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Autophagy

A Core Cellular Process with Emerging Links to Pulmonary Disease
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Autophagy is a highly conserved homeostatic pathway by which cells
transport damaged proteins and organelles to lysosomes for degra-
dation. Dysregulation of autophagy contributes to the pathogenesis
of clinically important disorders in a variety of organ systems but,
until recently, little was known about its relationship to diseases
of the lung. However, there is now growing evidence at the basic
research level that autophagy is linked to the pathogenesis of
important pulmonary disorders such as chronic obstructive pulmo-
nary disease, cystic fibrosis, and tuberculosis. In this review, we
provide an introduction to the field of autophagy research geared to
clinical and research pulmonologists. We focus on the best-studied
autophagic mechanism, macroautophagy, and summarize studies
that link the regulation of this pathway to pulmonary disease. Last,
we offer our perspective on how a better understanding of macro-
autophagy might be used for designing novel therapies for pulmo-
nary disorders.
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At the cellular level, homeostasis is maintained by a series of deeply
conserved pathways of which “autophagy” is one central pillar.
Autophagy refers to a collection of catabolic pathways that trans-
port components of the cytoplasm to lysosomes for degradation
(1). In addition to proteins, autophagy can target both carbohy-
drates (2, 3) and lipids (4) for digestion as well as entire organelles,
such as mitochondria and peroxisomes (5-7). The products of
digestion, such as free amino acids, are recycled back to the cyto-
plasm for use in various biosynthetic pathways (8). Autophagy
contributes to cellular homeostasis via three basic mechanisms.
First, autophagy provides an alternative source of metabolic fuel
(9). Second, autophagy removes damaged cellular components,
such as dysfunctional mitochondria and aggregated proteins that
would otherwise be toxic to the cell (7, 10, 11). Finally, autophagy
is entwined at the signal transduction level with the apoptotic
pathway and impacts the decision of a cell to undergo program-
med cell death (12, 13). To study autophagy is to study an aspect of
the core operating system that enables eukaryotic cells to function.
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Which begs the question: what does autophagy have to do
with patients suffering from pulmonary disease? Interestingly,
the answer may be “quite a lot.” The purpose of this review is
twofold: to provide a basic introduction to the rapidly expand-
ing field of autophagy research with an emphasis on the most
studied autophagic pathway (macroautophagy), and also to re-
view recent studies that link autophagic regulation to pulmo-
nary diseases.

HOW DOES AUTOPHAGY WORK?

At present there are three known mechanisms by which autophagy
can occur (Figure 1). The first mechanism is called chaperone-
mediated autophagy (CMA) and was originally described in lung
fibroblasts (Figure 1A) (14). This mechanism involves the direct
translocation of proteins across the lysosomal membrane via
a complex that includes Hsc70 and the lysosome transmembrane
protein Lamp2A (15, 16). CMA is difficult to monitor in vivo and
at this point we do not have any information about whether this
pathway is affected in pulmonary disease. However, CMA plays
an important role in the pathogenesis of neurodegeneration
and aging (17, 18), and is still an evolving field of biomedical
research. The second autophagic pathway is called microau-
tophagy and involves the direct invagination of cytosolic ma-
terial into late endosomes or into multivesicular bodies, which
subsequently either degrade the material on site or deliver the
material to lysosomes for degradation (19). Until more re-
cently nothing was known about microautophagy at the mo-
lecular level, and the existence of this process was suspected in
mammalian tissues only on the basis of electron micrographs
(EMs). However, it was shown that microautophagy also em-
ploys Hsc70 but, unlike CMA, it targets proteins to late endo-
somal membranes through electrostatic interactions between
this chaperone and the lipid phosphatidylserine, rather than by
binding to Lamp2A (Figure 1B) (20). Microautophagy is simi-
larly difficult to measure in vivo and so little is understood
about its physiological significance at this point, although this
may change as the molecular mechanism is better defined.
The final pathway, macroautophagy (21), receives the most
attention in the literature and its contribution to human disease
is the best explored of the three pathways. In fact, macroautoph-
agy is so much better studied that it is often referred to in many
papers as simply “autophagy,” even though it is only one of the
pathways involved in lysosome-dependent degradation. This is in
large part because macroautophagy can be visualized at both the
light microscopic level (using fluorescent fusion proteins), and at
the EM level making it relatively easy to detect (22). In macro-
autophagy, a vesicular membrane is constructed around a volume
of cytoplasm that is intended for degradation (Figure 1C). This
novel structure, called an autophagosome, is distinct from other
vesicles on electron micrographs because it contains a double-
unit limiting membrane (21). Autophagosomes then deliver their
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cargo for degradation by fusing with late endosomes and lyso-
somes, gradually losing their distinctive membrane structure (23).
The products of digestion, such as free amino acids, are recycled
back to the cytoplasm via lysosomal permeases (8). Of the three
known autophagic pathways, macroautophagy is notable for its
ability to process large intracellular structures such as organelles
(5, 6), invasive bacteria in the cytoplasm (24, 25), and large protein
aggregates (10). Macroautophagy is sensitive to nutrient availabil-
ity (19, 26), and is altered in a variety of nonpulmonary diseases,
such as neurodegeneration (27), myopathy (28, 29), and cancer
(30). All of the current literature about the role of autophagy in
pulmonary disease focuses on macroautophagy, and therefore we
focus on this mechanism for the remainder of this review.

The last decade has seen a dramatic increase in our under-
standing of the molecular mechanisms underlying macroautoph-
agy (Figure 2). The current paradigm is that macroautophagy is
mediated by a highly intricate mechanism that requires the con-
tribution of at least 20-30 core proteins that are physically
grouped into several distinct multiprotein complexes, each with
a distinct functional specialization (31). The most upstream
complex described so far is composed of the proteins ATG1
(autophagy-related-1), FIP200 (FAK [focal adhesion kinase]
family interacting protein of 200 kD), ATG101, and ATG13
and possesses serine/threonine kinase activity (32, 33). This
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complex is regulated by mTOR (mammalian target of rapamy-
cin) and AMPK (AMP-activated protein kinase), which sense
nutrient and intracellular ATP availability and, through phos-
phorylation of ATG1, adjust the rate of macroautophagy to the
metabolic needs of the cell (34). The primary function of the
ATG1-containing complex is to control the activity and locali-
zation of another structure called the vps34 multiprotein com-
plex, although the mechanism by which this is accomplished is
unknown. The vps34 complex has phosphatidylinositol-3-kinase
(PI3K) activity and the production of PI3 moieties is required
for autophagosome formation (35, 36). One important constit-
uent of the vps34 complex is the protein ATG6/Beclin-1, which
is an adaptor protein that is crucial for the participation of
the vps34 complex in autophagosome formation (37, 38). In
yeast, the vps34 complex localizes to a distinct perinuclear
structure called the phagophore assembly site (39), whereas in
mammalian cells this complex localizes to many sites distributed
throughout the cell (40). The precise location of these sites is
controversial but there are microscopy data suggesting the
vps34 complex can nucleate autophagosomes on the surface of
both the endoplasmic reticulum (ER) (40) and mitochondria
(41), depending on the cell type and experimental conditions.
The PI3-phosphate moieties laid down by vps34 recruit binding
proteins that are critical for autophagosome maturation and
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may also intrinsically produce local changes in the membrane
physical properties that make it easier to mold (42-44). The result
is a cuplike structure that has been termed the “omegasome” (40,
45, 46). The final group of proteins is an ubiquitin-like ligase
system composed of the proteins ATG3, ATG7, and ATGI10,
and a trimeric complex composed of ATGS, ATG12, and ATG16L
that localizes to the omegasome (47, 48). The function of this
system is to conjugate a protein called ATG8/LC3b to the
lipid phosphatidylethanolamine (PE), which is abundant in
autophagosome membranes (49). The PE-conjugated form of
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Figure 2. Proposed molecular mechanism for autophago-
some formation, based on Itakura and Mizushima (122),
Hayashi-Nisino and colleagues (45, 46), and Weidberg
and colleagues (52). AMPK = AMP-activated protein
kinase; ATG = autophagy-related protein; AV = auto-
phagic vacuole; DFCP1 = double FYVE-containing pro-
tein 1; ER = endoplasmic reticulum; FIP200 = FAK [focal
adhesion kinase] family interacting protein of 200 kD;
GABARAP = y-aminobutyric acid type A receptor-associated
protein; GATE16 = Golgi-associated ATPase enhancer of
16 kD; mTOR = mammalian target of rapamycin; PAS =
phagophore assembly site; PI3 = 3-phosphatidylinositol;
WIPI = WD repeat domain, phosphoinositide-interacting
protein.
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LC3Db (called LC3b-1I) is inserted into both sides of the auto-
phagosome membrane (50), and is required for autophago-
some membrane elongation (51, 52). LC3b is actually just
one of at least five homologous proteins in mammalian cells
(53, 54), all of which are targeted to the autophagosome by PE
conjugation and cooperate in autophagosome maturation and
sealing (52). Luminal-facing LC3b-II is degraded by lysosomal
hydrolases (55), while protein on the cytosolic-facing side of
the autophagosome is recovered via delipidation (Figure 3)
(56). The cytoplasmic, nonlipidated form of LC3b, called

Lysosome

Figure 3. Schematic of the
macroautophagy pathway. Red
circles depict LC3b; orange ovals
depict mitochondria; yellow
hexagons and black dots depict
ribosomes and cytosolic pro-

teins, respectively. A representa-
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LC3b-1I, can then be recruited for the construction of new
autophagosomes (50, 56). LC3b also plays an important diag-
nostic role in macroautophagy research: because it is targeted
uniquely to autophagosome membranes it serves as a conve-
nient marker for this structure (50).

Although the above-described molecular mechanism pro-
posed for macroautophagy is now impressively detailed, much
of this information comes from genetically deleting individual
pathway members and then observing the results. As such we
know a great deal about the hierarchal relationships between
macroautophagy proteins, but we have little insight into how
the functional groups cooperate on a biochemical level. It is
not even certain that macroautophagy represents a single unified
process, which is the current paradigm, or a collection of pro-
cesses that happen to produce similar-looking vesicles under
EM, but only partially overlap on the molecular level. Indeed,
autophagosomes have been observed in mammalian cells even
when critical proteins in the “canonical pathway” described
above have been genetically knocked out (57). That said, it is
clear from genetic deletion of macroautophagy-related (ATG)
proteins in mice that protein turnover via this process has phys-
iological consequences that are relevant to human disease, in-
cluding pulmonary disease.

HOW IS MACROAUTOPHAGY MEASURED?

In the current literature a diverse and somewhat confusing variety
of approaches are used to examine the macroautophagy pathway
(22). They can be grouped into three basic approaches: micros-
copy (see Table E1 in the online supplement), static biochemical
measurements (such as Western blot analysis; Table E2), and
dynamic biochemical measurements (Table E3).

Microscopy was the first technique used to study macroau-
tophagy and the discovery of autophagosomes on EM images
is what gave rise to the field in the first place (58). At the ultra-
structural level, early-stage autophagosomes (AV;s) can be dis-
tinguished by their double-unit membrane structure and by the
consistency of its luminal material, which resembles that of the
adjacent cytoplasm (59). However, EM image analysis is less
sensitive for picking up late-stage autophagosomes (AVgs), as
they tend to have lost their distinguishing physical characteristics.
Fluorescence-based methods get around this problem by tagging
specific proteins that are found on both early- and late-stage
autophagosomes. The most commonly used reporter is green
fluorescent protein—tagged microtubule-associated protein-1 light
chain-3 (GFP-LC3) (22). On induction of macroautophagy by
nutrient starvation, GFP-LC3 changes its cellular localization
from a diffuse cytosolic pattern to a punctate pattern as it is
recruited to newly formed autophagosomes (22). This phenome-
non can be observed both in mammalian tissue culture cells and
in vivo, using GFP-LC3-overexpressing transgenic mice (60).
Fluorescence-based reporter systems can be used in fixed cells
or observed dynamically by video microscopy (61).

The most widely used assay to examine macroautophagy is
Western blot analysis of LC3b protein (62). During the auto-
phagosome maturation process LC3b is conjugated to the lipid
phosphatidylethanolamine (PE) and then inserted into the inner
and outer leaflets of the autophagosome membrane. Despite
its higher molecular weight the PE-conjugated form of LC3b
(called LC3b-II) migrates more rapidly in sodium dodecyl sulfate—
polyacrylamide gels than the unconjugated version (LC3b-I), and
can be easily distinguished on Western blot (Figure 3). Levels of
LC3b-II on Western blot were shown to correlate with autopha-
gosome abundance and so this method provides a convenient
alternative to microscopy and can also be applied to tissue biop-
sies (50, 63). Other macroautophagy markers that are amenable

to Western blot analysis include p62 (64), which is an adaptor
protein that targets ubiquitinated proteins to the autophagosome
by interacting with LC3b-II (65). Under starvation conditions,
the steady state level of p62 tends to fall as a result of increased
consumption of this protein within autophagosomes (64), and so
levels of p62 are generally assumed to inversely correlate with
macroautophagic activity (or flux).

A common feature of the assays mentioned so far is that they
are primarily static estimates of the levels of autophagosomes
or macroautophagy proteins at a given point in time. However,
some authors have begun to question the assumption that such
static measurements reliably equate with increased protein
turnover (66, 67), citing examples where increased amounts
of autophagosomes and LC3b-II proved instead to represent a de-
crease in the fusion of autophagosomes with lysosomes and
hence a lower rate of flux (68, 69). As such, there has been an in-
creased emphasis on dynamic “activity assays” that directly mea-
sure macroautophagic flux.

At present the most popular method for measuring macroau-
tophagic flux is the “LC3b turnover assay,” in which cells are
cultured in the presence or absence of an inhibitor of lysosome
proteases for a fixed length of time (67). Because LC3b-II is
inserted on the luminal surface of autophagosomes as well as
the exterior, a portion of LC3b-II is degraded when autophago-
somes fuse with lysosomes (Figure 3). By comparing the differ-
ence in the amount of LC3b-II on Western blot in the presence
versus the absence of lysosome inhibitors, macroautophagic flux
can be measured as the amount of LC3b-1I degraded per unit
time (67). Other groups have produced turnover assays that are
based on specific substrates of macroautophagy besides LC3b-1I
(64, 70-72).

In summary, there are a wide variety of ways to examine in-
dividual components of the macroautophagy pathway as well as
the proteolytic flux that is a product of this pathway. What is
missing from the field is any kind of consensus about what rep-
resents the minimal acceptable set of measurements on which
conclusions should be based. For basic researchers interested
in pulmonary disease the problem is even more complex because
the lung is a heterogeneous organ composed of up to 40 differ-
ent cell types (73). As a result, changes in the macroautophagy
system that occur in a subset of cell types can be obscured when
analyzing whole lung homogenates. Even when a stimulus glob-
ally alters the macroautophagy machinery in the lung the phys-
iological significance of that regulation might vary by cell type
(see the section on chronic obstructive pulmonary disease
[COPD] below). Our recommendation is to carefully define
the cell type being studied (e.g., respiratory epithelia, fibroblasts),
and to include at least one macroautophagic flux measurement in
addition to static measurements of autophagosomes or LC3b-II.
Given the improvements in methodology and the pioneering
studies described below, the stage is now set to rapidly explore
the significance of macroautophagy in pulmonary disease.

WHY STUDY MACROAUTOPHAGY IN THE LUNG?

As mentioned previously, macroautophagy is just one catabolic
pathway among several that can degrade proteins in lysosomes.
For the pulmonologist it is fair to ask whether there is any evi-
dence that would justify focusing on macroautophagy as opposed
to any other catabolic pathway. Inoue and colleagues (74) de-
scribed the first lung-specific macroautophagy knockout mouse,
in which arg7 is specifically deleted from Clara cells. They found
that atg7 deletion produced severe abnormalities in airway
epithelial cells that included cellular swelling, a loss of rough
ER, loss of cilia, and abnormal-looking mitochondria (74).
The cellular swelling was physiologically significant because
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it produced increased airway resistance after challenging the
mice with methacholine (74). This effect was related to exag-
gerated changes in airway caliber in the atg7-deleted lungs
rather than a true asthma phenotype, as there was no evidence
of the inflammation or airway remodeling characteristic of that
disease. Nevertheless, these results suggest that macroautoph-
agy is critical for maintaining the internal organization of small-
airway epithelia, which has important implications for human
airway diseases such as asthma. Whether macroautophagy is also
important for the basal functioning of other parenchymal cells,
such as alveolar epithelium, will hopefully be addressed with new
tissue-specific knockout mice currently in development. In sum-
mary, there is now evidence to support a crucial role specifically
for macroautophagy in pulmonary cellular physiology. Moreover,
macroautophagy has also been linked to the pathogenesis of
several important adult pulmonary disorders such as COPD, cys-
tic fibrosis, and tuberculosis, as described below.

CHRONIC OBSTRUCTIVE PULMONARY DISEASE

COPD is among the most prevalent adult disorders worldwide
(75), and at present, is also the pulmonary disorder with the
most intensively studied link to macroautophagy. It is important
to note first that, at the histological level, COPD is an umbrella
term meant to capture a range of pathologies that result in irre-
versible obstructive ventilatory deficits in patients. At one histo-
logical extreme is a chronic bronchitis picture characterized by
small-airway remodeling, chronic inflammatory cell infiltration,
goblet cell hyperplasia, and frequent bacterial colonization (76).
At the other extreme is the emphysematous phenotype charac-
terized by alveolar membrane destruction and air space enlarge-
ment without inflammatory infiltrates (76). It is presumed that
most patients fall on a continuum between these stereotypical
presentations. Much of the macroautophagy literature has pri-
marily been connected to emphysema as this phenotype can be
easily reproduced in mice (77).

The first indication that macroautophagy was regulated in
patients with COPD came from Western blot analysis of lung
biopsy specimens, which showed elevated levels of LC3b-II pro-
tein in patients with COPD compared with non-COPD control
patients (78). The amount of LC3b-II induction correlated pos-
itively with clinical severity as measured by GOLD (Global
Initiative for Chronic Obstructive Pulmonary Disease) score
(78). To further investigate this, our laboratory turned to smoke
exposure models in tissue culture cells and in mice, given that
cigarette smoke represents the major risk factor for COPD de-
velopment. Our group as well as others found that exposure of
lung epithelial cell lines and fibroblasts to cigarette smoke ex-
tract (CSE) induced the accumulation of autophagosomes on
electron micrographs and enhanced levels of LC3b-II protein,
similar to what was seen in lung biopsies from patients with
COPD (79, 80). The appearance of autophagosomes occurred
quickly, on the order of a few hours, and preceded cell death,
which is seen with prolonged exposure to CSE (79). Importantly,
genetic depletion of two macroautophagy pathway members,
Beclin-1 and LC3b, reduced the rate of cell death in CSE-
exposed cells (78, 79), and mice deficient in LC3b were resistant
to emphysematous changes caused by chronic cigarette smoke
exposure (81). The overall interpretation was that the macroau-
tophagy pathway facilitated lung epithelial and fibroblast cell
death in response to cigarette smoke, which then contributed
to the development of emphysema. Given that cigarette smoke
exposure stimulated the formation of the death-inducing signal-
ing complex, a complex containing the protein Fas receptor, we
concluded that macroautophagy must mediate emphysematous
change through programmed cell death (79).
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While our group focused on the role of macroautophagy in
lung epithelial cells during COPD, others have focused on alve-
olar macrophages. Macrophages derived from patients with
COPD often have impaired antimicrobial activities (82, 83),
but at the same time they are prone to hypersecrete proinflam-
matory cytokines when presented with a stimulant such as bac-
terial endotoxin (84). The combination of these two functional
alterations in macrophages may help to make patients with
COPD vulnerable both to airway bacterial colonization and
chronic bronchitis (85). Monick and colleagues (86) examined
the role of macroautophagy in alveolar macrophages from ac-
tively smoking patients (with a greater than 10 pack-year smok-
ing history), or macrophages of nonsmokers who were exposed
to CSE. Importantly, their study employed direct measurements
of macroautophagic flux and so could directly examine the
effect of smoking on protein turnover via this pathway. They
found that macroautophagic flux was strongly inhibited in the
alveolar macrophages of patients with COPD, and this effect
could be reproduced in the macrophages of nonsmokers by
exposing them to CSE (86). The level of inhibition was at
a downstream step in the pathway: autophagosomes could form
but then were not degraded as fast as normal, leading to an
overall accumulation of autophagosomes. The inhibition of
macroautophagy by smoke exposure coincided with alterations
in the energy metabolism of alveolar macrophages: including
increased numbers of depolarized, nonfunctional mitochondria,
decreased ATP levels, and a greater dependence on anaerobic
respiration for ATP production (86). An identical metabolic
phenotype can be produced, in the absence of smoke exposure,
by inhibiting macroautophagy through genetic or chemical
means (87-89). Taken together, the results of Monick and col-
leagues (86) suggest that a loss of macroautophagic flux is at
least partly responsible for the metabolic disturbances seen in
the alveolar macrophages of smokers and patients with COPD.
Moreover, because mitochondrial damage has been implicated
in immune dysfunction in septic patients (90), their results may
help to explain the increased susceptibility of patients with
COPD to infection.

Macroautophagy inhibition also may help to explain why
macrophages from patients with COPD secrete higher amounts
of IL-18 compared with healthy individuals. Multiple groups
have found that inhibiting macroautophagy leads to excessive
secretion of multiple cytokines when cells are challenged with
microbe-derived compounds such as endotoxin (91-93). We and
others investigated the mechanism by which macroautophagy
inhibition leads to increased cytokine production by focusing
on caspase-1 activation, which is the rate-limiting step in the
secretion of IL-18 and IL-18 in macrophages (88, 89). We found
that, in macroautophagy-deficient macrophages, the mitochon-
drial population was dysfunctional because of a failure in organelle
quality control. Mitochondria from macroautophagy-deficient
cells produce excessive amounts of reactive oxygen species
and are more prone to undergo membrane permeabilization
when stressed by endotoxin exposure (89). As a result internal
components of mitochondria, such as mitochondrial DNA, leak
into the cytoplasm and lead to caspase-1 activation, followed by
excessive IL-1B and IL-18 secretion (89). Our overall conclusion
was that macroautophagy exerts a moderating effect on at least
some aspects of the innate inflammatory response by maintaining
mitochondrial health. Given that smoking inhibits macroautoph-
agy and impairs mitochondrial homeostasis, it is tempting to spec-
ulate that the inhibition of macroautophagy contributes to the
excessive secretion of proinflammatory cytokines observed in
some patients with COPD.

Taken together, there are now multiple studies to suggest that
macroautophagy plays a significant and complex role in COPD
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pathogenesis. In lung epithelial cells, macroautophagy may
contribute to apoptosis and thus promote the emphysematous
phenotype, whereas in alveolar macrophages macroautophagy
inhibition by cigarette smoke may contribute to airway inflam-
mation and bacterial infection. From a clinical perspective, the
contributions of macroautophagy to COPD development have
potential therapeutic and diagnostic implications. From a thera-
peutic standpoint, the possibility that macroautophagy may play
different physiological roles depending on the cell type may
mean that simply providing a chemical stimulator of macroau-
tophagy to patients with COPD could have unpredictable con-
sequences, improving some symptoms of this disease while
making others worse. From a diagnostic standpoint, the fact that
macroautophagy marker proteins such as LC3b are increased be-
fore the onset of apoptosis suggests that they might prove useful
as early biomarkers of COPD progression. Future research will
focus how we can rationally apply what we have learned about
macroautophagy in COPD pathogenesis to ameliorate the clin-
ical consequences of this important disease.

CYSTIC FIBROSIS

It now well enshrined in textbooks that the lung pathology
caused by cystic fibrosis (CF) is primarily a consequence of im-
paired mucociliary clearance caused by mutations in the cftr
chloride channel, leading to chronic bacterial colonization,
bronchiectasis, and obstructive physiology (94). On the basis
of this paradigm, the arena where the crucial steps in CF path-
ogenesis occur is in the extracellular space—within the lumen of
small airways. As such, the idea that CF is also a disease of de-
fective intracellular housekeeping within airway epithelial cells
may come as a surprise. However, this is the conclusion of a series
of cell biology articles that propose that impaired macroautophagy
is a factor in epithelial cell dysfunction in CF.

The basis of these articles derives from research showing that
inactivating cftr mutations lead to exaggerated proinflamma-
tory cytokine secretion in airway epithelial cells when chal-
lenged with Pseudomonas aeruginosa (95). To investigate
why cystic fibrosis transmembrane conductance regulator
(CFTR)-deficient cells are intrinsically prone to airway in-
flammation, Maiuri and colleagues (96) focused on the most
common cftr mutant, A508, which folds improperly and is there-
fore retained in the ER. Expression of AS08 mutant protein led
to ER stress and elevated reactive oxygen species production
followed by activation of the enzyme tissue transglutaminase
(TG2), an enzyme that can act as a “natural fixative” by forming
covalent bridges between lysine and glutamine residues (96).
TG2 activation in this context led to the production of protein
aggregates that sequestered the antiinflammatory regulatory
proteins peroxisome proliferator-activated receptor (PPAR)-y
and IkBa (96, 97). It was proposed that the loss of these pro-
teins explained the proinflammatory phenotype seen in epithe-
lial cells expressing mutant CFTR.

Intracellular protein aggregates are typically cleared by mac-
roautophagy, and the failure to do so is critical for the pathogen-
esis of important CNS diseases such as Huntington’s disease
(98). Therefore Luciani and colleagues (99) examined why pro-
tein aggregates induced by the ASOSCFTR mutant were not
disposed of by macroautophagy. They found that that express-
ing ASO8CFTR in epithelial cells inhibited macroautophagic
flux (99). The level of inhibition was at the level of autophago-
some formation and was caused by depletion of the protein
Beclin-1. Beclin-1 is a multifunctional adaptor protein that is
a critical component of the vps34 complex that is responsible for
autophagosome membrane initiation (100). Luciani and col-
leagues found that Beclin-1 was a substrate for TG2 and, in the

context of ASOSCFTR expression, was cross-linked by TG2 and
sequestered in protein aggregates similar to PPAR-y (99). This
led to the sequestration of the entire vps34 complex and inhibi-
tion of macroautophagy (99). The loss of macroautophagy was
significant because this pathway appears to be responsible for
degrading CFTR protein that becomes aggregated within the
ER (101). As such macroautophagy inhibition leads to a vicious
cycle wherein ASOSCFTR protein accumulates unchecked and
leads to continual TG2 activity, protein aggregation in the cyto-
plasm, and excessive inflammation. Importantly, restoring macro-
autophagy by overexpressing Beclin-1 led to protein aggregate
clearance in the cytoplasm and marked reduction in airway in-
flammation in a mouse model of CF (99). Presumably, restoring
macroautophagy somehow led to improved folding of the AS08
mutant in the ER, because Beclin-1 overexpression allowed some
of this mutant protein, which is otherwise functional, to reach
the cell surface.

Taken together, there is rapidly emerging evidence at the ba-
sic research level that impaired macroautophagy may be impor-
tant to airway disease in patients with CF. Translating this
knowledge into novel CF therapies is complicated because of
the nature of macroautophagy blockade in this disease: simply
providing a chemical stimulant of the process, such as rapamycin,
is unlikely to be effective. However, a gene therapy approach in
which macroautophagy genes are overexpressed in airway epi-
thelia might be feasible and perhaps might enhance the effective-
ness of prior attempts at gene-targeted therapy for CF.

MYCOBACTERIUM TUBERCULOSIS

Mycobacterium tuberculosis (MTb) remains one of the most
prevalent infectious agents worldwide and represents a highly
significant disease for pulmonologists. Despite the high disease
burden imposed by MTb it is important to note that the major-
ity of immunocompetent patients successfully resolve their in-
fection. Studies suggest that macroautophagy contributes to the
eradication of this pathogen.

The initial stages of MTb infection occur within alveolar mac-
rophages that encounter inhaled droplets containing the organ-
ism. These previously unstimulated macrophages succeed in
internalizing MTb bacteria by phagocytosis. However, the phago-
cytic vesicles containing MTb fail to fuse with lysosomes (102),
because of MTb virulence factors that alter the phospholipid
structure of the phagosome membrane (103-105). As such the
vesicles become protected niches that support unchecked MTb
replication, which leads to the eventual lysis of the infected mac-
rophages, often within mediastinal lymph nodes. In immunocom-
petent hosts this ultimately leads to an inflammatory response
directed by helper T cell type 1-polarized CD4" T cells, which
contains or eliminates the MTb infection (106). Crucial to the
success of the cellular immune response to MTb is the elabora-
tion of IFN-y, which activates macrophages and enables them to
kill MTb bacteria or else sequester them in granulomas (107).
Macrophages stimulated by IFN-y acquire several antimicrobial
activities not observed in naive cells, but most notably they are
able to overcome the block in fusion between MTb-containing
phagocytic vesicles and lysosomes (108). As a result IFN-
vy-activated macrophages are able to kill the MTb bacteria they
ingest, which contributes to clinical resolution.

Interestingly, the ability of IFN-y to stimulate the clearance
of MTb organisms within macrophages requires an intact mac-
roautophagy pathway. IFN-y was shown to stimulate macroau-
tophagy and inhibition of this process by chemical or genetic
means leads to elevated bacterial MTb titers within macro-
phages (108, 109). Conversely, activation of macroautophagy
by means other than IFN-y exposure (such as nutrient starvation
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or rapamycin), similarly leads to bacterial clearance (108, 110).
Interestingly, the bulk macroautophagy pathway alone is insuffi-
cient to promote MTb clearance. Rather, autophagosomes ex-
port specific cytosolic proteins to the MTb-containing vesicle,
which is mediated by the adaptor protein p62 (109). Among
the proteins that are delivered are ubiquitin and a ribosomal
protein (rps30) that, when cleaved by lysosomal hydrolases, are
degraded to cationic peptides that are potent MTb antibiotics
(109, 111). This novel mechanism of reprocessing cytosolic pro-
teins to generate endogenous antimicrobial peptides may apply
to other infections besides MTb.

Furthermore there are genetic data to suggest that macroau-
tophagy contributes to MTb immunity in humans. IFN-y appears
to activate macroautophagy by up-regulating a 47-kD GTPase
called IRGM-1 (108, 112-114). IRGM-1 is required for macro-
autophagy stimulated by both IFN-y and starvation and appears
to work by manipulating the life cycle and redox state of mito-
chondria (114). Interestingly, polymorphisms in the IRGM-1
gene were linked to increased susceptibility to MTb infection,
at least in some cohorts (115, 116). Other polymorphisms in the
same gene were also linked to Crohn’s disease, another disorder
in which macroautophagy is thought to influence pathogenesis
117).

How can this knowledge be exploited to improve MTDb ther-
apeutics? One possibility is to employ drugs that stimulate mac-
roautophagy in persistently infected individuals, with the goal of
reducing latent infection or the development of drug resistance.
Although some of these drugs have undesirable immunosuppres-
sive effects (such as rapamycin), there may be other candidates
with better side effect profiles (such as metformin [118] or car-
bamazepine [119]). Alternatively, because the role of macro-
autophagy is to bring antimicrobial peptides into contact with
MTb, administering these protein fragments exogenously may
have therapeutic value as it would bypass the block in phagosome
maturation. It will be interesting to see if our growing knowledge
of macroautophagy influences new approaches to MTb therapies.

SUMMARY

In summary, autophagy plays an important role in many diseases
relevant to pulmonologists. Although progress has been made
in elucidating the role of macroautophagy in some pulmonary dis-
eases, research into other autophagic pathways (CMA and micro-
autophagy) is still very much in its infancy. As with any other
core cellular processes, turning basic science knowledge about
autophagy into therapies is difficult because of the interdependent
nature of biochemical pathways. For the practicing pulmonologist,
autophagy-based approaches to therapy are not yet on the hori-
zon, but there is now sufficient evidence to speculate that exploit-
ing this pathway will lead to novel therapies for important
pulmonary disorders. For the pulmonary scientific community, re-
search into the role of autophagy in pulmonary diseases is just be-
ginning and will yield new insights and perhaps even challenge
paradigms that shape our approach to pulmonary disease.
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