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Abstract

The molecular and cellular mechanisms underlying the pathogenesis of chronic obstructive
pulmonary disease (COPD) remain incompletely understood. We have investigated the potential
role of macro-autophagy, a cellular homeostatic mechanism, in COPD and cigarette smoke-
induced lung-cell injury. Autophagy is a dynamic process for the turnover of organelles and
proteins, which regenerates metabolic precursors through the lysosomal-dependent catabolism of
cellular macromolecules. It is typically associated with survival pathways, especially in nutrient
deficiency states. The role of autophagy in human diseases is less clear, and has been associated
with both protective and detrimental consequences, depending on the disease model. While
autophagy is considered cytoprotective, this process is often found in association with cell death,
and the relationships between autophagy and cell death remain ambiguous. We have found
elevated autophagy in COPD lung specimens, as well as in response to cigarette smoke exposure
in vitro and in vivo. In our studies, the activation of autophagic proteins was associated with
epithelial cell apoptosis in response to cigarette smoke, with pathogenic implications in COPD.
Further studies are needed to determine the functional significance of autophagy in COPD and
other diseases of the lung.
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Chronic obstructive pulmonary disease (COPD), a leading cause of morbidity and mortality
worldwide, is characterized by progressive airflow limitation and destructive alveolar loss
(emphysema) [1]. The pathogenesis of COPD involves exaggerated inflammatory responses
of the lung to chronic particle and irritant exposure in the airways, which can be amplified
by infections, protease/antiprotease imbalance and oxidative stress [2-4]. Cigarette smoke
(CS) exposure is the major risk factor for COPD, which progresses in approximately 15% of
smokers [1]. CS contains approximately 4700 chemical constituents, and can increase
endogenous reactive oxygen species (ROS) production in target cell populations (i.e.,
inflammatory cells and epithelial cells) [5-7]. Pro-oxidant states occur when the production
of ROS exceeds endogenous antioxidant defense and repair mechanisms, resulting in the
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impaired function of critical cellular macromolecules [5]. Proteases (i.e., elastases and
matrix metalloproteinases [MMPs]), when unchecked by anti-protease activities, can induce
tissue damage, leading to emphysema. The protease/anti-protease imbalance arises from
inflammatory cell activity and oxidative stress triggered by CS or, in rare cases, directly
from the genetic disorder a-1 antitrypsin (a-1 AT) deficiency [2-4].

Programmed cell death mechanisms (i.e., apoptosis) can potentially contribute to epithelial
cell loss, leading to the pathogenesis of emphysema [8-11]. Several studies report increased
numbers of apoptotic cells in the lungs of COPD patients [12-15]. Studies from our
laboratory and others demonstrate activation of apoptosis signaling pathways in
inflammatory, epithelial and fibroblast cells subjected to CS exposure [16—-19]. The factors
that regulate apoptotic pathways and their significance to the etiology of COPD remain
partially understood.

Conversely, the potential role of (macro)-autophagy, a fundamental cellular homeostatic
process, has not been previously studied in COPD. Our recent studies demonstrate the
occurrence and elevation of autophagic markers in human clinical samples from patients
with COPD [20]. This article will focus on the functional significance of autophagy and its
relationships to apoptosis, in the context of CS-induced lung cell injury and emphysema
pathogenesis (Figure 1).

Autophagy: general mechanism

Autophagy is a regulated process for the turnover of cytoplasmic proteins and organelles
through a lysosome-dependent degradation pathway. The autophagic pathway progresses
through a series of distinct steps that include the formation of an isolation membrane or
phagophore, the formation of a double membrane-bound autophagosome that engulfs
cytoplasmic material targeted for digestion, the fusion of the autophagosome to the
lysosome and, finally, the digestion of sequestered cargo by proteolytic activity in the
resulting autolysosome (Figure 2) [21]. The molecular machinery of autophagic regulation
has been extensively studied and recently summarized in greater detail elsewhere [21-23].
The autophagy-related genes, designated Atg, which are critical in the regulation of
autophagy in yeast, and their homologues in higher mammals, now include over 30
identified genes and gene products [23].

The autophagic pathway is tightly regulated and highly inducible in response to metabolic
signals, particularly those that relate to nutrient status, such as amino acid levels and energy
charge [22,23]. Autophagy is negatively regulated under nutrient-rich conditions by a
signaling pathway involving class | PI3K and mTOR. The antibiotic rapamycin acts as a
potent inducer of autophagy, by inhibiting mTOR. Suppression of mTOR kinase activity by
amino acid starvation or rapamycin results in activation of mammalian uncoordinated-51-
like protein kinase ULK1 (yeast: Atgl), a key regulator of autophagic initiation [24]. ULK1,
which forms a multiprotein complex with additional protein factors (i.e., the 200 kD focal
adhesion kinase family-interacting protein, FIP200 and Atg13) is critical for starvation-
induced autophagy, and initiates autophagosome formation [25,26].

The Bcl-2 interacting protein Beclin 1 (yeast: Atg6) also acts as key regulator of autophagy
in mammalian cells [27]. Beclin 1 forms a multiprotein complex that includes class 111 PI3K
(yeast: Vps34) and p150 (yeast: Vps15). Additional proteins that can interact with this
complex include the mammalian homolog of Atg14, and the UV radiation resistance-
associated tumor suppressor gene protein [28-30]. Upon cellular stimulation, the increased
production of phosphatidylinositol-3-phosphate by class 11 PI3K/Vps34 regulates the
formation of nascent autophagosomes [28-30]. The binding of Bcl-2 or Bcl-X with Beclin
1 impairs autophagy by inhibiting the PI3K activity of this complex [31,32].
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The elongation of the isolation membrane or phagophore also depends on the action of two
ubiquitin-like conjugation systems. In the first of these pathways, Atg5 is conjugated to
Atg12 by Atg7 (E1-like) and Atgl10 (E2-like) enzymes. The resulting Atg5-Atg12 forms a
complex with Atg16, which in turn assimilates with the isolation membrane. Another
pathway involves the microtubule-associated protein-1 light chain (LC)3 (yeast: Atg8),
which is cleaved by Atg4 and then conjugated with phosphatidylethanolamine by the
sequential action of Atg7 (E1-like) and Atg3 (E2-like) activities [21-23]. In mammals, the
conversion of LC3 from LC3-I (free form) to LC3-11 (phosphatidylethanolamine-conjugated
form) represents a key step in autophagosome formation [33]. During autophagosome—
lysosome fusion, LC3 is degraded by lysosomal hydrolases within the autophagosome, or
de-lipidated at the membrane surface by Atg4. The autophagosome-lysosome fusion step
requires additional accessory factors (i.e., Rab7, LAMP2) [22,23]. In the final stages of the
autophagic pathway, encapsulated cargo are degraded by lysosomal proteases and released.
In this way, autophagy provides a mechanism not only for the turnover of cellular
constituents, but also for the replenishment of metabolic precursors during nutrient-poor
conditions.

Observations of autophagy in COPD

In the recent paper by Chen et al., we have shown marked increases of autophagic proteins
in lung tissue derived from COPD patients [20]. The expression level of LC3B-I1l, a marker
of autophagosome formation, as well as the expression of additional autophagy-associated
proteins Atg4, Atg5—-Atgl12 and Atg7, was increased in COPD relative to control lung [20].
Electron microscopic analysis of lung tissue from COPD patients revealed enhanced
production of autophagosome formation in COPD lung compared with control tissues [20].

We have also observed increased markers of autophagy in the lungs of C57BI/6 mice
exposed to environmental CS for 12 weeks. CS-exposed mouse lung displayed increased
autophagosome formation by electron microscopic analysis and increases in LC3B-I1 [20].

In addition, we have used an in vitro model of CS exposure, involving application of
aqueous CS extract (CSE) to cultured cells. Our in vitro experiments demonstrate a dose-
dependent induction of LC3B-II by CSE treatment in primary human bronchial epithelial
(HBE) cells at the air-liquid interface (ALI), and in human small airway epithelial cells or
bronchial epithelial cells (Beas-2B) [20]. CSE induced a marked induction of
autophagosome formation in primary epithelial cells as determined by electron microscopy
[19,20]. The appearance of punctate staining in green fluorescent protein (GFP)-LC3-
expressing cells and tissues is regarded as an indicator of autophagosome formation [21,33].
CSE exposure was found to cause marked autophagosome formation in Beas-2B cells, as
determined by the formation of GFP-LC3-labeled puncta [19,20]. The induction of LC3B-II
levels by CSE in primary human bronchial cells was enhanced by bafilomycin Al, a
compound that prevents the maturation of autophagic vacuoles by inhibiting
autophagosome-lysosome fusion, and by lysosomal protease inhibitors pepstatin A and
E64d, indicating that CS-induced LC3B expression reflected increased autophagic flux
[19,20]. We have also recently observed CS-induced autophagy using a physiological in
vitro model of fully differentiated respiratory epithelial cells grown at ALI. Similar to the
human lung epithelial cells, autophagosomes and autolysosomes were also significantly
increased by mainstream CS in ALI-cultured cells relative to air-treated cultures [Lam H,
Choi AMK, Unpublished Data]. Taken together, our studies demonstrate elevated autophagy
in COPD lung tissue, and as a response to CS exposure in lung cells and tissue, suggestive
of a potential role for autophagy in lung epithelial cell injury [20].
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Molecular mechanisms for autophagic regulation by CS

The mechanisms by which CS induces autophagy in epithelial cells and mouse lung tissue
are not well understood. Previous studies have suggested links between oxidative stress,
elevated ROS (i.e., H,O, and O,7) production and activation of autophagy [34-37]. Since
CS exposure is known to promote pro-oxidant states in epithelial and other cell types [5-
7,19], it can be hypothesized that oxidative stress secondary to CS exposure is responsible,
at least in part, for autophagic activation during CS stimulation. This hypothesis is supported
by observations that CS-induced autophagy can be inhibited by administration of antioxidant
compounds such as N-acetyl-L-cysteine. Furthermore, chemical inhibitors of NADPH
oxidases, a membrane-dependent source of ROS, also inhibited CSE-inducible activation of
LC3B [20].

Experiments in other chemical exposure models have further characterized the role of ROS
in autophagic activation. For example, starvation-induced autophagosome formation was
associated with increased intracellular ROS levels in cultured cells, and was reversible by
treatment with the antioxidants N-acetyl-L-cysteine or catalase [35]. Direct administration of
the oxidant H,0O, induced a caspase-independent cell death associated with autophagic
activation in transformed or cancer cell lines. The siRNA-dependent knockdown of
autophagy genes (i.e., Beclin 1, Atg5 and Atg7) prevented H,O»-induced autophagic cell
death [36]. Similarly, treatment of transformed cell lines with inhibitors of mitochondrial
respiration (i.e., rotenone) increased intracellular ROS production, induced autophagy and
produced a caspase-independent form of cell death [37]. The autophagic protein Atg4 has
been identified as a redox-regulated protein in the autophagic pathway. Mutations in a
specific cysteine residue occurring in Atg4 protein(s) abolished the regulation of autophagy
by H,05 [35]. The precise redox-dependent mechanisms that regulate autophagy during CS
exposure currently remain unknown and warrant further examination.

The mechanisms governing the transcriptional regulation of specific autophagy genes
remain unclear. Sequence analysis of the LC3B promoter revealed consensus binding sites
for the transcription factor early growth response-1 (Egr-1). Egr-1 is the product of an
immediate early response gene that is induced rapidly following various cellular stresses in
vitro, which plays multifunctional roles in the regulation of apoptotic and inflammatory
signaling cascades [38]. Egr-1 binding to the LC3B promoter increased in response to
stimulation by CSE in epithelial cells. Knockdown of Egr-1 inhibited the activation of LC3B
in response to CS exposure in epithelial cells [20]. Interestingly, Egr-1~/~ mice were
resistant to the pro-apoptotic and pro-autophagic effects of chronic CS exposure in vivo, as
well as to CS-induced emphysematous changes. However, Egr-1~/~ mice also exhibited
significant basal airspace enlargement, indicating a potential role for Egr-1 in lung
developmental processes [20].

Epigenetic factors may also play an important role in gene regulation following CS
exposure. The studies of Ito et al. demonstrate that histone deacetylases (HDACSs), which
are important regulators of transcription and chromatin function, are generally
downregulated in response to CS exposure [39]. HDAC activities were also downregulated
in the COPD lung as a function of disease severity [39]. In CSE-induced stress, the
activation of autophagy as well as of Egr-1 were also linked to the downregulation of HDAC
activities [20]. General inhibition of HDACs with tricostatin A resulted in increased
autophagosome formation, LC3B conversion and Egr-1 activation in epithelial cells.

Our recent studies also suggest a role for caveolin-1 in the regulation of CS-induced
autophagy [40]. Caveolin-1 is a structural component of caveolae, which are cholesterol-and
glycosphingolipid-rich domains of the plasma membrane. In addition to this function,
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caveolin-1 interacts with and regulates the activity of numerous membrane-associated signal
transduction proteins [41]. We found that caveolin-1-deficient cells and Cav-1~/~ mice
exhibited higher levels of autophagy and apoptosis in response to CS exposure in vitro and
in vivo, respectively. The specific mechanisms by which caveolin-1 can regulate autophagy
are the subject of current investigation [40].

Autophagy in human diseases: comparative analysis

In addition to COPD as recently described [20,42], autophagy has been implicated in several
other human diseases, including cancer [43-46], neurodegenerative diseases [47],
inflammatory bowel disease [48,49] and cardiovascular diseases [50-53]. The regulation
and functional significance of autophagy in these diseases are poorly understood.
Dysfunctional autophagy resulting from either loss-of-function or excessive activation, has
been related to disease pathogenesis (Figure 3) [43]. Many of these studies describe
elevations of autophagy or autophagic markers in preclinical animal models of the diseases
in question, rather than from the direct analysis of human clinical samples. Owing to
inherent limitations in animal modeling, further translational and clinical studies are
urgently needed to determine the significance of autophagy in human disease.

In cancer models, autophagy has been associated with tumor cell survival and tumor cell
resistance to chemotherapeutic agents. In this context, autophagy is detrimental to the
survival of the host. Paradoxically, a type of autophagic cell death has been observed in the
action of certain chemotherapeutic agents [43-46].

Autophagy preserves neuronal cell integrity, whereas impaired autophagy promotes
neurodegeneration in animal models [54,55]. Defects in autophagic processing have been
associated with several neurodegenerative disorders, including Alzheimer’s and Parkinson’s
diseases. On the other hand, excessive autophagic activity has also been implicated as a
possible pathogenic factor in neurodegeneration caused by acute injury [47].

Defects in autophagic function have also been associated with the development of heart
disease [56]. On the one hand, autophagy was found to be protective in the context of
hemodynamic stress [57]. On the other hand, both protective and detrimental roles for
autophagy were implicated in cardiac ischemia/reperfusion injury, depending on the phase
[58]. Increased autophagy has been detected in arteriosclerotic plaques, and has been
implicated in plaque stabilization [51,52]. Autophagy has also been implicated in the
clearance of macrophages from arteriosclerotic plaques, and thus may play a beneficial role
in the context of this disease [59].

Recent studies have suggested that genetic polymorphisms in autophagy genes may be
linked to the progression of inflammatory bowel disease [48,49]. A small nucleotide
polymorphism of the atg16L1 gene has been associated with increased susceptibility to
Crohn’s disease [48,49]. Further studies are needed to determine whether or not genetic
polymorphisms are relevant to the pathogenesis of other diseases, including chronic diseases
of the lung.

Our own recent analysis of autophagy in lung diseases revealed elevated autophagy in
human lung tissue from COPD patients at various stages of disease severity relative to
normal lungs, although there was no clear correlation between the degree of apparent
autophagy and disease severity. Our preliminary studies indicated no evidence for
autophagy in lung tissues from patients with idiopathic pulmonary fibrosis, cystic fibrosis,
sarcoidosis and systemic sclerosis [20]. However, we have observed increased autophagy in
clinical samples of patients with various forms of pulmonary hypertension [60]. These
observations suggest that autophagic proteins could represent potential biomarkers of
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distinct pulmonary disease conditions. Further research would be necessary to determine the
specificity of these relationships.

Apoptosis—autophagy relationship in COPD

Apoptosis has been implicated in the pathogenesis of COPD, although its precise role(s)
remain controversial [8]. Several previous studies have identified increased alveolar cell
apoptosis in human emphysematous lung tissue sections using in situ DNA end labeling
techniques such as terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) [13,14]. TUNEL-positive cells in emphysematous
lung mainly represent endothelial cells from capillaries and arterioles but also alveolar
epithelial cells, interstitial cells and inflammatory cells, whereas control lungs were negative
[13-15]. The activated subunits of caspase-3 and the increased expression of pro-apoptotic
proteins (i.e., Bax and Bad) were detected in emphysema lungs, while the anti-apoptotic
protein Bcl-2 was not detected in either normal or emphysematous lung tissue [15].
Increases in apoptotic epithelial and endothelial alveolar septal cells were observed in
emphysematous lungs compared with the lungs from nonsmokers, healthy smokers and
patients with primary pulmonary hypertension, with no significant difference in apoptosis
indicators between healthy nonsmokers and smokers without emphysema [61]. Recent data
have demonstrated that apoptosis persists despite smoking cessation, suggesting that
cigarette smoke itself is not the sole agent causing apoptosis once COPD is established,
although COPD individuals are more likely to be susceptible to smoke-induced cell damage
and apoptosis [12]. This finding indicates that additional factors including protease/
antiprotease imbalance, inflammation and oxidative stress involved in the pathogenesis of
emphysema may also contribute to increased apoptosis [12].

In our analysis of clinical specimens, we noted that caspase-3 activation was detectable in
lung tissue from advanced-stage COPD (Global initiative for chronic Obstructive Lung
Disease [GOLD]4) human lung specimens, but not detectable in specimens with less severe
disease (i.e., GOLDO0-2). By contrast, biochemical and morphological markers of autophagy
were found to be elevated at all stages of disease progression (GOLDO0-4) relative to healthy
nonsmokers [20]. These findings imply that autophagy may precede apoptosis as a general
response to chronic CS exposure in the lung [20]. The repetition of these studies with larger
sample sets and more sensitive methods to detect lung apoptosis may shed further light on
this issue.

Our recent in vitro studies in CS-induced lung cell injury models suggest a regulatory role
for LC3B in epithelial cell apoptosis induced by CSE [19,20]. We have observed evidence
for upregulation of both autophagy and apoptosis in lung epithelial cells exposed to CSE.
CSE initiated the extrinsic apoptosis pathway involving assembly of the Fas-dependent
death-inducing signaling complex (DISC) and activation of caspase-8, induced the
expression and conversion of the autophagic regulator LC3B, increased autophagosome
formation and, ultimately, increased caspase-3 activation in epithelial cells [19]. The role of
autophagic proteins in mediating CSE-induced epithelial cell death was demonstrated in
genetic interference experiments. The siRNA-directed knockdown of the autophagic
proteins Beclin 1 or LC3B in epithelial cells inhibited the assembly of the Fas-dependent
DISC. While initiating events in apoptosis signaling, such as DISC formation, appear to
precede the activation of LC3B, the activation of executioner caspases occurs later than
morphological signs of autophagy. Thus while autophagy and apoptosis were concurrently
regulated after CS exposure in epithelial cells, the temporal and causal relationship of these
processes remains unclear [19,20]. In our recent studies, we found that LC3B interacted with
Fas under basal conditions in Beas-2B cells, whereas this interaction was rapidly disrupted
after exposure to CSE. This molecular interaction localized to plasma membrane lipid rafts
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and was dependent on caveolin-1. Further experiments in progress will determine the
significance of these findings [Choi AMK, Unpublished Data].

Relationship of autophagy to cell death mechanisms: unanswered
guestions

While recent consensus favors the hypothesis that autophagy primarily represents a cell
survival mechanism, the functional relationships between autophagy and various forms of
cell death, including apoptosis, remain the subject of extensive current debate [21,62].

A substantial body of literature has defined autophagy as a cellular process essential for
normal homeostatsis, which provides a survival advantage under conditions of nutrient
deprivation or metabolic stress [21,62—66]. In this regard, autophagy serves to replenish
metabolic building blocks essential for survival by salvaging them from the degradation of
damaged or dysfunctional cellular macromolecules. In this capacity, autophagy may prevent
cell death by necrosis, as well as inhibit or delay the initiation of the apoptotic program. In
support of this hypothesis, recent studies demonstrate that impaired autophagy, whether
achieved by genetic or chemical means, promotes apoptosis under conditions of nutrient
deprivation [67].

Since autophagy functions primarily as a degradative or catabolic process, it is conceivable
that excessive or deregulated autophagy, leading to degradation of vital cellular components
beyond the degree necessary to maintain homeostasis, may in some cases also trigger
apoptosis [62—66].

Apoptosis (type | programmed cell death) has been functionally characterized by plasma
membrane blebbing, chromatin condensation, DNA fragmentation and activation of
caspases [66]. By contrast, the term “autophagic cell death’ (also type 1l programmed cell
death) has been previously introduced to describe a form of cell death that occurs in
association with apparent increases in autophagic vacuole (AV) formation, without evidence
of caspase activation or other morphological signs of apoptosis [63,64]. Evidence for
autophagic cell death relies in part on observation of increased vacuolization and cell death
in apoptosis-compromised (caspase inhibitor-treated) cells [68,69]. The occurrence of AVs
or autophagic markers in dying cells, however, does not establish a casual relationship
between the autophagic process and cell death [67]. Furthermore, increases in AV formation
do not necessarily indicate that an active autophagic process is occurring, as AV numbers
can also increase as a result of inhibited autophagosome-lysosome fusion [21,67]. Boya et
al. reported that cells displaying elevated AV formation resulting from impaired fusion were
not necessarily committed to death [67]. Furthermore, these authors reported that
biochemical indicators of apoptosis could be detected in cells that were undergoing active
autophagy, thus questioning the classification of autophagy as a fully independent death
pathway under physiological conditions [67]. By these arguments, the elevated occurrence
of autophagy in dying cells may rather signify a homeostatic mechanism that only partially
compensates but fails to counteract prevailing pro-death stimuli.

Additional studies using non-physiological experimental conditions relying on the chemical
or genetic impairment of apoptosis have implicated the activation of autophagy as an
alternative pathway to cell death that can substitute for a dysfunctional apoptosis pathway
[68-72]. Inhibition of caspase activation using chemicals such as Z-Val-Ala-Asp (OMe)-
fluoromethylketone (z-VAD-fmk) simultaneously increases autophagy and induces cell
death in several cell types [68—72]. The functional role of autophagy in this model of
caspase inhibitor-induced cell death was variably attributed to both promotion [68-71] and
inhibition [72] of cell death when chemical modulators of autophagy were used. Genetic
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knockdown of autophagic proteins typically inhibited caspase inhibitor-induced cell death
[68-71]. In cells genetically deficient in apoptosis, for example Bax ™~ Bak™/~ murine
embryonic fibroblasts, treatment with pro-apoptotic agents (i.e., etoposide) resulted in non-
apoptotic cell death accompanied by excessive AV formation [73]. This caspase-
independent cell death was blocked by chemical inhibitors of autophagy, or by genetic
interference of autophagic proteins [73].

Literature reports on the functional consequences of autophagy (whether pro-survival or pro-
death) appear to vary with cell type [74,75] or with the inducing conditions [76]. For
example, one study demonstrated a differential functional outcome of autophagy in response
to chemical stimulation, whereby the same stimuli promoted cell survival in transformed cell
lines but caused cell death in corresponding untransformed lines [74]. Furthermore,
chemical induction of autophagy with endoplasmic reticulum (ER) stress agents inhibited
cell death in normal fibroblasts but promoted cell death in apoptosis-impaired (Bax ™~

Bak ™) fibroblasts [75]. The inhibition of autophagy by genetic interference was reported to
have differential functional outcomes depending on the nature of the pro-death stimuli. For
example, Atg5 knockdown enhanced fibroblast apoptosis in combination with pro-apoptotic
stimuli (i.e., death receptor pathway agonists), but inhibited apoptosis in response to
xenobiotics [76].

The relationships between the underlying molecular mechanisms that provide fine regulation
of autophagy and those that regulate apoptosis also remain incompletely resolved [62].
Recent studies imply that cross-interaction can occur between the molecules that regulate
autophagy and apoptosis (Figure 4) [63,64]. Autophagic proteins can interact with and
modify the activity of apoptosis-associated factors, and vice versa. Beclin 1 interacts with
anti-apoptotic Bcl-2 family members, including Bcl-2 and Bel-X_ [31,32,77]. Binding of
Bcl-2 family proteins to Beclin 1 inhibits autophagy by preventing the association of Beclin
1 with the class 111 PI3K complex. Overexpression of Bcl-2 resulted in impaired autophagy.
However, overexpression of a mutant Beclin 1 deleted for the Bcl-2 binding site resulted in
increased autophagy relative to overexpression of the wild-type Beclin 1, and increased cell
death [32]. In contrast to the aforementioned findings, overexpression of Bcl-2 during
stimulation with pro-apoptotic agents such as etoposide was found to promote non-apoptotic
cell death associated with increased AV formation [73]. More research is needed to deduce
the function of Bcl-2-related proteins in autophagic regulation under physiological
conditions. The autophagic protein Atg5 may affect death receptor-dependent apoptosis
pathways through interactions with the Fas-associated death domain protein, a component of
DISC [78]. A calpain fragment of autophagic protein Atg5 enhances apoptosis by binding to
and inhibiting Bcl-X_ [79]. In addition, several signal transduction proteins associated with
apoptosis (i.e., p53, DRAM and c-Jun-NH,-terminal kinase) also regulate autophagy
[80,81]. Our ongoing studies aim to elucidate these relationships in the context of CS-
induced cell injury.

Relationship of autophagy with COPD pathogenesis

Our human studies indicate that autophagic markers are elevated at early stages of COPD,
and that their presence in GOLDO smokers perhaps indicate a general response to chronic
smoke exposure that precedes the disease process [20]. In our studies, increased autophagy
was also observed in the genetic variant of emphysema, a1-AT, whose etiology is
independent of smoke or particle inhalation. Unlike the COPD specimens, where
comprehensive smoking histories were available, no smoking histories were available for
the al-AT patients. Nevertheless, these observations suggest that intrinsic factors, such as
increased matrix proteolysis or inflammation, may contribute to the activation of autophagy
in COPD, in addition to direct cellular responses to CS.
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Current studies aiming to elucidate the role of autophagy in COPD pathogenesis, as
described in this article, have thus far only considered the potential impact of autophagy on
the process of lung cell apoptosis. Although not yet tested directly in models of CS-induced
lung injury, it remains possible that autophagy may impact on other important processes that
are potentially involved in COPD pathogenesis, including the regulation of inflammation,
innate immune responses and matrix proteolysis.

Recently, several relationhips between autophagy, inflammation and the activation of Toll-
like receptor (TLR) signaling pathways have been proposed [82], although the role of these
relationships in CS-induced lung injury has not yet been examined. Activation of TLRs is
potentially involved in autophagy induction and autophagosome assembly [83-86]. In
macrophages, the induction of autophagy by proinflammatory stimuli was reported to
involve the TLR4 pathway, the adaptor TRIF, receptor-interacting protein 1, the p38 MAPK
signaling pathway and the phagocytic NADPH oxidase [83,87]. Autophagy was also
suggested to be responsive to stimulation by TLR3 and TLR7 ligands [84]. Further research
will determine whether autophagy and inflammation cross-talk in the context of CS
exposure models.

The role of MMPs in the regulation of autophagy, or vice versa, remains unclear. Recent
studies indicate that MMP inhibitors may impair the induction of autophagy in cancer cells
elicited by anti-cancer drugs [88]. Mitochondrial MMP-9 activity in cardio-myocytes has
been linked to a pathway mediating mitochondria-specific autophagy (mitophagy) [89].
Nothing is currently known of the relationship between autophagy and matrix proteolysis as
it may apply to COPD, and further experiments along these lines may be interesting.

Expert commentary

Additional studies are clearly needed to define the relationships between autophagy,
apoptosis and cell death in the context of disease pathogenesis. Autophagy is primarily
regarded as a cell survival mechanism under nutrient-poor conditions. Our recent studies,
however, imply a potentially deleterious function of this process during CS exposure.
Starvation represents a physiologically relevant model in which autophagy as a catabolic
process can provide survival advantage by conserving cellular resources. CS exposure,
however, represents a dramatically different model involving cellular exposure to a complex
mixture of toxic particles, chemicals and reactive species. CS exposure may lead to the
deposition of cellular debris, including exogenous material and insoluble protein aggregates
within the cell. It is conceivable that autophagy, although induced as a protective mechanism
in this context, fails to function in the intended fashion. This may imply a state in which
autophagy is excessively activated but cannot cope with the substrate load, which may
include foreign particles or large-scale accumulation of denatured protein, and leads to
aggravation rather than resolution of the non-homeostatic state. The engulfment of foreign
matter along with cellular constituents could be regarded as a ‘xenophagy’ rather than
strictly autophagy, although direct evidence for this in the CS-exposure model is lacking.
Frustrated autophagy may resemble frustrated phagocytosis, whereby futile phagocytic
activity towards indigestible material leads to cellular injury. Chemicals that cause ER
disruption, leading to intracellular accumulation of denatured protein, also cause a potent
activation of autophagy in cell culture [74]. To date, the relationships between ER stress and
autophagy have not yet been studied in the CS exposure model.

In the autophagy field, recent emphasis has been placed on the measurement of autophagic
activity or flux and its distinction from the measurement of protein markers of autophagy
alone. In vitro, this issue is currently addressed by the use of chemical inhibitors of
lysosomal turnover or autophagosome—lysosome fusion (i.e., leupeptin and bafilomycin Al;
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see [21]). Molecular inhibitor studies lend support to the conclusion that the increases in
autophagic markers in response to CS are associated with increased autophagic activity or
flux, at least in vitro [19,20]. This relationship currently remains unclear in the case of
COPD tissues and in mouse lungs exposed to chronic CS, and warrants further investigation.
We cannot yet exclude the possibility that autophagic processes may be impaired in vivo,
leading to accumulation of AV and apoptosis secondary to autophagic impairment. Few
studies so far have attempted to dissect these relationships in vivo, and such an approach is
likely to present a considerable challenge, in particular in chronic exposure models such as
CS inhalation. Nevertheless, more rigorous testing of autophagic flux relationships in vivo
with chemical inhibitor strategies may clarify these issues.

Some of the major autophagic regulators such as LC3B appear to interact with other
signaling networks not necessarily related to autophagic function. LC3B acts as a regulator
of fibronectin (Fn1) mRNA translation by interacting with an AU-rich region of the Fnl 3'-
untranslated region [90,91]. LC3B-dependent fibronectin expression and resulting increases
in connective tissue growth factor expression were associated with tumor cell proliferation,
adhesion and invasiveness in fibrosarcoma cells [92]. In addition, LC3B acts as a regulator
of microtubule assembly [93] and microtubule-dependent mRNA transport [94]. Thus, it
remains unclear whether the involvement of an autophagy-associated protein (i.e., LC3B) in
a particular process, such as the regulation of cell death, implies the involvement of
autophagic activity, or rather reflects an association of the autophagic protein with cellular
signaling pathways independent of autophagic activation. Since LC3B knockdown results in
impaired apoptosis in the CSE exposure model, it is possible that the LC3B directly interacts
with signaling pathways involved in the upstream regulation of apoptosis, which do not
necessarily require an active autophagic process. Further resolution of this issue would be
needed when considering autophagic proteins as targets for therapy.

The experiments conducted to date in the CS exposure model have relied on the use of
homozygous or heterozygous knockout mice for the major autophagic regulator proteins
LC3B or Egr-1, and Beclin 1, respectively. Due to the potential impact of these gene
deletions (e.g., Egr-1) on normal lung development, an inducible or conditional cell-type
specific (i.e., epithelial cell) approach to generation of knockout animals may remove this
caveat and provide more specific information.

Another limitation of the studies described in this paper is that they were performed in
Beas-2B, or in differentiated respiratory epithelial cells cultured at air-liquid interface.
However, COPD consists of both emphysema and chronic bronchitis, and therefore studies
in airway epithelia alone may not completely or accurately model physiological responses in
COPD. Emphysema primarily reflects the selective destruction of type Il alveolar epithelial
cells. The observed responses in airway epithelia to cigarette smoke do not necessarily prove
their occurrence or lack thereof in type Il cells. Further experimentation in type 1l epithelial
cells could be warranted to resolve these issues. Unfortunately, type Il epithelial cells are
relatively more difficult to isolate and culture, and this has somewhat delayed progress in
this area.

Five-year view

The specific role(s) of autophagy in many human diseases, including chronic lung disease,
as discussed in this article, remains incompletely resolved. It is still unclear if autophagy
represents a ‘bystander’ phenomenon that occurs as a general adaptive response in stressed
tissue, or whether clear links to disease mechanisms will emerge. Furthermore, it remains
unclear whether ‘non-autophagic’ functions of autophagic proteins (i.e., LC3B and Beclin 1)
may be more important in a disease process than the process of autophagy itself, as they may
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impact on signal transduction pathways. Over the next 5 years, we hope to see a resolution
of these fundamental questions for various human diseases, including chronic diseases of the
lung. Analysis of autophagic function in stressed cells may further broaden the
understanding of how environmental stress can translate to disease. If the role of autophagy
can be confirmed as either adaptive or pathogenic in any specific disease context, then the
pharmacological modulation of this process, either positively or negatively, could
potentially offer clinical benefit. To date, there are no regulators of the autophagic process,
with the exception of rapamycin, that are approved for human clinical use, and no approved
drugs that specifically or selectively target this process. The further resolution of the
molecular mediators and mechanisms of autophagy would potentially uncover novel
therapeutic targets, which would in turn facilitate new drug discovery and development.
Further evolution of this field will ultimately determine whether molecular medicines based
on autophagic pathway manipulation would have an impact on clinical medicine as a whole,
and on specific disorders such as COPD.
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Figure 1. Chronic obstructive pulmonary disease is a multifactorial disease involving airflow
limitation, bronchitis and emphysema, induced primarily by cigarette smoking

The molecular mechanisms governing the pathogenesis of COPD remain unclear, but may
involve several factors. Of these, oxidative stress, inflammation, apoptosis and protease/
antiprotease imbalance may play critical roles. COPD pathogenesis can also be influenced
by additional factors, such as chronic exposure to air pollution of microbial pathogens,
genetic factors, such as a-1 antitrypsin deficiency, and autoimmune responses. Autophagy, a
fundamental homeostatic process, may play a critical role in COPD pathogenesis by
influencing epithelial cell fate in response to environmental stress (i.e., cigarette smoke)
[19].

COPD: Chronic obstructive pulmonary disease.
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Figure 2. The activation of autophagy is a multistep process that involves the formation of an
isolation membrane, the formation of an autophagosome with assimilation of organelles or
proteins to be degraded, subsequent autophagosome-lysosome fusion, and finally the proteolytic
degradation of the cargo

Beclin 1 in complex with class 111 PI3K and Atg14 acts as a major positive regulator of
autophagy. The rapamycin-sensitive mTOR/class | PI3K pathway, which is sensitive to
cellular nutrient status, acts as a negative regulator of autophagy. Consequently, rapamycin
acts as an activator of the autophagy pathway. Autophagy can be inhibited by molecules
targeting the class 111 PI3K, including wortmannin, and 3-MA. Wortmannin can also inhibit
the class-1 PI3K associated with mTOR signaling. siRNA strategies targeting autophagic
proteins can be used to inhibit autophagy at several steps, as indicated on the diagram.
Autophagosome-lysosome fusion can be inhibited by bafilomycin Al. Lysosomal turnover
of LC3B can be inhibited by protease inhibitors such as leupeptin.

3-MA: 3-methyladenine; LAMP2: Lysosomal-associated membrane protein 2; ULK1:
Mammalian uncoordinated 51-like protein kKinase-1.
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Figure 3. The activation of autophagy, as an endogenous inducible response to cellular stress,
may have both adaptive and maladaptive consequences depending on the experimental model
The protective functions of autophagy are associated with the homeostatic turnover of
damaged cellular organelles and protein, thereby facilitating the recycling of essential
metabolic precursors and the regeneration of energy equivalents. Thus, autophagy is
generally thought of as a survival mechanism. However, excessive autophagy may be
associated with degradation of intracellular constituents, leading to autophagic cell death or,
alternatively, to apoptotic cell death, depending on the cell model, both of which may
potentially play a contributory role in COPD pathogenesis.

COPD: Chronic obstructive pulmonary disease.
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Figure 4. Several regulatory elements of autophagy have been shown to interact with apoptosis
signaling pathways in mammalian cells

Autophagosome formation requires two ubiquitin-like conjugation systems: the Atg8 (LC3)
conjugation system and the Atg5-Atgl12 conjugation system. Conjugation of LC3 with PE is
a major indicator of autophagosome formation. Our recent studies indicate a possible pro-
apoptotic interaction of LC3B with the Fas-dependent extrinsic apoptotic pathway in the CS
exposure model [18]. Atg5 possibly links to cell death through interaction with FADD. A
calpain-dependent truncation production of Atg5 (tAtg5) may act as a pro-apoptotic factor.
Beclin 1 forms binding complexes with anti-apoptotic molecules Bcl-2 and Bcl-X, . These
interactions generally inhibit autophagy by suppressing Beclin 1-dependent signaling and
may influence the outcome of autophagy-associated cell death.

FADD: Fas-associated death domain; LC: Light chain; PE: Phosphatidylethanolamine.
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