as in frequency and
exhibited lower secretion of IFN-g and
IL-4, with an increase in IL-17 production.
Additionally, we found that NTHI-
specific B cell responses were impaired,
resulting in poor antibody responses in
smoke-exposed mice compared with air-
exposed controls. The extent of immune
dysfunction was found to be systemic, with
a reduction in immune responses noted
in the lung, spleen, serum, BAL, and bone
marrow in smoke- plus NTHI-exposed
mice (19).

Because we observed impaired immune
responses to NTHI in mice exposed to CS,
we evaluated if vaccination could have
protective effects against subsequent
infections. We found that vaccination with
P6, an outer membrane protein of NTHI,
was less efficient in mice exposed to CS than
in air-exposed controls. We further
observed that smoking decreased the
antibody response and diminished bacterial
and neutrophil clearance in response to
NTHI challenge following immunization.
However, in CS-exposed mice,
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Figure 1. Immune dysfunction in patients with chronic obstructive pulmonary disease (COPD). The figure depicts modulation of various critical parameters
in the lung microenvironment of patients with COPD that result in chronic inflammation and immune dysfunction and facilitate recurrent respiratory
infections. Chronic pulmonary inflammation occurs with the formation of prominent tertiary lymphoid structures overexpressing homing chemokines, such
as chemokine (C-X-C motif) receptor 3 (CXCR3) (57, 72). Additionally, normal immune cell activation is modulated, increasing reactive oxygen species
(ROS) production and neutrophil survival while decreasing macrophage phagocytosis, culminating in tissue damage (37, 38, 73, 74). To counteract an
overexuberant chronic inflammatory response, immunosuppressive pathways are augmented, ultimately compromising the response necessary to
prevent recurrent infections such as those seen in patients with COPD (21, 75). Additional details are provided in the text. CTLA-4 = cytotoxic
T-lymphocyte-associated protein 4; CXCL8 = chemokine (C-X-C motif) ligand 8; DAMP= damage-associated molecular pattern molecule; DC = dendritic
cell; GARP = glycoprotein A repetitions predominant; G-CSF = granulocyte colony-stimulating factor; MDSC =myeloid-derived suppressor cell; TGF-b1 =
transforming growth factor b1; Th = helper T cell; TLR = Toll-like receptor; Treg = regulatory T cell.
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immunization significantly reduced the
levels of inflammatory cytokines IL-1b, IL-6,
and TNF-a and minimized the lung
damage compared with sham-immunized
mice. These results indicate that P6
immunization does afford some protection
against subsequent exposure to NTHI in
CS-exposed animals, although the effect
was not comparable to that in air-exposed
mice. These findings, to our knowledge, are
the first reported on the systemic effect of
CS exposure attenuating both the adaptive
immune responses to infections and the
efficacy of vaccination (19).

Diminished adaptive immune
responses to respiratory pathogens
colonizing the airways of patients with
COPD contribute to disease exacerbation
and intermittent lung infections (23, 58, 59).
NTHI, Moraxella catarrhalis, and
Streptococcus pneumonia are the three most
common bacteria responsible for
exacerbations in patients with COPD (15,
58). Researchers in our laboratory were
interested in evaluating whether the
immune dysfunction observed was
a general phenomenon or was pathogen-
specific. To accomplish our goals,
lymphocytes isolated from patients
with COPD were stimulated with P6
antigen of NTHI, tetanus toxoid antigen,
and phytohemagglutinin, and their ability
to proliferate in response to these stimuli
was evaluated. We observed that
lymphocytes from a subset of patients with
COPD displayed an impaired response to
P6 antigen of NTHI while eliciting
a normal response to unrelated control
antigens. These results suggested that
impairment of adaptive immune responses
in COPD is pathogen-specific (20).
Importantly, this subset of patients had
more frequent exacerbations caused by
NTHI within the prior 12 months.
Following this initial observation, we
hypothesized that underlying immune
suppression could be one of the
mechanisms responsible for defective
antibacterial immunity in these patients.
To fully address this question, we
evaluated the presence and functionality
of Tregs, exhausted T effector cells
(CD41 PD-11), and CD142HLA-
DR2CD11b1CD331 MDSCs in patients
with COPD, as these cells are known to
play a pivotal role in suppressing immune
responses (Figure 1).

On the basis of our studies, we have
demonstrated that the decline in adaptive

immune response to bacterial antigens in
patients with COPD could be attributed to
the net effect of augmented Treg function
and decreased effector T cell function (21).
A limited number of studies have
investigated the presence of Tregs in
patients with COPD, and researchers have
reported different findings in lung tissue,
BAL fluid, and peripheral blood. Increased
numbers of Foxp31 Tregs in BALT and
CD25bright Tregs in BAL fluid (60, 61) or
peripheral blood of patients with COPD
have been found (62). In one study
decreased numbers of CD251Tregs in the
BAL fluid of patients with COPD and
nonsmokers compared with healthy
smokers were observed; however, no
differences in the numbers of circulating
Tregs were detected between study groups
(63).

A key finding at our laboratory was that
the addition of autologous Tregs to purified
effector T cells stimulated with P6
lipoprotein resulted in greater suppression
of COPD effector T cell proliferation
compared with that observed in healthy
control subjects. Our data are the first
demonstration that Foxp31 Tregs from
patients with COPD are effective at
suppressing NTHI-specific effector T cells.
Lee and colleagues conducted a functional
analysis of Tregs in patients with
emphysema and control subjects and
reported that Tregs from both groups
markedly inhibited the proliferation of
autologous T cells in response to anti-CD3/
anti-CD28 stimulation (64). However, our
study significantly differs from their study
in that we evaluated Treg function by
measuring the proliferation of autologous
antigen-specific T cells in response to
stimulation by purified outer membrane
bacterial antigen P6 from NTHI.

In our studies, even though the levels of
CD41CD1271CD252 effector T cells were
similar between patients with COPD and
healthy subjects, effector T cells from
patients with COPD displayed an overall
diminished response to P6, which was
further decreased by the potent suppressive
capacity of their own Tregs. Thus,
antibacterial immunity in patients with
COPD is limited by two important factors:
the inability of effector T cells to robustly
respond to bacterial antigens and the
increased accumulation of functionally
suppressive Tregs. Factors that may
account for these suppressive aspects are
the elevated expression of PD-1 on effector

T cells and cytotoxic T-lymphocyte–
associated protein 4 (CTLA-4) on Tregs.
Our observation of high levels of PD-11

exhausted phenotype in patients with
COPD could provide an explanation for the
decreased proliferation of patient-derived
effector T cells stimulated with P6 antigen
as compared with effector cells from
healthy control subjects. In a recent study,
researchers reported downregulation of T
cell receptor signaling in CD81 T cells
isolated from the BAL fluid of patients with
COPD compared with smokers and healthy
control subjects, which may also contribute
to T cell dysfunction in COPD (65).

Importantly, our studies have also
established that blocking of immune
checkpoint receptors CTLA-4 and PD-1
resulted in increased T cell proliferation
and IFN-g production, which strengthens
the functional relevance of overexpression
of these molecules on COPD T cells.
Therefore, CTLA-41 Tregs and PD-11 T
cells in patients with COPD may represent
a targetable source for alleviating
immunosuppression of antibacterial
immunity. Our study represents the first
demonstration of the differential effect of
CTLA-4 and PD-1 blockade on T cell
responses in COPD.

In our studies, immunosuppression in
patients with COPD was also reflected by
significant increases in the peripheral
blood levels of two Treg-generated
immunosuppressive cytokines: IL-10 and
transforming growth factor (TGF)-b1. The
high frequency of Foxp31 Tregs
demonstrated significant correlation with
levels of TGF-b1 in patients with COPD.
In addition to this immunosuppressive
milieu, we found that the levels of
proinflammatory helper T cell type 1–
associated cytokines IFN-g and IL-12 were
significantly increased in patients with
COPD. Elevated levels of these
proinflammatory cytokines exhibited an
inverse relationship with lung
function (FEV1), suggesting that the
proinflammatory immune response
worsens the lung function of patients with
COPD. Therefore, our results demonstrate
that the plasma cytokine milieu in patients
with COPD is shifted toward an
immunosuppressive and proinflammatory
phenotype.

Although studies in our laboratory have
been focused largely on CD4 T cell subsets, it
is known that CD81 T cells may also
contribute to progression of the disease in
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patients with COPD (59). Increased
numbers of CD81 T cells expressing IL-17
have been found in the lungs of patients with
COPD, which highlights the important role
played by these cells in the pathogenesis of
COPD (66). Nonetheless, the T cell receptor
signaling molecule CD247 (z-chain) has
been shown to be downregulated in lung
CD81 T cells of patients with COPD,
indicating T cell dysfunction and the
potential role of dysfunctional lung CD81 T
cells in COPD pathogenesis (65). Increased
expression of IL-18, CD69, T-bet, perforin,
and granzyme B on CD81 T cells has been
shown to be positively correlated with
decline in FEV1 in patients with COPD (67).
Freeman and colleagues have also shown
that an increased percentage of CD81 T cells
isolated from lung tissue expressed cell
surface TLRs and that this correlated with
the emphysema score. Freeman and
colleagues speculate that the modulation of
TLRs during bacterial infections may
contribute to lung destruction (68). In our
studies, we found a positive correlation
between the frequency of glycoprotein A
repetitions predominant–positive (GARP1)
Foxp31 Tregs cells and lung function in
patients with COPD, and it is tempting to
speculate that these cells may counteract the
activity of the tissue-damaging CD81 T cells.

In addition to our studies on T cells, we
provide the first evidence of MDSC
accumulation in patients with COPD. We
observed that elevated levels of MDSCs
correlated with high levels of Tregs, which

is in agreement with studies that suggest
reciprocal control of these two cell
types. Inflammation promotes the
accumulation of MDSCs, which induce
Tregs, producing TGF-b1 and
IL-10, which contribute to effector T cell
suppression (69). In support of these
findings, we have demonstrated that the
frequency of circulating Tregs in patients
with COPD shows an excellent
correlation with the percentage of MDSCs
and level of plasma TGF-b1. The direct
relationship between GARP1Foxp31

Tregs and lung function in patients with
COPD can be considered a beneficial
effect of Tregs. Potentially suppressive
Tregs may attenuate effector T cell–
mediated destruction of lung epithelium,
which, if unregulated, may eventually lead
to an emphysematous condition. Our
studies highlight the notion that, in
COPD, a fine balance must be achieved
between (1) proinflammatory responses
that clear pathogens but damage lung
tissue and (2) immunosuppressive cells
and cytokines that attenuate
proinflammatory responses but hinder
antibacterial immunity.

Summary and
Future Perspectives

Chronic lung inflammation plays a critical
role in COPD, leading to extensive lung
damage and impaired immunity to

respiratory infections. COPD is associated
with lung-specific and systemic immune
dysfunction that facilitate disease
exacerbations (21, 23, 70, 71). Host
immunosuppressive networks are induced
in an effort to reduce the inflammation
and minimize tissue destruction. On the
basis of the findings at our laboratory, as
well as those derived from studies from
other investigators, therapeutic targeting
of dysfunctional immune cells could be
beneficial in COPD management.
Restoration of immune function could
potentially prevent pathogen-mediated
disease exacerbations and also
lessen infection-induced inflammation
and tissue destruction. However, a fine
balance between the induction of
immunosuppressive networks and
adaptive immunity is needed to minimize
lung inflammation without compromising
immunity against respiratory infections.
Thus, immunosuppressive feedback
loops could be important targets in
COPD management; however, additional
studies are needed to evaluate the
detailed mechanisms of such immune
suppression and their role in COPD.
Although it is more challenging, the
evaluation of Tregs and exhausted effector
T cells isolated from the lungs of patients
would provide additional important
insights. n

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