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A growing body of evidence indicates that oxidative stress plays
a central role in the progression of chronic obstructive pulmonary
disease (COPD). Chronic oxidative stress caused by cigarette smoke
generates damage-associated molecular patterns (DAMPs), such as
oxidatively or nitrosatively modified proteins and extracellular
matrix fragments, which induce abnormal airway inflammation by
activating innate and adaptive immune responses. Furthermore,
oxidative stress–induced histone deacetylase 2 (HDAC2) inactivity is
implicated in amplifying inflammatory responses and corticosteroid
resistance in COPD. Oxidative stress also mediates disruption of in-
nate immune defenses, which is associated with acute exacerbation
of COPD. Host defense transcription factor Nuclear factor erythroid
2–related factor 2 (Nrf2) regulates a multifaceted cytoprotective re-
sponse to counteract oxidative stress–induced pathological injuries.
A decrease in Nrf2 signaling is associated with the progression of
diseases. Recent evidence indicates that targeting Nrf2 can be
a novel therapy to mitigate inflammation, improve innate antibac-
terial defenses, and restore corticosteroid responses in patientswith
COPD.
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IMMUNOLOGIC BASIS OF CHRONIC OBSTRUCTIVE
PULMONARY DISEASE

Lungs of patients with chronic obstructive pulmonary disease
(COPD) are associated with persistent abnormal inflammation,
characterized by accumulation of neutrophils, macrophages, and
dendritic, CD81, CD41, NK, and B cells (1). A growing body of
evidence implicates cross-talk between innate and adaptive im-
mune response in augmenting airway inflammation and emphy-
sema with the progression of COPD. Oxidative stress plays
a critical role in driving these pathological processes. Exposure
to cigarette smoke activates innate immune responses by elicit-
ing pathogen recognition receptor signaling (such as Toll-like
receptors [TLRs]) and inflammasome signaling (2). Evidence
suggests that oxidative tissue injury caused by cigarette smoke

may generate damage-associated molecular patterns (DAMPs)
such as oxidatively or nitrosatively modified proteins, nitrosy-
lated surfactant protein D (3), or extracellular matrix compo-
nents (hyaluronic acid and fibronectin), which could elicit TLR4
signaling and activate innate immune responses (2). Activation
of innate immune responses induces secretion of proinflamma-
tory mediators (such as interleukin [IL]-1b, tumor necrosis
factor [TNF]-a, IL-6, and IL-8), which mediate infiltration of
neutrophils, monocytes, and macrophages into the lungs. Neu-
trophils and macrophages secrete reactive oxygen species
(ROS), reactive nitrogen species, proteases (such as metal-
loproteinases [MMPs], elastase), and other proinflammatory
mediators, which promote inflammation, apoptosis, and lung
tissue injury. Persistent lung tissue injury, as a result of chronic
exposure to cigarette smoke, cause emphysematous destruction
and airway remodeling.

Results from recent studies have indicated that adaptive im-
mune response contributes to persistent inflammatory response
and emphysematous destruction in COPD. Histopathologic
analysis results reveal an increase in bronchus-associated lym-
phoid tissue collections, an indicator of adaptive immune re-
sponse, with an increase in the severity of COPD (1). In both
airways and lung parenchyma, the number of CD41 and CD81

cells is elevated in COPD and correlates directly with decrease
in lung function (1). Unequivocally, results from mouse models
of chronic exposure to cigarette smoke have shown that patho-
genic T cells capable of driving alveolar destruction are induced
in the lungs (4). Transfer of CD31 T cells from the lungs of mice
exposed to cigarette smoke for 6 months into normal Rag22/2

mice, which are deficient in T and B cells, induced pulmonary
inflammation and emphysema (4). The component that acti-
vates adaptive immune responses is still an area of intense in-
vestigation, and it is thought that DAMPs released by damaged
tissue or apoptotic or necrotic cells may function as antigens
and be processed by dendritic cells (DCs) and elicit adaptive
immune responses. An increased accumulation of activated my-
eloid DCs in the lungs is associated with COPD (5). DCs may
induce CD81 and specific effector CD41 cells (Th1 or Th17) in
the lungs of patients with COPD (5). Activated CD81 cytotoxic
T cells release perforin and granzyme and may cause structural
parenchymal destruction by inducing apoptosis. CD8 knockout
mice showed increased resistance to cigarette smoke–induced
emphysema, suggesting a crucial role of CD81 in COPD (6).
CD41 Th1 cells secrete IFN-g and augment innate immune
responses (7). Transgenic mice have high levels of IFN-g in
their airways, which induces emphysema and supports the role
of IFN-g in COPD (8). Th17 cytokines induce secretion of che-
mokines and proinflammatory mediators that promote neutro-
philic inflammation and thereby tissue destruction. IL-17A
induces secretion of chemokine CCL20 that attracts myeloid
DCs in the lungs and MMP12 from the macrophages (5). Disrup-
tion of MMP12 protects the mice from cigarette smoke–induced
emphysema (9). IL-17A knockout mice showed resistance to
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cigarette smoke–induced emphysema, suggesting a role of Th17
in the pathogenesis of COPD (10).

ACUTE EXACERBATIONS DRIVE COPD PROGRESSION

Patients with COPD frequently experience episodes of acute ex-
acerbations, primarily caused by bacterial or viral infections,
which result in significant morbidity and mortality. The frequency
of exacerbations increases with the progression of the disease and
is associated with rapid decrease in lung function (11). An
estimated 10% of patients with frequent exacerbations account
for 70% of total health care use in the United States (12). Current
treatment approaches include bronchodilators alone or in combi-
nation with inhaled corticosteroids. These treatment options show
mild to moderate therapeutic benefits in reducing frequency of
exacerbations but do not substantially modify decrease in lung
function (13). Treatment with systemic corticosteroids in hospital-
ized patients with COPD exacerbation produced a mild improve-
ment in the duration of hospital stay. Compared with placebo,
systemic corticosteroids reduced the hospital stay by an average
of 1.2 days (14).

Bacterial infections are a frequent cause of approximately
50% of acute exacerbations. Most common bacteria associated
with COPD exacerbations are nontypeable Haemophilus influen-
zae, Pseudomonas aeruginosa,Moraxella catarrhalis, Streptococcus
pneumoniae, and Staphylococcus aureus (11). Bronchoscopic sam-
plings have indicated bacterial colonization in patients with stable
COPD; however, acquisition of new bacterial strains such as of
nontypeable H influenzae and P aeruginosa are associated with
more frequent exacerbation (11, 15). Despite exaggerated air-
way inflammation (10- to 20-fold more macrophages), bacterial
colonization and frequent infection are observed in patients
with COPD, suggesting a defect in innate immune defenses. The
innate immune system provides the first line of defense against
pathogenic insult in the lungs where it consists of an epithelial bar-
rier, mucociliary clearance, antimicrobial peptides, and alveolar
macrophages. Alveolar macrophages play a key role in phagocytic
clearance of bacteria in the lungs. Oxidative stress induced by
chronic exposure to cigarette smoke is linked to disruption of the
lungs’ innate immune defenses (2). Alveolar macrophages from pa-
tients with COPD show impaired bacterial phagocytosis compared
with that in patients who are smokers but do not have COPD (16).
Impairment of bacterial phagocytosis by alveolar macrophages may
result in chronic bacterial colonization. Results of studies in mouse
models indicate that chronic cigarette smoke exposure impairs
bacterial phagocytosis by alveolar macrophages and diminishes
pulmonary bacterial clearance (17–19). The underlying mechanism
for this defect is not well understood.

Around 25 to 50% of exacerbations are associated with respira-
tory viral infection (20, 21). It is unclear whether patients with
COPD are more susceptible to respiratory viral infection, but ev-
idence suggests that patients with frequent exacerbations are more
susceptible to viral infection (21). Rhinovirus and influenza are the
viruses most commonly associated with frequent COPD exacerba-
tions (21). Rhinovirus infection in volunteers with COPD caused
airflow obstruction and induced higher levels of airway inflamma-
tion and viral load compared with results in those without COPD
(22). For the first time, the results of this study demonstrated the
causal role of rhinovirus infection in COPD exacerbation. Im-
paired antiviral responses as well as higher expression of viral
receptors such as intercellular adhesion molecule 1 (ICAM-1),
a primary receptor for rhinovirus, as a result of chronic abnor-
mal inflammatory response in the airways may increase the risk
of viral exacerbations with the progression of COPD.

Pulmonary inflammation is augmented during bacterial or vi-
ral exacerbations and is characterized by heightened oxidative

stress and innate and adaptive immune responses. Bronchoal-
veolar fluid analysis results showed elevated levels of oxidative
stress (23), cytokines (IL-8), neutrophils, and CD81 and CD41

cells in the airways of patients experiencing exacerbation com-
pared with those in patients with stable COPD (23, 24). Because
of the increase in the levels of these pathological drivers of
COPD, frequent exacerbations are associated with accelerated
decrease in lung function, so prevention or reduction of exac-
erbation frequency is a major goal in COPD therapy.

NRF2 HOST DEFENSE PATHWAY, OXIDATIVE STRESS,
AND COPD

Nrf2 plays a central role in attenuating oxidative stress induced
by a wide variety of environmental stressors including cigarette
smoke by inducing expression of a broad spectrum of cytoprotec-
tive defense mechanisms (25). Under normal conditions, Nrf2 is
held in the cytoplasm by Kelch-like ECH-associated protein 1
(Keap1), ubiquitinated by Cul3-Keap1 E3 ligase complex, and
degraded by means of the proteasome pathway (25). In response
to oxidative stress, reactive cysteines in Keap1 are modified, pre-
sumably resulting in a conformation change in Keap1 structure,
leading to a decrease in E3 ligase activity, stabilization and trans-
location of Nrf2 to the nucleus, and robust induction of cytopro-
tective genes. Exposure to cigarette smoke increases the expression
of Nrf2-regulated cytoprotective genes, which include GSH bio-
synthesizing enzymes, antioxidant enzymes, NADPH-regenerating
enzymes, and xenobiotic detoxification enzymes; induces protea-
some system in the lungs (Figure 1); and attenuates oxidative
damage (26). Conversely, disruption of Nrf2 impairs induction
of this cytoprotective defense program and exaggerates oxida-
tive stress, nitrosative stress, inflammation, endoplasmic retic-
ulum (ER) stress, apoptosis, and emphysema in mice after
exposure to cigarette smoke (26, 27). Results from recent stud-
ies indicate that Nrf2 may protect against dysregulation of
inflammatory-immune responses induced by pathogenic insult.
Bacterial (28) or viral (influenza [29] or RSV [30]) infection in-
duced greater pulmonary inflammation and lung tissue injury in
Nrf2-disrupted mice than in wild-type mice. Lipopolysaccharide
(LPS), a TLR4 ligand, induced a hyperinflammatory response
in Nrf2-deficient macrophages or neutrophils when compared
with the response in wild-type cells (31). The Nrf2 signaling path-
way suppressed ROS-mediated TLR4 activation and attenuated
NF-kB and interferon response factor 3 proinflammation signaling
in macrophages after LPS stimulation (32). Conversely, constitu-
tive activation of Nrf2 by means of tissue-specific disruption of
Keap1 diminished oxidative stress, apoptosis, and inflammation
in the lungs of mice after cigarette smoke exposure (33). TLR4
signaling and NF-kB activity was suppressed in Keap1-disrupted
macrophages (32).

The Nrf2-directed antioxidant response decreases in periph-
eral lung tissue and alveolarmacrophages in patients with COPD
compared with that in patients without COPD. A decrease in
Nrf2 activity with progression of COPD was linked to a de-
crease in Nrf2 protein and is related to changes in the activity
of its positive regulator, DJ-1 and negative regulators, Keap1 and
BACH1 (34–36). Nrf2 activity showed an inverse correlation
with markers of oxidative damage in COPD (35). Diminished
Nrf2-regulated antioxidant defenses in alveolar macrophages
and airway epithelium in patients with COPD may contribute
to the amplification of inflammatory response during acute
exacerbations.

Improving lung antioxidant defensesmight be a promising ap-
proach to protect against oxidative stress–driven pathophysiol-
ogy in patients with COPD. Results from clinical trials in which
the investigators used pharmacological antioxidants such as
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N-acetyl cysteine and vitamin E showed a modest or no effect
on FEV1 decrease (37, 38). This reduced performance of phar-
macological antioxidants may be attributed to poor bioavailabil-
ity or insufficient protection at the lung tissue level. On the
contrary, activation of host defenses by Nrf2 may be a promising
approach to induce a broad spectrum of cytoprotective defenses
in the lungs.

TARGETING NRF2: EXPERIMENTAL THERAPEUTICS
FOR PREVENTING ACUTE EXACERBATIONS

Interventions aiming to curb the infectious cause of COPD
involve two main approaches: the use of antibiotics to prevent
and treat infectious exacerbations of COPD, and the use of cor-
ticosteroids to control the overall inflammatory response that is
a hallmark of COPD pathogenesis. The long-term use of the
antibiotic azithromycin has some benefit in preventing acute
exacerbations of COPD; however, it was associated with an in-
crease in the incidence of colonization with antibiotic-resistant
bacteria (39). Corticosteroids are the most commonly prescribed
medications for COPD. Steroids can be successful in reducing
inflammation, but steroid resistance is a common phenomenon
in patients with COPD (40). The prolonged use of corticosteroids
has also been associated with an increased risk of pneumonia.
Results of a meta-analysis indicated a 34% increased risk of de-
veloping bacterial pneumonia in patients with COPD treated with
inhaled corticosteroid therapy (41). Commonly used therapeutic
interventions have resulted in either impaired immune function or
increased susceptibility to antibiotic-resistant bacteria. It may be
beneficial to develop effective therapeutic approaches to prevent
COPD exacerbations through enhancement of pulmonary innate
immune defenses in patients with COPD and through immunomo-
dulation to prevent hyperinflammatory responses.

Oxidative stress plays a central role in disrupting innate im-
mune defenses and amplifying inflammation in COPD (2).
Recently published data from our laboratory provide a strong
rationale for targeting Nrf2 as a novel therapeutic approach
to prevent bacterial exacerbations and hyperinflammation in
COPD. To test the hypothesis that enhanced oxidative stress
associated with Nrf2 deficiency impairs the clearance of respiratory
infections, we identified a previously unknown role of Nrf2 in

regulating expression of the scavenger receptor macrophage recep-
tor with collagenous structure (MARCO). MARCO aids in the
binding and uptake of bacteria, oxidized low-density lipopro-
teins, and environmental particles (42, 43). MARCO is highly
expressed in tissue (liver or lung) macrophages in response to
bacterial infection, and genetic ablation of MARCO enhances
bacterial colonization, inflammation, and diminished survival in
a model of pneumococcal pneumonia (43). Activation of Nrf2 by
small-molecule sulforaphane enhances the bacterial phagocytic
ability of alveolar macrophages in both patients with COPD
and mice exposed to cigarette smoke (28). An increase in the
surface expression of MARCO correlated with improved bac-
terial clearance in mice exposed to cigarette smoke. Promoter
analysis results demonstrated that Nrf2 regulates transcriptional
expression of MARCO in macrophages.

LPS stimulation induces greater expression of IL-8 in macro-
phages from patients with COPD than from patients without
COPD (44). The synthetic glucocorticoid dexamethasone failed
to suppress LPS-induced IL-8 expression in COPD macro-
phages (44). A reduction in HDAC2 activity in COPD is linked
to amplification of inflammation and corticosteroid resistance
(44). HDAC2 inactivity results in epigenetic changes that aug-
ment LPS-induced expression of inflammatory cytokines (IL-8
and IL-6) in COPD macrophages and in mice exposed to ciga-
rette smoke (28). HDAC2 inactivity impairs glucocorticoid re-
ceptor–mediated transrepression of NF-kB activity and causes
corticosteroid resistance (28). Oxidative and nitrosative stress–
induced post-translational modifications such as phosphoryla-
tion of serine/threonine residues (45) and S-nitrosylation or
nitration of tyrosine residues in HDAC2 protein induce
HDAC2 inactivity (46, 47). S-nitrosylation of HDAC2 is a pre-
dominant mechanism involved in HDAC2 inactivity in COPD
macrophages (47). Impaired induction of Nrf2-regulated anti-
oxidants might contribute to HDAC2 inactivity (46). An in-
crease in GSH by activation of Nrf2 with small-molecule
sulforaphane restored HDAC2 activity, largely by means of
denitrosylation, and improved dexamethasone-induced repres-
sion of inflammatory cytokines (46).

Oxidative stress is thought to modify antiviral responses and
virus-mediated inflammatory responses and tissue injury. Nrf2-
null mice show increased sensitivity to RSV (30)- or influenza

Figure 1. Targeting host de-

fense by up-regulating Nrf2
may inhibit pathological drivers

of COPD. Activation of Nrf2 by

small molecules increases genes

that encode direct antioxidants
(heme oxygenase 1 [Ho-1], super-

oxide dismutase1 [SOD1], ca-

talase [cat], NADPH quinone

reductase 1 [Nqo1]), GSH bio-
synthesizing enzymes (gluta-

mate-cysteine ligase), electrophile

detoxification enzymes (glutathi-

one S-transferase, [Gsts]), catalytic
and regulatory members of the

proteasome system, and scavenger

receptors (MARCO and CD36).
This multifaceted cytoprotective

response suppresses oxidative

stress, endoplasmic reticulum (ER)

stress, inflammation, immune dys-
regulation, and disruption of innate

immune defenses induced by

chronic cigarette smoke exposure.
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(29)-mediated airway inflammation and morbidity, which is fur-
ther worsened by cigarette smoke exposure. Recent evidence sug-
gests that RSV infection could dampen Nrf2 signaling (48).
Conversely, enhancing Nrf2 signaling by means of sulforaphane
reduced virus replication and inflammation in lungs of mice in-
fected with RSV (30). Sulforaphane treatment also increased an-
tiviral responses and reduced influenza virus replication in nasal
epithelial cells derived from healthy human volunteers (49).
Therefore, therapies that increase Nrf2 signaling could be bene-
ficial in reducing viral exacerbation in patients with COPD.

CONCLUSIONS

Our current understanding of COPD indicates that a complex in-
teraction of oxidative stress and immunologic abnormalities are as-
sociatedwith the progression of COPD.Enhancing host defense by
targeting the Nrf2 pathway holds a great deal of promise in pro-
viding a multifaceted approach to improving immune response
and protection against oxidative stress in patients with COPD (Fig-
ure 1). Sulforaphane, a phytochemical present in broccoli and cru-
ciferous vegetables, increased Nrf2-regulated antioxidants in COPD
alveolar macrophages and attenuated oxidative stress, nitrosative
stress, and inflammation. Future clinical trials will determine its ef-
fectiveness in preventing exacerbations and mortality in patients
with COPD.

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